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Synopsis

The Advanced Heavy Water Reactor (AHWR) is a vertical pressure tube type, heavy water
moderated and boiling light water cooled natural circulation based reactor. The fuel bundle of
AHWR contains 54 fuel rods arranged in three concentric rings of 12, 18 and 24 fuel rods.
Evaluation of the coolant flow distribution under single and two phase flow condition is very
important for AHWR rod bundle to ensure its safety and performance. Single phase flow
condition exists in reactor rod bundle during start-up condition and up to certain length of rod
bundle when it is operating at full power under boiling condition. Being a natural circulation
BWRs, transition from single phase to two phase flow condition occurs in reactor rod bundle
with increase in power. The determination of inter-subchannel mixing of coolant amongst
these subchannels is important for evaluation thermal margin and safety of the reactor. The
inter-subchannel mixing consists of three independent phenomena; turbulent mixing, void

drift and diversion cross flow (Lahey and Moody (1993), Hotta et al. (2005)).



Of course, two phase turbulent mixing studies are not new especially for conventional BWRs.
However it is important to assess the models developed so far, for their accuracy and
applicability to AHWR condition. In this study, assessment of two phase turbulent mixing
models applicable to BWRs has been performed against existing experimental data for
various subchannel geometries of BWRs. An assessment of these models gives the following
findings:

1. There are large differences among the data of turbulent mixing rate from one subchannel
array to another.

2. There are large differences among the models when it is compared with the same
experimental data as shown in table 1.

Table 1: Error analysis between calculated and measured turbulent mixing rate.

Liquid mixing rate Gas mixing rate
Magel Maximum | Minimum | Average Maximum | Minimum | Average
error % error % error % error % error % error %
Bues (1972) | +4320 -93 +515.4 +412 -93 -52.1
Kazimi and | +1480 -86 +153.2 +2810 -99 -41.8
Kelly(1983)
Kawahara et | +9370 -71.9 +1200 +7940 -78.3 +637
al. (2000)
Carlucci et al. | +1900 -95 -15.6 +8910 -96 +104
(2003)

Because of large error in the models, a new model for turbulent mixing rate was proposed
from first principle. The turbulent mixing rate is expressed in terms of mixing number. The
mixing number (Npix) for single phase flow which is function of Reynolds number (Re), gap
(s) and centroidal distance (&) between subchannel is considered. The equation can be

represented by

(1)



The model for two phase turbulent mixing rate is modified by replacing single phase flow
properties with two phase flow properties. Thus liquid and gas turbulent mixing number for
two phase flow in subchannels is a function of mixture Reynolds number (Renix), gap (S) and
centroidal distance (8) between subchannels. In addition the volumetric fraction () needs to
be incorporated in the model. The subchannel array effect (Fy) which is function of gap (S),
centroidal distance (5) and volumetric fraction () and pressure effect (Fp) which is function
surface tension (o) of fluid is considered in present model. The equation for liquid and gas

phase turbulent mixing rate can be represented by

N, o =

l,gc

x F, x0.00104 Re*® (2)

I, mix

N, o =F

1,gc

x F, x0.0000749(In(Re x))"** ©)

g,mix

The coefficient and exponent is obtained by fitting existing test data for different subchannel
array. Hence the model could predict within average error of = 4% for all the test data
available for triangular-triangular, square-square, rectangular-rectangular subchannel array.
The model was also tested even for steam-water high pressure data and found that it can
predict within average error of £ 9.94 %. These errors are significantly less than that
predicted by previous models.

It may be notated that, the subchannel geometry of AHWR rod bundle is completely different
from conventional BWRs. The rods in AHWR bundle are arranged in circular subchannel
array unlike conventional BWRs geometry in which rods are arranged in square-square,
rectangular-rectangular and square-rectangular subchannel array as shown in figure 1(a) and
1(b). The Steam generator heavy water reactor (SGHWR) bundle even though has similar
geometry like AHWR rod bundle, however, there are almost no studies performed on inter-

subchannel mixing studies for this reactor.



—» Subchannel

— Fuel pin
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Fig.1. BWR and AHWR lattice
In addition, AHWR being a natural circulation BWR, the mass flux condition in the
subchannels can vary from close to zero to rated condition depending on the power, which is
different from conventional BWRs wherein the mass flux in the subchannel is more or less
constant irrespective of power. Effect of variation of mass flux in the subchannels on two
phase mixing phenomena typical to AHWR specific geometry has never been investigated. In
the view of above, data obtained from conventional BWRs cannot be used for AHWR.
The objective of the thesis is to determine the mixing in subchannels of AHWR rod bundle
due to turbulent mixing, void drift and diversion cross flow.
The strategy for solving these issues in AHWR rod bundle is carried out in following steps
1. Experiments performed in 1:1 scaled test facility simulating the subchannels of AHWR rod
bundle for each component of inter-subchannel mixing i.e. turbulent mixing, void drift and
diversion cross flow applicable to AHWR rod bundle
2. Assessment of existing models against present experiment data for turbulent mixing, void
drift and diversion cross flow applicable to AHWR rod bundle
3. Development of new models for turbulent mixing, void drift and diversion cross flow, if
existing models cannot predict measured values of present experiment applicable to AHWR

rod bundle.
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Fig. 2. 1/12" segment of AHWR fuel rod bundle
To simulate mixing phenomena, a test facility has been designed. The subchannel geometry
simulated consists of 1/12™ model of AHWR as shown in figure 2 (Dasgupta et al (2006)).
The rods used in the subchannel mixing studies have the same size and pitch as that of actual
rod bundle of AHWR. Three subchannels are considered in 1/12™ symmetric cross section of

the actual rod bundle. Table 2 shows comparison of the dimensions of rod bundle between

model and prototype.

Table 2 Scaling of present experiment

Properties Prototype Model
Fluid Steam-water Air-water
Fuel rod diameter 11.2 mm 11.2 mm
Gap 2.3 mm 2.3 mm
Height 3.5m 3.5m
Subchannel Hydraulic diameter (1/12 section) 5.9 mm 5.9 mm
Flow Area (1/12 section) 340 mm2 340 mm2
Liquid velocity in single phase (V)) Otol1.2mls 0tol1l.2m/s
Superficial liquid velocity in two phase (J)) 0tolml/s 0tolmls
Void fraction range 0to0.8 0to 0.8




The flow schematic of experimental loop is shown in figure 3.
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Fig. 3 Test rig schematic

The facility consists of a test section along with air-water mixer and separator. The vertical
test channel of 3.5 m long is divided into three sections; entry section (1.5 m), mixing section
(1.5 m) and discharge section (0.5 m) from bottom to the top of channel. In entry section and
exit section, subchannels are completely separated by a 4 mm partition and in mixing section;
subchannels are completely free from partition to allow mixing between subchannels.
Potassium nitrate used as a tracer for water and methane gas is used as a tracer for air to
simulate turbulent mixing among the subchannels. There are six rotameters used to measure
air flow rate, six rotameters are used to measure water flow rate and two rotameters are used
to measure tracer flow rate. Four differential pressure transmitters (DPT 1 to DPT 4) are
provided to measure radial pressure difference between the subchannels. The accuracy of

water rotameter is £ 2% over the full span of 20 Ipm and for air rotameter is £ 1% over the

Vi



full span of 10 Ipm. The accuracy of potassium nitrate tracer rotameter is £ 2% over the full
span of 0.6 Ipm and methane gas tracer rotameter is £ 1% over the full span of 1 Ipm. The
accuracy of differential pressure transmitters is + 0.2%. The analysis of tracer concentration
in collected sample of liquid was carried out by absorption spectrophotometer and for gas
through gas chromatograph. The instrument was calibrated prior to each set of analysis with
standard solution. Analysis was reproducible within = 1%.

(i) Determination of turbulent mixing rate in AHWR rod bundle

The single phase turbulent mixing rate among the subchannels of AHWR rod bundle is
measured for different liquid flow rate. Figure 4 shows variation of measured mixing rate

with average Reynolds number.

148

.
® subchannel 1-2 .
X subchannel 3-2

55 - ]

1 2
20
3

T T T
1097 2981 8103

W'/n

Fig. 4 Comparison of W’/p against Reayg
The main findings are as follows
1. The turbulent mixing rate is found to increase with increase in mass flux or Reynolds
number, which is function of mass flux in the subchannels of rod bundle.
2. It also indicates that the turbulent mixing rate between subchannel 1-2 i.e. W1, is higher as
compared to subchannel 3-2 i.e. W3, because subchannel 1-2 has higher gap to centroidal

ratio (S/5 ) as compared to subchannel 3-2.
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An assessment of existing models against present experimental data has been carried out and
found that none of these models predict measured turbulent mixing rate for AHWR rod
bundle. There are errors between measured and predicted value by — 92 % to +327 %
(average error) depends on the models. The model presented earlier in equation (1) was used
and modified by changing the coefficient and exponent by fitting the present test data which
predicts turbulent mixing rate quite accurately within + 7%.

Figures 5 and 6 show variation of two phase turbulent mixing rate against average void
fraction between the subchannels of AHWR rod bundle .The turbulent mixing rate in two
phase flow is sum of liquid and gas phase turbulent mixing rate in two phase flow. The liquid
and gas phase turbulent mixing rate in subchannel 1-2 and subchannel 3-2 is measured for
void fraction ranging from 0 to 0.8 by varying superficial liquid velocity. It was difficult to

measure turbulent mixing rate accurately beyond void fraction of a=0.55 at superficial liquid

velocity equal to 0.2. This is because above this limit, the two phase air-water mixture is

found to be unstable and difficult to quantify the mixing rate in the test.
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Fig. 5 Turbulent mixing rate vs average void fraction between subchannel 3-2
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Fig. 6 Turbulent mixing rate vs average void fraction between subchannel 1-2.

The main findings of these experiments are as follows

1. The liquid phase turbulent mixing rate is more or less constant up to average void fraction
of 0.3 which is in bubbly flow regime, and then increases and reaches to a maximum at void
fraction equal to 0.55 which is in slug-churn flow regime; afterwards it decreases till it
reaches void fraction equal to 0.8.

2. The gas phase turbulent mixing rate increases with increase in average void fraction and
reaches maximum at void fraction equal to 0.65. Afterwards, it decreases till it reaches void
fraction equal to 0.8. However the gas phase turbulent mixing is difficult to measure in
bubbly flow due to low air flow (void fraction equal to 0.3)

3. The results indicate that turbulent mixing rate increases with increase in superficial liquid
velocity.

4. The test data were compared with existing models. It was found that existing models could
not predict the measured turbulent mixing rate in the rod bundle of AHWR.

An assessment of existing models against present experimental data has been carried out and
found that none of these models predict measured turbulent mixing rate for AHWR rod

bundle. There are errors between measured and predicted value by — 68 % to +567 %



(average error) depends on the models. The model presented earlier in equation (2) and (3)
was used and modified by changing the coefficient and exponent by fitting the present test
data which predicts turbulent mixing rate quite accurately within average error of + 2 %.

(i1) Determination of void drift in AHWR rod bundle

The void drift among the subchannels of AHWR rod bundle was measured by varying non-
equilibrium flow at inlet and measuring subsequent equilibrium flow at outlet of individual
subchannel.

The net change in gas mass flux between the subchannels due to void drift can be expressed
by (Lahey and Moody (1993))

Gy = Py D[ (& —a)) — (o4~ ) |1, (3)
Where Ggjj is net change in mass flux due to void drift, pq is the density of gas, D is void
diffusion coefficients, (ai- o) is void fraction difference in non-equilibrium flow, (ai- @j)eq iS
void fraction difference in equilibrium flow and S;; is gap between the subchannels.

Figure 7 shows variation of equilibrium void fraction (at outlet) with non-equilibrium (at

intlet) void fraction.
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The main findings of these experiments are as follows.

1. The equilibrium void fraction is more in subchannel 2 as compared to subchannel 3 and
subchannel 1. This is because ratio of flow area of subchannel 2 (A;) to the total area
(A=A1+A,+A3) is more for subchannel 2 (A2/A=0.40) as compared to subchannel 3 (As/A; =

0.29) and subchannel 1 (A;/A=0.31).

2. The variation in equilibrium and non-equilibrium void fraction is very less with respect to

liquid superficial velocity.

3. In both the cases of void drift i.e. subchannel 1-2 and subchannel 3-2, the difference in
equilibrium and non-equilibrium void fraction of individual subchannels is less when void
fraction is equal to 0.3 and this difference is more at void fraction greater than 0.3. This
means that voids drift more in slug-churn as compared to bubbly flow.

Figure 8 shows the variation of void diffusion coefficient between the subchannels with

average void fraction.
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Fig. 8 Variation of void diffusion coefficient between the subchannel 1-2 and

subchannel 3-2 with average void fraction.
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The main findings are as follows.

1. The void diffusion coefficient is more or less constant or little increases with increase in
average void fraction up to a~0.45. Beyond void fraction a~0.45, there is a steep increase in
void diffusion coefficient with increase in average void fraction.

2. The trends of void diffusion coefficient found to be same for subchannel 1-2 and
subchannel 3-2.

3. Also the magnitude of diffusion coefficient found to be increase with increase in
superficial liquid velocity.

The capability of existing correlation is checked to predict the measured equilibrium void
fraction. The test data were compared with existing models in literature. It was found that
existing models could predict the measured equilibrium void fraction in the rod bundle of
reactor within range (average error) of +8 % to -14 %.

(iii) Determination of diversion cross flow in AHWR rod bundle.

The diversion cross flow is an inter-subchannel mixing phenomena which occurs only due to
lateral pressure difference between adjacent subchannels. In this phenomenon, there is a net
flow from one subchannel to the other at their common boundary. The radial pressure
difference between the subchannels is generally related to density and cross flow velocity
between the subchannels by a factor K which is called as transverse resistance coefficient or

cross flow resistance coefficient represented as

K:

(4)
SV

Where AP is radial pressure difference between subchannel

pi = Density of liquid and V.= diversion cross flow velocity
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Figure 9 (a) and 9 (b) shows the variation of transverse resistance coefficient (K), for single
phase and two phase flows. The transverse resistance coefficient (K) is plotted against a ratio

of diversion cross flow velocity to the axial velocity (Vgc/Vaxial)-
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Fig. 9 Transverse resistance coefficient vs Ratio of cross flow velocity to the axial velocity
The main findings are as follows.

1. The cross flow resistance coefficient decreases with increase in ratio of cross flow velocity
to the axial velocity both in single and two phase flow condition.

2. Also cross flow resistance coefficient in two phase flow is higher as compared to single
phase flow.

The capability of existing correlation is checked to predict the measured cross flow resistance
coefficient and found that none of these models predict measured cross flow resistance
coefficient for AHWR rod bundle. There are errors between measured and predicted value by
— 100 % to +571 % (average error) depends on the models. In the view of this, a new model
applicable to AHWR has been presented which predicts cross flow resistance coefficient
quite accurately within average error of = 9 %.

In summary, an assessment of turbulent mixing models has been carried out and found that
there is large discrepancy between predictions by models and existing experimental data
relevant to conventional BWRs. This is because turbulent mixing phenomena are highly

geometry and operating condition dependent. The average errors in existing models as
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compared to test data are found to be -52% to +1200%. Because of large error in the models,
a new model for turbulent mixing was proposed from first principle. The model could predict
within average error of = 4% for all the test data available for triangular-triangular, square-
square, rectangular-rectangular subchannel array. The model was tested even for steam-water
high pressure data and found that it can predict within average error of = 9.94 %. However
the AHWR rod bundle is completely different from conventional BWRs. In addition being a
natural circulation BWR, the flow velocity in the subchannel can vary over a wide range
unlike that of conventional BWRs. The test data and models are not applicable to AHWR
condition. This has necessitated measurement in 1:1 condition of AHWR rod bundle and
develops AHWR specific models which can later use for AHWR thermal margin and safety
analysis.

Study of inter-subchannel mixing phenomena for AHWR rod bundle gives important
conclusion which are enlisted here

I. The turbulent mixing and void drift both are found to be dependent on void fraction and
flow regimes even for low mass flux condition typical to AHWR geometry.

ii. The magnitude of turbulent mixing rate and diffusion coefficient is found to be higher for
AHWR subchannels geometry compared to conventional BWRs geometry for the same mass
flux.

iii. Also the magnitude of turbulent mixing rate and diffusion coefficient found to be increase
with increase in superficial liquid velocity.

iv. None of existing models found to predict measured test data of turbulent mixing rate and
cross flow resistance. Hence a new model has been developed applicable to AHWR geometry

and operating condition which predicts quite accurately.
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Abstract

The Advanced Heavy Water Reactor (AHWR) is a valtpressure tube type, heavy water
moderated and boiling light water cooled naturedudation based reactor. The fuel bundle of
AHWR contains 54 fuel rods arranged in three cotreenings of 12, 18 and 24 fuel rods.
The coolant flow distribution in single and two gkaflow condition is very important for
AHWR rod bundle to ensure its safety and perforreaengle phase flow condition exists in
reactor rod bundle during start-up condition andaipertain length of rod bundle when it is
operating at full power. However, being a natutatwdation BWR, transition from single
phase to two phase flow condition occurs in reactal bundle with increase in power.
Prediction of thermal margin of the reactor hasessitated the determination of inter-
subchannel mixing of coolant amongst these sub@lsnhe inter-subchannel mixing
consists of three independent phenomena; turbumhexing, void drift and diversion cross
flow.

Of course, two phase turbulent mixing studies atenew especially for conventional BWRs.
However it is important to assess the models deeelso far for these reactors for their
accuracy and applicability to AHWR condition. Inighstudy, assessment of two phase
turbulent mixing models applicable to BWRs has begmrformed against existing
experimental data for various subchannel geometfi@dVRs. It is found that there are large
errors between predictions by the empirical mo@gld measured experimental data by an
average error of +1200 % to -52 %. Even there angel differences in prediction among the
models and experimental data of turbulent mixirtg feom one subchannel array to another.
This is because mixing phenomena are highly gegnagiadl operating condition dependent. It
may be noted that, the subchannel geometry of AHWRbundle is completely different
from conventional BWRs. The rods in AHWR bundle areanged in circular subchannel
array unlike conventional BWRs geometry in whicldgoare arranged in square-square,
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rectangular-rectangular and square-rectangularhsuinel array. In the view of above, data
obtained from conventional BWRs cannot be usedMwWR.

In addition, AHWR being a natural circulation BWRje mass flux condition in the
subchannels can vary depending on the power, whidifferent from conventional BWRs
where the mass flux in the subchannel is more sg ¢®nstant irrespective of power. Effect
of variation of mass flux in the subchannels on pt@ase mixing phenomena for AHWR
specific geometry has never been investigated.

The objective of present work is to establish mgxim subchannels of AHWR rod bundle due
to turbulent mixing, void drift and diversion crofiew. Since it is difficult to develop
mechanistic model for different aspects of mixing.(turbulent mixing, void drift and
diversion cross flow) in the rod bundle, experinsewere carried out in a scaled test facility
of AHWR rod bundle. The facility simulates 1:1 gestny of 1/1% symmetrical section of
AHWR rod bundle. Water and air was used as the mgrRuid and the inter-subchannel
mixing tests were carried out. The turbulent mixrate, void drift and diversion cross flow
was experimentally measured for AHWR operating doomd

The mass flow rate in actual rod bundle of AHWRiesufrom 0 to 4.7 kg/sec depending on
operating condition. So if we consider three subaets in 1/12 segment, the mass flow rate
can vary in the range 0 to 0.12 kg/sec and correfipgly range of mean velocity is around O
to 1.2 m/s. The void fraction in two phase flowé&ied from 0 to 0.8 which is same as that
of actual bundle. The mean superficial liquid vélpes varied from 0 to 0.42 m/s and mean
superficial gas velocity is varied from 0 to 1.3m/

Our results indicate that:

I. The turbulent mixing and void drift both are faluto be dependent on void fraction and

flow regimes even for low mass flux condition tygito AHWR geometry.
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ii. The magnitude of turbulent mixing rate due tobulent mixing and diffusion coefficient

due to void drift is found to be higher for AHWR b&lnannels geometry compared to
conventional BWRs geometry for the same mass flux.

iii. Also the magnitude of turbulent mixing ratedadiffusion coefficient found to be increase
with increase in superficial liquid velocity

iv The cross flow resistance coefficient due toedsion cross flow in two phase flow is
higher as compared to single phase flow.

In the present work, empirical models were developased on experimental data which
could predict the inter-subchannel mixing quitewaately with an average error of £ 9 %.

These models can be used to assess AHWR flowhdistsh and thermal margin.

XVil



List of Figures

Caption Page no.
Fig 1.1Subchannel mixing phenomena in rod bundle 03
Fig. 1.2 (a Comparison of the predictions of Bues (1972) modghinst 24
subchannel experiments for liquid phase turbulering rate in two phase flow
Fig. 1.2 (b Comparison of the predictions of Bues (1972) modghinst 26
subchannel experiments for gas phase turbulenhmpste in two phase flow
Fig. 1.3 (a Comparison of the predictions of Kazimi and Ke[y983) mode 28
against subchannel experiments for liquid phaskutant mixing rate in twc
phase flow
Fig. 1.3 (b. Comparison of the predictions of Kazimi and Kegiyp83) mode 30
against subchannel experiments for gas phase &anburixing rate in two phage
flow
Fig. 1.4 (a Comparison of the predictions of Kawahara et 2000) mode 32
against subchannel experiments for liquid phaskutant mixing rate in twg
phase flow
Fig. 1.4 (b, Comparison of the predictions of Kawahara et 2000) mode 33
against subchannel experiments for gas phase &nburixing rate in two phage
flow
Fig. 1.5 (a Comparison of the predictions of Carlucci et 20q3) model againgi 35
subchannel experiments for liquid phase turbulering rate in two phase flow
Fig. 1.5 (b, Comparison of the predictions of Carlucci et &0q3) mode 37
against subchannel experiments for gas phase @&ntmlixing rate in two phage

flow

XVili




Fig. 1.¢ BWR and AHWR lattice 42
Fig. 1.7 Representation of geometrical parameter in R-RS &nd T-T 45
subchannel array

Fig. 1.€ Liquid phase turbulent mixing rate 48
Fig. 1.€ Gas phase turbulent mixing rate 49
Fig. 110 The coefficient @ and exponent;dor various subchannel geometry|in 51
liquid phase mixing rate

Fig. 1.11 The coefficient @ and exponent;dor various subchannel geometry|in 53
gas phase turbulent mixing rate

Fig. 1.1z Comparison of the predictions of present modeirsgjssubchanngl 55
experiment for liquid phase turbulent mixing ratéwo phase flow

Fig. 1.1Z Comparison of the predictions of present modelrsgjssubchanngl 56
experiment for gas phase turbulent mixing ratevo phase flow

Fig. 1.1< Comparison of the predictions of present modelrsgssubchanngl 58
experiment for total turbulent mixing rate in twbgse flow

Fig. 2.1 (a AHWR fuel rod bundle 62
Fig. 2.1 (b 1/12" segment of AHWR fuel rod bundle 62
Fig. 2.2 Mixing flow diagram 68
Fig. 3.1 AHWR fuel rod bundle (1/12segment) 76
Fig. 3.2 Test rig schematic 77
Fig. 3.2 Schematic of test section 78
Fig. 3.4 Schematic of mixer 80
Fig. 3.E Schematic of separator 81
Fig. 3.€ Radial pressure difference measurement of subelgann 84

XixX




Fig. 4.1 Comparison of Wi against Rgy 96
Fig. 4.2 Comparison of existing models against presentraxjeatal data 99
Fig 4.2 In (Nmix) vs In (Ravy 101
Fig. 4.2 In (Nmix) Vs In (Reygx (SK)) 102
Fig. 4.5 Comparison of the predictions of model againsteexpent for liquid 103
phase turbulent mixing rate

Fig. 5.1 Turbulent mixing rate vs average void fractionz#n subchannel 3-2 109
Fig. 5.z Turbulent mixing rate vs average void fractionz#n subchannel 1-2 111
Fig.5.2 (a) Comparison of the predictions of Bues model (19@gpinst 114
subchannel experiments for turbulent mixing ratewio phase flow

Fig. 5.3 (b: Comparison of the predictions of Kazimi and Kedly1983) againgt 115
subchannel experiments for turbulent mixing ratenio phase flow

Fig. 5.3 (c Comparison of the predictions of Carlucci et &0(3) againsf 116
subchannel experiments for turbulent mixing ratenio phase flow

Fig. 5. (a) Liquid phase mixing rate {0n <0.3) 119
Fig 5.4 (b Liquid phase mixing rate (0<3x <0.55) 120
Fig 5.4 (c Liquid phase mixing rate (0.5 <0.8) 121
Fig 5.5 (a Gas phase mixing rate (8.8 <0.65) 122
Fig 5.5 (b Gas phase mixing rate (0.8 <0.8) 123
Fig. 5.6 Comparison of the predictions of present modelirsgasubchanngl 124
experiments for turbulent mixing rate in two phése

Fig. 6.1 Equilibrium flow vs non-equilibrium flow for gasd liquid phase 132
Fig. 6.2 (a Equilibrium void fraction vs non-equilibrium voiftaction for 133

subchannel 3-2

XX




Fig. 6.z (b) Equilibrium void fraction vs non-equilibrium voiftaction for 133
subchannel 1-2

Fig. 6.3 (a Variation of void diffusion coefficient betweehet subchannel 1-g 135
with average void fraction 1-2

Fig. 6.3 (b Variation of void diffusion coefficient betweehet subchannel 3-g 135
with average void fraction 3-2

Fig. 6.4 Comparison of the predictions of Rowe et al. ()96tdel againsf 138
subchannels experiments for equilibrium void fractin two phase flow

Fig. 6.5 Comparison of the predictions of Carlucci et 2043) model againgt 139
subchannels experiments for equilibrium void fractin two phase flow

Fig. 6.€ Comparison of ratio of equilibrium void fractionffdrence to average 140
void fraction vs ratio of equilibrium mass flux fifence to average mass flux|in

two phase flow

Fig. 7.1 Transverse resistance coefficient in single plilase vs Ratio of cros$ 146
flow velocity to the axial velocity

Fig. 7.z Transverse resistance coefficient in two phase fis Ratio of cross 147

flow velocity to the axial velocity

XXi



Admin
Line


List of Tables

Caption Page no.
Table 1.1 Review of correlations for different types of shonel array 7
Table 1.2 Description of available data on two phase tunbuheixing rate 10
Table 1.2 Description of two phase turbulent mixing models 4 1
Table 1.4 Description of void drift models 20

Table 1.t Error analysis between calculated liquid phasbui@nt mixing rate 25
(Bues (1972) model) and measured liquid phase kembunixing rate in twa

phase flow

Table 1.€ Error analysis calculated gas phase turbulentngirate (Bues (1972, 27

model) from measured gas phase turbulent mixirggiratwo phase flow

Table 1.7 Error analysis between calculated liquid phasbui@nt mixing rate 29
(Kazimi and Kelly (1983) model) and measured ligplthse turbulent mixing

rate in two phase flow

Table 1.€ Error analysis between calculated gas phase tmbuhixing rate 31
(Kazimi and Kelly (1983) model) from measured ghage turbulent mixing rate

in two phase flow

Table 1.€ Error analysis between calculated liquid phasbui@nt mixing rate 33
(Kawahara et al. (2000) model) and measured lighiakse turbulent mixing rate

in two phase flow

Table 1.1C Error analysis between calculated gas phase embuhixing rate 34
(Kawahara et al. (2000) model) and measured gasepinabulent mixing rate in

two phase flow

Table 1.11 Error analysis between calculated liquid phaskbui@nt mixing rate 36

XXil




Carlucci et al. (2003) model and measured liquidsehturbulent mixing rate in

two phase flow

Table 1.1z Error analysis between calculated gas turbulemingirate Carlucc 37
et al. (2003) model) and measured gas turbulenihgipate in two phase flow

Table 1.1% Error analysis between calculated liquid turbulenixing and 39
measured liquid turbulent mixing rate in two phsw

Table 1.1< Major thermal hydraulic parameters of AHWR and KB 42
Table 1.1£ Error analysis between calculated liquid phasbuient mixing and 56
measured liquid turbulent mixing rate in two phtees

Table 1.16 Error analysis between calculated gas turbuleringiand measured 57
gas turbulent mixing rate in two phase flow

Table 2.1 Scaling of present experiment 63
Table 3.1 Experimental test matrix for single phase turbuhaixing 86
Table 3.2 Experimental test matrix for two phase turbulemnting 87
Table 3.2 Experimental test matrix for void drift 89
Table 3.4 Experimental test matrix for single phase diversicoss flow 90
Table 3.5 Experimental test matrix for two phase diversiarss flow 91
Table 4.1 Experimental test matrix for single phase turbuhaixing 93
Table 4.2 Error analysis for various correlations for singlease mixing rate 98
Table 5.1 Experimental test matrix for two phase turbulemnting 107
Table 6.1 Experimental test matrix for void drift 130
Table 7.1 Experimental test matrix for single phase diversicoss flow 144
Table 7.2 Experimental test matrix for two phase diversiorss flow 145
Table 7.2 Comparision of prediction by Kawahara et al. 20@hodel and 150

XXili




measured value of transerverse resistance coetffialesingle phase diversig

cross flow

n

Table 7.4 Comparision of prediction by Kim and Park (1993hodel and
measured value of transerverse resistance coetffialesingle phase diversig

cross flow

n

151

Table 7.5 Comparision of present model against experimemniatia of

subchannelsl 1-2 and subchannel 3-2

152

Table 7.€ Comparision of prediction by Kawahara et al. (20thodel agains
measured value of transverse resistance coeffigietwto phase diversion cros

flow

—F

153

Table 7.7 Comparision of prediction by lwamura et al. (1p8&odel agains
measured value of transverse resistance coeffigietwio phase diversion cros

flow

154

Table 7.€ Comparision of present model against experimemuiaia of

subchannel 1-2 and subchannel 3-2.

155

XXV




B:

Nomenclature

flow area (M)

empirical constant
Concentration (ppm)
diffusion coefficient (iffs)
hydraulic diameter (m)
rod diameter (m)

critical bubble diameter

Brodkey critical bubble diameter
Error (%)

subchannel geometry factor
mass flux and pressure factor
gap factor

gap to centroid factor

pressure factor

obstruction factor

friction factor

mass flux (kg/rfs)

acceleration due to gravity (mfiys
superficial velocity (m/s)
obstruction loss factor
transverse resistance coefficient
length (m)

mass flow rate (kg/s)

XXV



Nmix  Mixing number

p pitch (m)

Q volumetric flow rate (1lpm = Itm?¥s)

Re Reynolds number

RMS root mean square

R-R  Rectangular-Rectangular
S-S Square-Square

S slip ratio

S gap (m)

T-T  Triangular-Triangular

W total turbulent mixing rate (kg/s)

X quality
z axial distance(m)
1-C 1 centre

2-S 2 side

Greek letters

a void fraction

u dynamic viscosity (N-s/f)
v kinematic viscosity (fs)
p density (kg/m)

e turbulent diffusivity(ni/s)

% two phase multiplier
y correlation coefficient
S volumetric fraction

XXVi



X

summation

o surface tension
Subscript

avg average

cal calculated

CB  critical bubble size
ct convective transfer
exp experimental

g gas

hom homogenous

ij, subchannel identifier
123  subchannel identifier
inc  incremental

I liquid

mix  mixture

p peak

pd pressure difference
q phase identifier

sp single phase

tp two phase

td turbulent diffusion
R.T. reference temperature (ambient temperature)
H.T. high temperature

XXVil



Introduction

CHAPTER 1

INTRODUCTION

1.1 Introduction

This chapter gives a brief introduction to differemxing phenomena in a rod bundle i.e.
turbulent mixing, void drift and diversion cros®wl followed by detailed background
literature of each component of inter-subchanneimgi It also provides motivation and
objective of research work. In this chapter, assess of models against existing
experimental data relevant to BWRs geometry has loeme. A new model has been
developed from first principle for the two phasesbulent mixing and compared against

all the test data generated so far in literature

1.1.1 Introduction to inter-subchannel mixing phenonena

The flow rate of coolant in the reactor rod bundevery important for evaluating
enthalpy distribution and thermal margin. A lotresearch has already been dedicated to
understand the coolant flow and enthalpy distryutin rod bundle geometries. This
study reveals that study of mixing process betwsedathannels is very important. Due to

mixing between subchannels, enthalpy of fluid dases in hotter subchannel. In
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subchannel analysis, the lateral cross sectiored af rod bundle along the length is
divided into number of imaginary flow tubes callggbchannels. Once subchannels are
formed, appropriate conservation equations areegldiv get flow rate and enthalpy in the
subchannels.

The fluid transfer between subchannels is explaimedhree mechanisms i.e. turbulent
mixing, void drift and diversion cross flow (Laheynd Moody (1993), Hotta et al.
(2005)). Turbulent mixing is an oscillating companef flow in the transverse direction
between subchannels expressed in units of massnietime per unit length. In this
phenomenon, neither net mass transfer nor net ltransfer of each phase occurs
between subchannels. The second mechanism is xéiavdich occurs even in absence
of pressure difference. Void drift is due to rediition of non-equilibrium flow to attain
equilibrium flow or in other words we can say thah-equilibrium void fraction to attain
equilibrium void fraction. Equilibrium void fracttomeans that the voids are constant in
every subchannel and does not vary along the ré@gpesubchannels. The third
mechanism is diversion cross flow which occurs doelateral pressure difference
between adjacent subchannels. In this phenomernamne tis a net flow from one
subchannel to the other subchannel, which occuthedt common boundary. Fig 1.1
shows subchannel mixing phenomena i.e. turbulerinign void drift and diversion cross

flow in the rod bundle of nuclear reactor.
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TM="Turbulent mixing
VD= void drift
DF= Diversion cross flow
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Fig 1.1 Subdannel mixing phenomena in rod bur

1.2 Review of literature

1.2.1 Turbulent mixing

(i) Review of single phase turbulent mixing experimen

Single phase turbulent mixing experiments werequeréd by Petrunik (1968), Walt
(1969), Rowe and Angle 969),Galibert and Knudsen (1971), Singh (1972)st€lana
et al. (1974), Rogers and Tahir (1975), Kelly amdirBas (1977), Sadatomi et al. (20
and Kawahara et al. (2006). These experiments penfermed with various subchant
arrays like squarsglare, triangular-triangular, rectangul&ctangular, squa-

rectangular and squateangular.
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Petrunik (1968) determined the single phase turttut@xing rate between rectangular-
rectangular subchannel array. Water was used wgrfkind. The turbulent mixing rate
was determined by tracer technique. He found th&nhgrate increases with increases in
Reynolds number. The range of Reynolds number wasx1G to 3.08x10. Petrunik
(1968) also demonstrated that entrance effect at itherconnection length were
negligible after the entrance length of 13 equintlbydraulic diameters. Rowe and
Angle (1969) determined the single phase turbuteming rate between square- square
and square-triangular subchannel array. Water vgasl working fluid. The turbulent
mixing rate was determined by comparing the enthefjues at the test section exit with
the prediction from COBRA code. Thus mixing ratalepends on mathematical model.
They also found that mixing rate increases withieases in Reynolds number. The range
of Reynolds number was 4.2x1® 1.80x16. In addition to this, Rowe and Angle (1969)
shows depended of mixing rate on subchannel affagy reported that turbulent mixing
rate in square-square subchannel is lower thanrequangular subchannel array.
Walton (1969) determined single phase turbulentimgixrate between triangular-
triangular subchannel array. Water was used worKung. The turbulent mixing rate
was determined by tracer technique. He also fourad imixing rate increases with
increases in Reynolds number. The range of Reynuidsber was 1.9x£0to 9.1x10.
Castellana et al. (1974) determined single phadmulient mixing rate between aquare-
square. Water was used as working fluid. The teruinixing rate was determined by
measuring precisely subchannel exit temperatures avange of test conditions. Their
analysis of experimental results found that turbulaixing rate is function of Reynolds

numbers, gap spacing and average mass flux betwabohannels. The range of
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Reynolds number was 9x1fb 4.90x16. Singh (1972) determined single phase turbulent
mixing rate between triangular-triangular arrayartgular-square and square-square
array. Water was used working fluid. The turbulerting rate was determined by tracer
technigue. He also found that mixing rate increag#ls increases in Reynolds number.
The range of Reynolds number was 1.3%i® 3.80x10. Singh (1972) reported that
turbulent mixing rate is dependent on subchannalyaiThe turbulent mixing rate was
found to be the lowest in triangular-triangularagriand increased for triangular-square
and square-square array in ascending order whikpikg gap spacing between
subchannels constant. Galibert and Knudsen (198t€ymined single phase mixing rate
between adjacent subchannels in a simulated rodldumade by placing 1 inch diameter
in square-square subchannel array. The turbulexinghrate was determined by tracer
technique. Five different gaps were used. They looled that turbulent mixing rate
increases with rod spacing and Reynolds number.r@ihge of Reynolds number was
8x10° to 3x1d. Kelly and Todreas (1977) determined single phabéng rate between
adjacent subchannel arranged in triangular rodysrrdihe turbulent mixing rate was
determined by tracer technique. They found thatulent mixing rate increases as the
Reynolds number increases. They also found thaingvate increases with increases in
Reynolds number. The range of Reynolds number wisl® to 2.4x10. Rogers and
Tahir (1975) determined single phase turbulent mgxiate between square- square and
triangular-triangular subchannel array. Air wasdus@rking fluid. The turbulent mixing
rate was determined by tracer technique. Theyfalsod that mixing rate increases with
increases in Reynolds number. The range of Reymuldsber was 8.1x£@o 4.95x10.

Sadatomi et al. (2004) performed experiment witHtiple subchannels having square
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and rectangular subchannel array. . Water was weeking fluid. The turbulent mixing
rate was determined by tracer technique. Theyfalsod that mixing rate increases with
increases in Reynolds number. The range of Reymuldtber was 7xf0to 2x1d. They
also reported that turbulent mixing rate in squaqeare and rectangular-rectangular is
lower (about 20 %) than square-rectangular subcHammay. Kawahara et al. (2006)
determined single phase turbulent mixing rate betwigiangular-triangular subchannel
array. Water was used working fluid. They also fbuhat mixing rate increases with
increases in Reynolds number. The turbulent mixiag was determined by tracer
technique. The range of Reynolds number was 1%t10.4x10. The turbulent mixing

rate was determined by tracer technique.

The main findings of these experiments are asvalo
1. Results show that the magnitude of turbulentimgixate increases with increase in
average Reynolds number.

2. The turbulent mixing rate is very much geomeing operating condition dependent.

(i) Review of single phase turbulent mixing models

Numerous correlations have been proposed basebeosingle phase turbulent mixing
experiments to predict the magnitude of single phasbulent mixing rate for various
subchannel geometry (i.e. square-square, triangugergular, rectangular-rectangular,
square-rectangular and square-triangular) of reacid bundle as shown in Table 1.1.
These correlations are mainly function of averagg/r®lds number and geometry of

subchannel.
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Table 1.1Review of correlations for different types of sbbonel array

Authors SubchannelHydraulic | Correlation in form of W’
geometry | diameter of
subchannel
Dn (M)
Roger and Tahir 1 (1975 S-S - ' 0108
9 L 979) % o oosore(2)

7 d
Roger and Tahir 2 (1975) T-T 0.0294 W s\

—=0.0018 Rég(—j

U d
Peternuik (1968) R-R 0.0203 ,

Wi~ 0.009RE™

7

Galibert and Knudsen 1 (1971) | S-S 0.0112 ,

W - 0.0001RE"

7

Galibert and Knudsen 2 (1971) | S-S 0.012 4 W b

—L =0.00037 Ré

7
Galibert and Knudsen 3(1971) | S-S 0.0147 W, »

—L =0.0050RE&

7
Galibert and Knudsen 4 (1971) | S-S 0.018 3 V;/j=0.00190Rb°1
Kelly and Todreas (1977) T-T 0.0127 V/\f 0,002 RE
Rowe and Angel 1(1969) S-S 0.0051 W, _0.063Re™'SG

H H
Rowe and Angel 2 (1969) S-T 0.0073

W, _0.021Re'SG
H H
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S-S

0.0135

Castellana (1974) \/\/IJ ~0.027 RE*1SG
e
Rehme (1992) - -
W s| 0.7
—L =0.0075R&°=| =
ﬂ 5[%]
Seale 1 (1979) S-S 0.027 , _
W, _0.02968R&"SG
H H
Seale 2 (1979) S-S 0.057
W, _0.01683R€'SG
H H
Seale 3 (1979) S-S 0.125 .
W, _0.009225R€"SG
H H

(iif) Review of two phase turbulent mixing experimats

The two phase turbulent mixing experiments (Waltp®69), Rudzinski (1970), Singh

K.S. (1972), Kawahara et al. (1997 (b)), Sadatanal.e(2004), Kawahara et al. (2006))

show that the turbulent mixing is strongly relatedlow regimes.

Walton (1969) determined two phase turbulent mixiag between triangular-triangular

subchannel array. Water and air was used workund.flThe total mass flux varies from

90 to 1000 (kg/rfs). The flow pattern observed is annular flow. Ttaeer technique is

used for finding out turbulent mixing rate. Thelulent mixing rate was determined by

tracer technique. He found that mixing rate de@eagth increases in quality in annular

region. He also discussed the criterion of fullweleped flow in each subchannel is

achieved by keeping the entry length more thantit2&s hydraulic diameter. Rudzinski
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(1970) determined two phase turbulent mixing ra®vieen square-square and triangular-
triangular subchannel array. Water and air was wgating fluid. The total mass flux
varies from 680 to 2030 (kg fs). The flow pattern observed was bubbly, slug and
annular flow. The tracer technique is used forifigdout turbulent mixing rate. He found
that the liquid phase turbulent mixing rate statszero quality, which increases in
bubbly flow reaches maximum value in slug churn #meh decreases beyond churn-
annular flow transition. The gas phase turbulentimgi rate starts near zero value of
quality, reaches maximum in slug churn flow anchtecreases with increase in quality.
Singh (1972) determined two phase turbulent mixiaig between triangular-triangular
array, triangular-square and square-square arrayeMand air was used working fluid.
The total mass flux varies from 40 to 1080 (kddn The flow pattern observed was
bubbly, slug and annular flow. The tracer techniguased for finding out the turbulent
mixing rate. He also found that mixing rate is floegime dependent and geometry
dependent. Kawahara et al. (2000) determined tvasehurbulent mixing rate between
two identical rectangular subchannel of 1-centng, @aside gap and 3 gap. Water and air
was used working fluid. The total mass flux varfiesn 100 to 1000 (kg /fs). The flow
pattern observed was bubbly, slug and annular flble tracer technique is used for
finding out turbulent mixing rate. They also foutitht mixing rate is flow regime
dependent. In addition to it, they observed thai plaase mixing rate depends on gap
between the subchannels. On increasing the gapebetithe subchannels, mixing rate
increases. Sadatomi et al. (2004) performed exgatinvith multiple subchannels having
square and rectangular subchannel array. Wateaiamehs used working fluid. The total

mass flux varies from 100 to 2000 (kg’&n The flow pattern observed was bubbly, slug
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and annular flow. The turbulent mixing rate wasedmined by tracer technique. . They
also found that mixing rate is flow regime deperid&awahara (2006) determined two
phase turbulent mixing rate between triangulamgidar subchannel array. Water and air
was used working fluid. The total mass flux varfiesn 100 to 2000 (kg/fs). The flow
pattern observed was bubbly, slug and annular flble tracer technique is used for
finding out turbulent mixing rate. They also foutitht mixing rate is flow regime

dependent. The experiments on two phase turbularingnrate between adjacent

subchannels are listed in Table 1.2.

Table 1.2Description of available data on two phase tunbiufeixing rate.

S.No. | Experiment Subchannel array| Geometrical Working | Total
Description Fluid mass
flux
1. Walton (1969) d=19.7x10°m | Water 90 to
[T-T S$=1.02x10°m |and air | 1000
subchannel Dp =3.9x10°m (kg
experiment] P/d=1.05 /m?s)
A=33.9x10°m?
2. Rudzinski d=19.7x10m | Water 680 to
(1970) S$=1.02x10°m |and air | 2030
[T-T and S-S Dp =3.9x10°m (kg
subchannel P/d=1.05 /m?s)
experiment] A=33.9x10°m?
d =20.8x10'm
$=0.89x10°m
Dy=8.75x10°m
P/d=1.04
A=52.4x10°m?

10
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Singh (1972) d=19.8x10°m | Water 40 to
[S-S S$=2.03x10°m |andair | 1080
subchannel Dh =9.6x10°m (kg
experiment P/d=1.10 Im?s)
with  varying A=1.69x10'm?
gap width] d =20.8x10°’m

$=0.89x10°m

D =8.7x10°m

P/d=1.04

A=1.52x10'"m?

d =21.3x10°m

$=0.38x10°m

D =8.3x10°m

P/d=1.02

A=1.43x10'"m?
Kawahara et al. d =12x10°m Water 100 to
(1997b) S$=2.1x10°m and air | 1000
[R-R D=15.7x10°m (kg
subchannel P/d=1.17 Im?s)
experiment A=4.07x10'm?
with  varying d =20.8x10°’m
gap number i.e| $=0.89x10’m
1 center, 2 side D=8.75x10°’m
and 3 gap] P/d=1.04

A=52.4x10°m?

d=12x10°m

S$=6.3x10°m

D=15.7x10°'m

P/d=1.17

A=4.07x10'"m?

11
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Sadatomi et al. d=16x10°m Water 100 to
(2004), S=4x10°m and air | 2000
[Multichannel D=14.3x10°m (kg
experiment S- P/d=1.25 /m?s)
S(1-1) and R{ A=1.94x10'm?
R (2-2) d=16x10°m
subchannel S=4x10°m
experiment] D=11.2x10°m

P/d=1.25

A=1.38x10'"m?
Kawaharaetal | [ d=12x10°m Water 100 to
(2006) S=1.0x10°m and air | 2000
[T-T D=3.19x10°m (kg
subchannel P/d=1.08 /m?s)
experiment] A=16.6x10°"m?

These experiments provide important insights asrghelow:

consider the turbulent mixing separately in eaolwvfpattern.

as compared to gas phase turbulent mixing ratearphase flow.

(a) The two phase turbulent mixing rate is sumigqufitl phase turbulent mixing rate and
gas phase turbulent mixing rate and it is stronmglated to flow regimes. The liquid
phase turbulent mixing rate starts at zero quahtyich increases in bubbly flow reaches
maximum value in slug churn and then decreasesngegburn-annular flow transition.
The gas phase turbulent mixing rate starts near zaue of quality, reaches maximum

in slug churn flow and then decreases with incraasquality. It is thus rational to

(b) The magnitude of liquid phase turbulent mixmage in two phase flow is quite higher

12
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(c) Two phase mixing rate depends on gap betweersubchannels. On increasing the
gap between the subchannels, mixing rate increases.
(d) The two phase turbulent mixing rate increasis iwcrease in mass flux.

(e) The two phase turbulent mixing rate decreasthsimcrease in pressure.

(iv) Review of two phase turbulent mixing models.

Initial attempts have been made for the predicbbhiquid phase mixing rate and gas
phase mixing rate in two phase flow by Bues (19K3zimi and Kelly (1983) and
Carlucci et al. (2003). All these models consideflew regimes as a single group. Only
Kawahara et al. (2000) have made an attempt toidemghe model separately for each
flow regime.

Bues (1972) proposed a model which states thattdted turbulent mixing rate is
formulated for two regimes. A physical model is eeywed for the first region i.e.
bubbly-slug region and it is combined with an enagir fit for the second region i.e.
annular region. Kazimi and Kelly (1983) model isséd on Bues (1972) model, which
shows dependence of mixing rate on flow regimegyTgroposed a correlation between
the velocity fluctuation due to two phase turbuleriking and the velocity fluctuation
due to single phase turbulent mixing. Kawahard.€2800) model is for slug churn flow
regime. In this model, the liquid phase turbuleniking rate is the sum of three
independent component mixing rate due to turbudkifidsion, convective transfer and
pressure difference. Carlucci et al. (2003) moddbased on the principle that the total

phasic turbulent mixing rate is sum of homogenaulsulent mixing rate and incremental

13
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turbulent mixing rate. Table 1.3 shows descriptiohtvo phase turbulent mixing models

as follows

Table 1.3Description of two phase turbulent mixing models.

S.no | Model Equation derived for turbulent mixing rate

o
S

1))

1 Bues (1972 , AG
B w5

[y

2
.y

VVII :V%.,sph-'-(vvlp_ \/\;SP*)

2 Kazimi and o £
\Nq =Pl gan g2 T
tph

Kelly (1983)

3 Carluccietal. | w =W, +A Wen

(2003) , , .
va = V\é,hom + A V\é,tph
4 Kawahara et al. W‘ :W,td + Vypt + \/l\‘/pd
(2000)

W, =p,(> 9V,

The detailed description of these models are shiowppendix 1

14



Introduction

1.2.2 Void drift

Void drift is due to redistribution of non-equiliom flow to attain equilibrium flow or in
other words we can say that non-equilibrium voigcfion to attain equilibrium void
fraction. Equilibrium void fraction means that tads are constant in every subchannel
and do not vary along the respective subchannsl &kis redistribution occurs in reactor

rod bundle until it reaches to the state of equiim void fraction.

(i) Review of void drift experiments

The void fraction distribution is due to void driftas been observed in rod bundle
experiments [Lahey and Schraub (1969), Lahey e{1&8I72), Gonzalez-Santalo et al.
(1972), Lahey (1986), Sato et al. (1987), Tapucalei(1988), Gencay et al. (2001),
Sadatomi et al. (1994), Sadatomi et al. (2004)esEnexperiments indicate that there is
an observed tendency for the voids (i.e. vapouga®) to move toward less obstructed
regions.

Lahey and Schraub (1969) performed an experimensinwlate void drift in the
subchannels of BWR bundle geometry. Water and as wsed as working fluid.
Isokinetic sampling technique was applied to obtie average flow parameters in
corner, wall and center subchannel, respectivetg mass flux for this experiment was
1500 kg /mis. They observed that the flow quality is much kigin the more open
interior (centre) subchannels than in the cornet side subchannels of BWR bundle
geometry. This indicates that the existence ofiktlquid film on the channel wall and

an apparent affinity of the vapour or gas towardemapen subchannels.

15
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Lahey et al. (1972) performed an experiment to ktewoid drift in the subchannels of
BWR bundle geometry under diabatic condition witkteam-water mixture under typical
BWR operating conditions. Isokinetic sampling tecue was applied to obtain the
average flow parameters in corner, wall and cestdchannel, respectively. The mass
fluxes for this experiment were 450 kg’smand 900 kg /fs. A significant flow and
enthalpy difference could be found in the differentbchannel types. The corner
subchannel shows quality and mass flux lower thanbundle average values despite its
power-to-flow ratio was higher than the bundle ager values. In contrast, the center
subchannel has higher quality and mass flux tharbtindle average values. This trend
was in agreement with that observed by Lahey ardafb (1969) in an adiabatic air-
water two phase flow in a nine-rod bundle. It wasatuded that this observed trend of
gaseous phase accumulating in center subchanmelated to an affinity of the gaseous
phase for less-obstructed high velocity regiores,the center subchannels as in the case
of the nine-rod bundle.

Gonzalez-Santalo et al. (1972) measured fullyetiged equilibrium flow distribution
in a two-channel system simulating subchannels tfpacal BWR fuel assembly with
air-water system under atmospheric conditions. mhass fluxes for this experiment were
500 kg /nfs and 1000 kg /fs. They observed void fraction distribution at digtiim
state, depends on test section geometry. In the chsest section consisting of two
identical channels of the same dimension, the thasp mixture was found equally
distributed in the two channels at the equilibristate.

Tapucu et al. (1988), measured mass exchangendtprassure difference between two

identical square channels (hydraulic diameter of 12m) laterally interconnected with a
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gap of 1.5 mm clearance. Air-water two-phase metwas used as working fluid. Inlet
flows of the same mass flux but substantially défe void fractions were introduced
into the two subchannels. Due to the inlet voiatien difference, interchannel exchange
through the gap occurs. Subchannel average voatidres along the test section were
determined by measuring electrical conductivity iatdon between two thin plate
electrodes applied on two opposite faces of eadmmafis. Liquid phase exchange
between the two channels was obtained by inje@iNgCI solution into the channel with
higher inlet void fraction and measuring the sali@entration variation in both channels
by sampling the liquid phase at various axial lmceg along the test section.

In order to know the effect of subchannel arrayvand drift, Gencay et al. (2001)
conducted experiments having square duct chanmkekimmulated subchannel geometry
array. They observed that the diffusion coefficigritich is a measure of void drift;
increases with increasing average void fractionwbeh adjacent subchannels. The
turbulent void diffusion coefficient was found te higher for subchannel geometry array
as compared to square channel. Kawahara et al6)2fhducted experiments having
square-square and triangular-triangular subchaamay. They found that void diffusion
coefficient due to void drift is smaller in triangutriangular subchannel array as
compared to square-square subchannel array.

In the past decades, a large amount of experiméantastigations on two-phase
interchannel mixing phenomena with air-water twagdh flow under atmospheric
conditions were carried out in Kumamoto Universitgpan [(Sato et al. 1987, Sadatomi
et al. (1994), Sadatomi et al. (2004)] for investigns on interchannel mixing effect due

to void drift. The applied geometrical models, akegnatically varied from simple two-

17
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channel systems to a 2x3 multi-rod bundle. The @/dow regimes were mainly slug,
churn and annular flow regime. Since test loop trasson, experimental procedure and
measurement techniques of the above mentionedtigagsns were quite similar, they
are summarized here together.

All the test sections were made up of three pantsentry section, a connection section
and a discharge section. In the entry and dischaegdon, the gap between adjacent
subchannels was completely blocked so that no-gatechannel mixing exists, while in
the connection section the blockage of the gap measoved so that inter-subchannel
mixing through the gap can occur. The most imporg@sumption made by the authors is
that turbulent mixing (TM), which is the only aatimixing effect at equilibrium state,
induces neither net mass exchange nor net volunthaage between interacting
subchannels. Furthermore, diversion cross flow wasumed by the authors to be
prevented with the equal time-averaged mean pressugach subchannels at both inlet
and outlet of the connection section.

Under these conditions, the two-phase mixture atettd of the connection section was
isokinetic split into individual subchannels andatiarged. After passing the discharge
section the two-phase mixture was finally separated exit mass flow rates of each

phases in individual subchannels were then measiuwedo void drift.
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(i) Review of void drift models

Lahey and Moody (1993) proposed a model for voiét dalled as void settling model
which has been widely used in two-subchannel systeperiments by Sadatomi et al.
(1994), Kawahara et al. (2006) and Kawahara e{28l09); and for multi-subchannel
system by Sadatomi et al. (2004). Net lateral nflagsof gas phase due to the void drift

between subchannel jis calculated from the equation as follows

Gy, =4, D[(a,-a)~ (@ -a,), ]/ § (1.1)

whereGg j is net change in mass flux between adjacent suipelis (i.e. subchannel “i”
and subchannel “”) due to void drifbg is the density of gad) is void diffusion
coefficients, §- ¢;) is void fraction difference in non-equilibriumof, (@i- @;)eq is void
fraction difference in equilibrium flow an§ is gap between the subchannels.

Lahey et al. (1972) derived a model based on Lewylel (1963). They proposed a
model for predicting equilibrium void fraction. i based on the principle that ratio of
void fraction difference to average void fractiengroportional to ratio of difference in
mass flux to average mass flux. Rowe et al. (198&fjved a model for predicting
equilibrium void fraction. It is based on the pile that the equilibrium void fraction is
a function of average void fraction and averageréwic diameter between adjacent
subchannels. Carlucci et al. (2004) modified Rowale(1990) model by including a
constanK and the factor of mass-flux and presstigg. Lahey et al. (1972), Rowe et al.
(1990) and Carlucci et al. (2003) proposed a mddekvaluate the void fraction

distribution in a hydraulically equilibrium flow ahown in Table 1.4.
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Table 1.4Description of void drift models

S.no | Model Equation derived for turbulent mixing rate
1 Lahey et al. (1972) (@i-a;) _ (G-G)
aavg - Gavg
2 Rowe et al. (1990) _ Dp ay
a, = aavg + aavg(l_ aavg)(l_ Dh’ig )
3 Carlucci et al. (2004)

_ Dh, g
a=a,, +Ka,Fg p(1—a'av§)(1—Tyi)

avg avg

1.2.3 Diversion Cross flow

The third mechanism is diversion cross flow whictcuwrs due to lateral pressure
difference between adjacent subchannels. In them@inenon, there is a net flow from

one subchannel to the other subchannel at theimmmboundary. Lateral pressure

difference can result from different subchannelraytic diameter, heat flux distribution;

gradual or abrupt changes in flow area i.e. fudlbowing and spacer respectively.

(i) Review of diversion cross flow experiments

Diversions cross flow experiments were performed(ldgNown (1954), Champman

(1963), Dittrich and Graves (1956), Dittich (1958gppacu (1976), Kawahara (2006)
and lwamura (1986)). A survey of open literaturedorersion cross-flow has shown that

available experimental data are very limited. E&stperiments on diversion cross-flow
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were carried out on discrete blowing or sucking ifiedas. In blowing manifolds, a large
fluid stream is subdivided by a number of latereictete discharge ports, whereas in
sucking manifolds a large stream is formed by tbenlwnation of smaller streams
through the lateral ports. McNown (1954), using-m.2dia. pipe as the main channel,
and 1-in. and %z-in. tubing as laterals, determitiedchanges in piezometric and total
head of the main and lateral flow. Chapman (19@8)dacted experiments in order to
determine the effectiveness of cross-flow on pressqgualization between two parallel-
flow channels coupled by holes. St. Pierre (1968nha the experimental data of
McNown (1954) for discrete blowing manifolds, detémred the values of the transverse
resistance coefficient (K). Their study concludedttthe transverse resistance coefficient
decreases with the ratio of cross flow velocityttte average mean velocity between the
subchannels.

In summary, very limited experimental data are lade on transverse resistance
coefficient in open literature. Most of the exigfidata were obtained on blowing or
sucking manifolds, wall holes and short slots (MaKo0(1954), Champman (1963),
Dittrich and Graves (1956), Dittich (1958). They arseful in giving an idea on the
general behavior of the phenomenon, but are ndicapfe in nuclear reactor rod bundle
sub-channel analysis. Only Tappacu (1976) and Kaveal{2006) have performed
experiment using two subchannel systems. So tlseneed for more experimental data

related to subchannel analysis.
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(i) Review of diversion cross flow models

The cross-flow loss factor is denoted by the teramsverse resistance coefficient. In
computer predictions in codes such as COBRA, taestrerse resistance coefficient is
assumed to be constant all along the gap betwesrsubchannels e.g. 0.15 [Rowe
(2973)], 0.5 [Rowe (1973)], 1.0 [Tappacu (1988)h Shoukri, (1985)]. The experiment
performed by Tapucu [1976] shows that cross flogistance coefficient is not constant
but it is a function of ratio of the lateral flovebcity to the donor channel axial velocity,
the recipient channel axial velocity, and of the geearance and thickness of the slot.
Kim and Park (1975) proposed a correlation for mtaty cross flow resistance as a
function of ratio of the lateral flow velocity theé donor channel axial velocity, Reynolds
number of recipient channel and ratio of pitch imnteter. Kawahara (2006) proposed a
correlation for predicting cross flow resistance agunction of ratio of cross flow
velocity to the average mean velocity between thbclsannels. lwamura (1986)
proposed a correlation relating cross-flow resistaas proportional to void fraction and

cross-flow Reynolds number.

1.3 Assessment of two phase turbulent mixing models

As said before, there are a few turbulent mixinglele available in literature like Bues
(1972), Kazimi and Kelly (1983), Kawahara et al0@) and Carlucci et al. (2003),
which are primarily developed from experimentaladdh this work, an assessment of
turbulent mixing models was performed against exgsexperimental data, which are

presented in Figures 1.2, 1.3, 1.4 and 1.5.
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In this section, we evaluate the turbulent mixingdels against the data obtained from
present experiments of two phase turbulent mixsdisacussed above.

For evaluation, we have compared the measured riexptal) liquid and gas phase
turbulent mixing rate in single phase phase fldf,, with predicted liquid and gas
turbulent mixing rate in two phase flow’c,. The error analysis has been done to find
out maximum, minimum and average error between umedsand predicted value of
single phase turbulent mixing rate. The error aialghows how predicted value by

turbulent mixing models differs from measured ekpental values.

The maximum and minimum error is calculated as:

WIcal - Wexp
Maximum Error (+ve deviationk, . = Max Tx 100 (1.2)

exp

. W'cal - Wexp
Minimum Error (—ve deviation)E, =min TXlOO (1.3)

exp

The average error is calculated as

n

2E

AverageError=‘le% (1.4)

where n= no. of data points and

W -W.
E- =[ ical : i,exp xlOOJ (15)

i,exp
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(i) Evaluation of model of Bues (1972)

Introduction

In Bues (1972) model, the calculated liquid phasbulent mixing rate shows very large

discrepancy against measured liquid phase mixitggagshown in Figure 1.2 (a).

0.1}

r

0.01 |

1E-3

Leal

1-C gap Kawahara
2-S gap Kawahara
3 gap Kawahara
T-T Rudzinski
S-S Rudzinski
T-T Kawahara
T-T Walton

® S-S Singh

S-S Sadatomi
R-R Sadatomi

Fig. 1.2 (a) Comparison of the predictions of Bues (1972) maagdinst subchannel

experiments for liquid phase turbulent mixing ratéwo phase flow.

For liquid phase, the calculated turbulent mixiaderdiffers from measured turbulent

mixing rate by +4320% and —93% with an averagereofo+515.37%. Bues (1972)

model is compared with liquid phase turbulent ngxexperimental data for a gap width

varies 1 mm to 4 mm. The prediction showed an &egror of more than +700% for

Kawahara et al. [1997b] and Sadatomi et al. [2GQ4channel experiment because the

gap width is more than 2.1 mm and Bues (1972) moaoiasiders gap size less than equal

to 2.1 mm.
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The discrepancies between Bues (1972) model aneriexgntal data for liquid phase in

two phase flow have been compared for individudckannel geometry, which are listed

in Table 1.5.

Table 1.5 Error analysis between calculated liquid phaseul@nt mixing rate (Bues

(1972) model) and measured liquid phase turbulexingirate in two phase flow.

Subchannel geometry +ve Error % -ve Error % Average Error %
1-C gap Kawahara 3650 77.7 +1210
2-S gap Kawahara 4320 89.9 +1420
3 gap Kawahara 4100 88.5 +1020
T-T Rudzinski 4180 79.9 +453
S-S Rudzinski 47.2 83.8 -37.7
T-T Kawahara 3970 78.1 +216
T-T Walton 465 60 +56.8
S-S Singh 578 92.9 +22.8
S-S Sadatomi 3200 72.1 +723
R-R Sadatomi 709 81.5 +60
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The gas phase turbulent mixing rate data undemteedieasured gas phase turbulent
mixing rate, as shown in Figure 1.2 (b).

0.1

1 1-C gap Kawahara

® 2-Sgap Kawahara
3 gap Kawahara

¥ T-T Rudzinski
S-S Rudzinski

4 T-T Kawahara
T-T Walton

¢ S-S Singh

* S-S Sadatomi

® R-R Sadatomi

+412% deviation

1E-6

E[=X ) Y R Y R POPY RV RPN R
1E8 17 1E6 1E5  1E4  1E3 001 01

Fig. 1.2 (b) Comparison of the predictions of Bues (1972) maalgdinst subchannel

experiments for gas phase turbulent mixing ratevmmphase flow.

For gas phase, the calculated turbulent mixing chtiers from measured turbulent
mixing rate by +412% and —99% with an average evfor52.13%. The discrepancies
between Bues (1972) model and experimental datgdsmphase in two phase flow have

been compared for individual subchannel geomethychvare listed in Table 1.6.
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Table 1.6 Error analysis calculated gas phase turbulentngixate (Bues (1972) model)

from measured gas phase turbulent mixing rate mgiase flow.

Subchannel geometry +ve Error % —ve Error % Average Error %
1-C gap Kawahara 88.7 95.2 =175
2-S gap Kawahara 109 93.1 -5.39
3 gap Kawahara 138 83.4 +13.8
T-T Rudzinski 1.92 98.1 —73.2
S-S Rudzinski - 98.3 -90.5
T-T Kawahara 412 93.2 -32.5
T-T Walton - 94.9 -87.6
S-S Singh 290 97.5 —67.0
S-S Sadatomi - 96 -79.3
R-R Sadatomi - 98.7 -82.2

(i) Evaluation of model of Kazimi and Kelly (1983)

Kazimi and Kelly (1983) model shows that most c# ttalculated data overpredict the
measured liquid phase turbulent mixing rate. Thieutated liquid phase turbulent
mixing rate differs from measured liquid phase tebt mixing rate by +1480% and —

86% with an average error of 153.24%, which is showFigure 1.3 (a).
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Fig. 1.3 (a) Comparison of the predictions of Kazimi and Kelly983) model against

subchannel experiments for liquid phase turbulaming rate in two phase flow.
The discrepancies between Kazimi and Kelly (1988deh and experimental data for

liquid phase in two phase flow have been compasedhtlividual subchannel geometry,

which are listed in Table 1.7.
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Table 1.7 Error analysis between calculated liquid phasbulent mixing rate (Kazimi

and Kelly (1983) model) and measured liquid phasbulent mixing rate in two phase

flow.

Subchannel geometry +ve Error % —-ve Error % Average Error %
1-C gap Kawahara 720 25.9 + 270
2-S gap Kawahara 138 81 +17.1
3 gap Kawahara 53.9 86 -27.3
T-T Rudzinski 1060 23.3 +218
S-S Rudzinski 974 - + 333
T-T Kawahara 930 21 + 142
T-T Walton 1200 47.5 + 289
S-S Singh 1340 64.7 +134
S-S Sadatomi 1480 65.6 + 197
R-R Sadatomi 139 78 -40.4

The calculated gas phase turbulent mixing rate nomedict the measured gas phase
turbulent mixing rate. The calculated gas phaseulent mixing differs from measured
gas phase turbulent mixing rate by +2810% and —@&%an average error of —41.8%,

which is shown in Figure 1.3 (b).
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1-C gap Kawahara
2-S gap Kawahara
3 gap Kawahara
T-T Rudzinski

S-S Rudzinski
T-T Kawahara
T-T Walton

S-S Singh

S-S Sadatomi

R-R Sadatomi

Fig. 1.3 (b) Comparison of the predictions of Kazimi and Kely983) model against

subchannel experiments for gas phase turbulenthpéte in two phase flow.

Here, most of the calculated data overpredict tbasured liquid phase turbulent mixing

rate and underpredict measured gas phase turbuigirtg rate. The pattern of error is

more or less same in comparison to Bues (1972) mddee discrepancies between

Kazimi and Kelly (1983) model and experimental diaagas phase in two phase flow

have been compared for individual subchannel gegnvetiich are listed in Table 1.8.
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Table 1.8Error analysis between calculated gas phase turboleing rate (Kazimi snd

Kelly (1983) model) from measured gas phase turtiutexing rate in two phase flow.

Subchannel geometry +ve Error % —ve Error % Average Error %
1-C gap Kawahara - 90.5 -78.1
2-S gap Kawahara - 97 —-88.9
3 gap Kawahara - 96.7 -93.6
T-T Rudzinski - 94.6 -85.2
S-S Rudzinski 428 88.2 +5.26
T-T Kawahara 2480 96.7 +152
T-T Walton 27.7 93.3 —67.4
S-S Singh 2810 94.3 +25.9
S-S Sadatomi - 97.3 -91.7
R-R Sadatomi - 99 -96.6

(iif) Evaluation of model of Kawahara et al. (2000)

Kawahara et al. (2000) model is limited to slugrehilow regime only. This is not valid
for other flow regimes like bubbly and annular floegime. Validation of this model has
been done for rectangular-rectangular subchande(s, 2-S and 3 gaps) and square-
square subchannels against Kawahara et al. (198#b)Rudzinski (1970) experiment
respectively. This model is not evaluated for otleibchannel experiments. On
evaluation of Kawahara et al. (2000) model agaslag churn data obtained from

subchannel experiments, it is found that most efdhata for both calculated liquid and
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gas phase turbulent mixing rate overpredict meastligeiid and gas phase turbulent

mixing rate which is shown in Figures 1.4 (a) andl (b).

[+9370 % deviatio
I . 4° 0 % deviation
1-C gap Kawahara
2-S gap Kawahara
3 gap Kawahara
T-T Rudzinski
S-S Rudzinski
T-T Kawahara
S-S Sadatomi

|0 R-R Sadatomi

m S-S Singh

-71.9 % deviation

001 |

| Lol
01 1
hexg

‘

|
0.01

N Wt

Fig. 1.4 (a) Comparison of the predictions of Kawahara et 2000) model against

subchannel experiments for liquid phase turbulering rate in two phase flow.

For liquid phase, the calculated turbulent mixiagerdiffers from measured turbulent
mixing rate by +9370% and —-71.9% with an averageresf 1200%. The reason for
showing large average error is that this model idens only rectangular-rectangular
subchannels (1-C, 2-S and 3 gaps) having flow amese than other subchannel
geometries. The discrepancies between Kawaharia @080) model and experimental
data for liquid phase in two phase flow have beemmared for individual subchannel

geometry, which are listed in Table 1.9.
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Table 1.9 Error analysis between calculated liquid phaseuient mixing rate

(Kawahara et al. (2000) model) and measured lighiase turbulent mixing rate in two

phase flow.

Subchannel geometry +ve Error % —ve Error % Average Error %
1-C gap Kawahara 739 - + 457
2-S gap Kawahara 87 71.9 +29.1
3 gap Kawahara 161 65.6 +74.1
T-T Rudzinski 823 - + 405
S-S Rudzinski 707 - + 380
T-T Kawahara 9370 - + 2990
S-S Sadatomi 4740 - + 2450
R-R Sadatomi 1930 - +1000
S-S Singh 1140 - +548

0 % deviation

B |-C gap Kawahara

® 2.5 pap Kawahara

A 3 gap Kawahara

v T-T Rudzinski
S-S Rudzinski

4 T-T Kawahara
§-S Sadatomi

® R-R Sadatomi

* S-S Singh

-78.3 % deviation

1E-4 .
1E-4 '3 W o 0.1

Fig. 1.4 (b) Comparison of the predictions of Kawahara et 2000) model against

subchannel experiments for gas phase turbulenhmbate in two phase flow.
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For gas phase, the calculated turbulent mixing catiers from measured turbulent
mixing rate by +7940% and —78.3% with an averageraf 637%. The reason for over
prediction of calculated gas phase mixing ratéad it depends on liquid phase turbulent
mixing rate which also overpredicts the measurggidi phase turbulent mixing rate. The
discrepancies between Kawahara et al. (2000) naukkexperimental data for gas phase
turbulent mixing rate have been compared for irtligi subchannel geometry, which are

listed in Table 1.10.

Table 1.10Error analysis between calculated gas phase gmbuatixing rate (Kawahara

et al. (2000) model) and measured gas phase tuthmiging rate in two phase flow.

Subchannel geometry +ve Error % —ve Error % Average Error %
1-C gap Kawahara 291 - + 249

2-S gap Kawahara - 26.5 -17.1

3 gap Kawahara 64.4 36 +12.9

T-T Rudzinski 98.2 78.3 +14.1

S-S Rudzinski 84.9 18.3 +13.7

T-T Kawahara 7940 - + 1860

S-S Sadatomi 1730 - + 1010

R-R Sadatomi 669 - +401

S-S Singh 626 1.47 +234
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(iif) Evaluation of model of Carlucci et al. (2003)
In Carlucci et al. (2003) model, the calculatediichand gas turbulent mixing rate shows
large discrepancy, when compared against measigaedl land gas phase turbulent

mixing rate as seen in Figures 1.5 (a) and 1.5e$pectively.

13
+1900% deviation 0% deviation
0.14 *
] X 'ﬁ.af m  |-C gap Kawahare
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g" AT R 3 gap Kawahara
] f. ¢ w  T-T Rudzinski
0.014 3, S-S Rudzinski
[ | PR [} _
- Iy P \,«. 5% dcviation‘ T-T Kawahara
1 . PR IS T-T Walton
v * % g. @ S-S Singh
00’ at?® % S-S Sadatomi
1834 f,}’.‘.{:‘t @  R-R Sadatomi
] o ® foo
A | ...-‘..., —
1E-3 0.01 w' 0.1 1

Lexp
Fig. 1.5 (a) Comparison of the predictions of Carlucci et &0(3) model against

subchannel experiments for liquid phase turbulering rate in two phase flow.

For liquid phase, the calculated turbulent mixiagerdiffers from measured turbulent
mixing rate by +1900% and —95% with an averageresfo-15.6%. The discrepancies
between Carlucci et al. (2003) model and experialatdta for liquid phase in two phase
flow have been compared for individual subchanmelngetry, which are listed in Table

1.11.
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Table 1.11Error analysis between calculated liquid phaskulent mixing rate Carlucci

et al. (2003) model) and measured liquid phaseutany mixing rate in two phase flow.

Subchannel geometry +ve Error % —ve Error % Average Error %
1-C gap Kawahara 40.7 52.6 -9.4
2-S gap Kawahara - 82.9 —60.6
3 gap Kawahara - 84.6 —65.6
T-T Rudzinski 57.2 71.3 -25.7
S-S Rudzinski 143 28.1 +10.7
T-T Kawahara 1900 20.7 +329
T-T Walton 34 91.3 -50.5
S-S Singh 79.3 95 —64.6
S-S Sadatomi 321 70.8 +13.1
R-R Sadatomi - 92.2 —69.6

For gas phase, the calculated turbulent mixing catiers from measured turbulent

mixing rate by +8910% and —96% with an averagerasfo+r104%. The discrepancies

between Carlucci et al. (2003) model and experialetata for gas phase in two phase

flow have been compared for individual subchangelsmetry, which are listed in Table

1.12.
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Fig. 1.5 (b) Comparison of the predictions of Carlucci et &0(3) model against

subchannel experiments for gas phase turbulenthmpéte in two phase flow.

Table 1.12Error analysis between calculated gas turbulexingirate Carlucci et al.

(2003) model) and measured gas turbulent mixirgyiratwo phase flow.

Subchannel Geometry +ve Error % —ve Error % Average Error %
1-C gap Kawahara 41.6 90.1 -36.4
2-S gap Kawahara - 86.6 -63.0
3 gap Kawahara - 88.4 -66.9
T-T Rudzinski 36.6 96 -59.7
S-S Rudzinski 53.2 59.8 -14.2
T-T Kawahara 8910 - +1340
T-T Walton 135 89 -40.4
S-S Singh 2350 90.9 +28.8
S-S Sadatomi 73.5 93.3 -33.2
R-R Sadatomi - 95.6 -72.2
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It may be noted that for triangular-triangular dudmenels of Kawahara et al. (2006)
experiment, the model predicts with an averageresfo+329% for liquid phase and
+1340% of gas phase. The reason behind showing vgrage error is that the flow
area of triangular-triangular subchannels is vegslas compared to other subchannel

geometry.
Evaluation of these models provide important sloomiog which are as follows.

(a) Array effect: In all these models except Kawalet al (2000) model, the array effect
like Square-Square, Rectangular- Rectangular, amangular-Triangular subchannel

array has not been considered.

(b) Channel size effect: In Carlucci (2003) mod#iannel size effect is not properly
modeled as shown by large error in Triangular-Tgidar subchannel experiment of

Kawahara (2006) where area of subchannel is ves/(l€16.6 mr).

(c) Gap size effect: In Bues (1972), Kazimi and|X€1983) and Carlucci et al (2003),
the gap between subchannels is not properly modetéch results a large error for gap

more than 2.1 mm.

(d) Pressure effect: in Kawahara et al (2000) matthel effect of pressure has not been

considered.
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The major findings from the assessment of two phiadeulent mixing models are as

follows.

1. There are large differences among the data dfukent mixing rate from one

subchannel array to another.

2. There are large differences among the modelsvithes compared with the same

experimental data as shown in Table 1.13

Table 1.13 Error analysis between calculated liquid turbulemking and measured

liquid turbulent mixing rate in two phase flow.

Liquid mixing rate Gas mixing rate

Model Maximum| Minimum | Average | Maximum | Minimum | Average

error% error% error% error% error% error%
Bues +4320 -93 +515.4 +412 -93 -52.1
(1972)
Kazimi and| +1480 -86 +153.2 +2810 -99 -41.8
Kelly(1983)
Kawahara +9370 -71.9 +1200 +7940 -78.3 +637
(2000)
Carlucci +1900 -95 -15.6 +8910 -96 +104
(2003)

The differences in results observed in the Figeeesbe due to differences in geometry

and operating condition in the experimental set-up.
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1.4 Motivation for Ph.D work

Flow distribution within the rod bundle is very iogant for evaluation of thermal
margin. For correct prediction of flow and enthalfigtribution, determination of inter-
subchannel mixing phenomena like turbulent mixijd drift and diversion cross flow
is required. Our assessment of inter-subchanneletmoghows that there is large
discrepancy between prediction by models and medsaxperimental data. This is
because inter-subchannel mixing i.e. turbulent ngxvoid drift and diversion cross flow
are highly geometry and operating condition depetdEhe literature also supports our
assessment. The following points show how turbutenting, void drift and diversion
cross flow are affected by subchannel array:

(i) Turbulent mixing: According to Lahey and Schpai1969), subchannel array and size
are important parameters which affect turbulentingxrate. Rowe and Angle (1969)
reported that turbulent mixing rate in square-squsubchannel is lower than square-
triangular subchannel array. Singh (1972) repattteti turbulent mixing rate is dependent
on subchannel array. The turbulent mixing rate fwasd to be the lowest in triangular-
triangular array and increased for triangular-squard square-square array in ascending
order while keeping gap spacing between subchamogistant. Sadatomi et al. (2004)
performed experiment with multiple subchannels h@visquare and rectangular
subchannel array. They also reported that turbuteiring rate in square-square and
rectangular-rectangular is lower than square-regctian subchannel array.

(i) Void Drift: In order to know the effect of sehannel array on void drift, Gencay et
al. (2001) conducted experiments having square chatnel and simulated subchannel

geometry array. They observed that the diffusioeffodent which is a measure of void
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drift; increases with increasing average void f@actbetween adjacent subchannels. The
turbulent void diffusion coefficient was found te higher for subchannel geometry array
as compared to square channel. Kawahara et al6)Y2fihducted experiments having
square-square and triangular-triangular subchaemay. They found that void diffusion
coefficient due to void drift is smaller in triangutriangular subchannel array as
compared to square-square subchannel array.

(iif) Diversion cross flow: The cross flow resistanin diversion cross flow is found to be
dependent on subchannel array. Tappacu (1976) fthatctross flow resistance for rod
bundle geometry is different one to the other gegme

In view of the above, it can be concluded that baboel geometry has significant effect
on inter-subchannel mixing phenomena.

It may be noted that, the subchannel geometry ofWAHrod bundle is different from
conventional BWRs and ESBWR. The rods in AHWR benalle arranged in circular
subchannel array unlike conventional BWRs or ESB@W&®metry in which rods are
arranged in square-square, rectangular-rectanguidr square-rectangular subchannel

array as shown in Figure 1.6 (a) and 1.6 (b).
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T Subchannel

—» Fuel pin

(@) BWR (b) AHWR
Fig. 1.6 BWR and AHWR lattice

In the view of above, data obtained from convergi@WRs or ESBWR cannot be used
for AHWR

In addition, AHWR being a natural circulation BWRie mass flux condition in the

subchannels can vary from close to zero to ratedliton depending on the power,
which is different from conventional BWRs wherelretmass flux in the subchannel is
more or less constant irrespective of power. Effgctvariation of mass flux in the

subchannels on two phase mixing phenomena typicAHWR specific geometry has

never been investigated. The Steam generator heawr reactor (SGHWR) bundle
even though has similar geometry like AHWR rod Hantlowever, there are almost no
studies performed on inter-subchannel mixing stiéte this reactor The major thermal
hydraulic parameter of AHWR and ESBWR is shown abl€ 1.14

Table 1.14 Major thermal hydraulic parameter of AHWR andBE¥#R

Quantity AHWR ESBWR
Thermal Power 920MW 4500 MW
Electric Power 300 MY 1600 MW
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Total number of channels 452 1132
Coolant Light Water Light Water
Moderator Heavy Water Light Water
Total core flow rate 2237 kgls 10,000 kg/s
Average Steam Quality 18.2 % 17 %
Steam Drum Pressure 70 bar 71.1 bar

1.5 Objective and solution strategy

The objective of present work is to establish ngxim subchannels of AHWR rod bundle
due to turbulent mixing, void drift and diversioross flow.

The strategy for solving issues (indicated in secfi.4) in AHWR rod bundle is carried
out in following steps

1. Carrying out experiments in 1:1 scaled testlifgcfor each component of inter-
subchannel mixing i.e. turbulent mixing, void daftd diversion cross flow applicable to
AHWR rod bundle

2. Assessment of existing models against presquegrarent data for turbulent mixing,
void drift and diversion cross flow applicable t6{&/R rod bundle, and

3. Development of new models for turbulent mixiagid drift and diversion cross flow,
if existing models cannot predict the measuredeshf present experiment applicable to

AHWR rod bundle
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1.6 Development of a new model for turbulent mixindn rod bundle.

Since previous models have large errors, there need to develop a new turbulent
mixing model which can predict well for various shbhnnel geometries. A two phase
turbulent mixing model is proposed in this thesigptedict liquid and gas phase mixing
rate.

According to equi-volume model (Todreas and Kazib9i76)), the turbulent mixing rate

per unit length in single phase flow can be writhsn
W =2 [f] S (1.6)

Wherep is density,s is eddy diffusivity,Z;" is turbulent mixing length an8 is gap

spacing between subchannels.

Equation (1.6) can be further simplified as

W =§(Z—iJ S (1.7)

Where p= dynamic viscosity ane kinematic viscosity.

: (1.8)
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W :(Eji
u \v)zj (1.9)

The parameterf is taken proportional to thgrnRils number
v

£ _KRe
% (1.10)

To consider the effect of gap to centroidal disearatio for different subchannel array as
shown in Figure 1.7, the turbulent mixing lengthmedified according to (Todreas and

Kazimi (1976)) as follows:

| e

Fig. 1.7 Representation of geometrical parameter in R-B,&d T-T subchannel array.

Substituting the results of equation (1.10) andX}Lin equation (1.9), we get

K g\
v K Re (3) (1.12)
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Equation (1.12) is modified in terms of mixing nuenlas follows
S b
N . =CRé (Ej (1.13)

Where mixing number and Reynolds number can besepted by

W-‘ 2
N =—2:<2“ (1.14)
Re =PV XDy (1.15)
U

Dy, is hydraulic diameterA is flow area,V is velocity of fluid, S is gap between
subchannels§ is centroidal distance between subchanr@ls coefficient anda andb

are exponents.

Hence the model for single phase mixing rate isasgnted by Eq. (1.16) is as follows

N, = f(Re,Sd) (1.16)

The model for two phase turbulent mixing rate isdified by replacing single phase flow
properties with two phase flow properties. Thusiligphase turbulent mixing number for
two phase flow in subchannels is a function of om&t Reynolds number, gap and
centroidal distance between subchannels. In additiee volumetric fraction needs to be

incorporated in the model.
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The model can be represented as

N mix = T (R€,,S0.B)

1,mix

(1.17)

The equation for liquid phase turbulent mixing ot phase flow can be written as

follows
NI,mi>< = CI ><(Remix)a1 (118)
W xD?
WhereN, ,, =| ——~—— (1.19)
Y AX luhom
REp, = (1.20)
hom
-1
g =| XX
oty (1.21)

The coefficient C) and exponenta) were obtained by fitting the test data plotted on
dimensionless liquid phase turbulent mixing nundmginst mixture Reynolds number as

shown in Figure 1.8.
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Fig. 1.8 Liquid phase turbulent mixing rate.

The equation sobtained is given by relationsl

1.80

_0.0010& Ax 1t %( Re,)

1.22
I,mix Dh2 ( )

Similarly the gas phageirbulent mixing number for two phase flow in sughelscan
be expressed afinction of mixture Reynolds number, volumetrraction, gap and

centroidaldistance between subchars. The model can be represente

Ny mix = T (R€x.S3,B)

(1.23)

The equation fogas phase turbulent mixirin two phase flow aabe written as follow

Ny mix = ng(lggasxln(Remiy))ag (1.24)
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W xD?
whereN,_ . =| —2=—— (1.25)
’ A><luhom
Re =2*D (1.26)
luhom
B.=—8 (1.27)
B+ '

The coefficient Cg) and exponentag) were obtained from the test data plotted
dimensionless gaghase turbule mixing number against combined volumetric

fraction and mixture Rewlds number as shown in Figure 1.9.
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Fig. 1.9 Gas phase turbulent mixing rate
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The equation so obtained is given by relationship

5.1436

_ 0.000074% Ax f4,, % (B, % I Rg,))
g,mix - D2

(1.28)

The model described by equation (1.22) and (1.2#)sdhot consider the subchannel
geometry and pressure effect. To incorporate gewsaktnfluence and pressure effect,

the model has been modified as discussed below

(a) Incorporation of gap and centroidal distance baveen subchannels:

The two phase turbulent mixing is affected by vasigparameters such as subchannel
geometry, spacer and gap spacing between subckannel

The equation of gap to centroid factor for liquidage turbulent mixing rate can be

expressed as best fit by

oo ol

where

Ki=G [Re‘mixT O

The coefficient (¢) and exponent ( were obtained using the test data of subchannel
experiments of Rudzinski (1970), Kawahara et #d97kb)), and Kawahara et al. (2006)

plotted on dimensionless gap to centroid factorirejacombined gap to centroidal
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distance ratio and volumetric liquid fraction agdinombined gap to centroidal distance
ratio and volumetric liquid fraction of individuaubchannel geometries (R-R, T-T, and

S-S) as shown in Figure 1.10 (a), 1.10 (b) and (c1L0

25 3.0
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Fig. 1.10The coefficient @ and exponent;dor various subchannel geometry in liquid

phase mixing rate
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The equation of gap to centroid factor for gas phagbulent mixing rate can be

expressed as best fit by

Fyge = [Ngy %} S (1.31)
9

where

Ky =C [ BrexIN(Re,,,)]" (1.32)

The coefficient (¢) and exponent ( were obtained using the test data of subchannel
experiments of Rudzinski (1970), Kawahara et @9{Ib)), and Kawahara et al. (2006)
plotted on dimensionless gap to centroid factorirejacombined gap to centroidal
distance ratio and volumetric liquid fraction oflimidual subchannel geometries (R-R,

T-T, and S-S) as shown in Figure 1.11 (a), 1.11gbgl 1.11 (c).
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Fig. 1.11The coefficient @ and exponent;dor various subchannel geometry in gas
phase turbulent mixing rate

(i) Modeling of pressure effect
Carlucci (2003) is the only model which considerssgure effect in terms of bubble
diameter, which changes with change in pressurgeder, bubble diameter is difficult
to predict in two phase flow since the size of Habdoes not have a single value for a
particular operating condition. However the bubti@meter which has strong effect on
void fraction depends on the surface tension oflflHence, the present model considers
the surface tension of fluid to model the effecpmssure. As surface tension of fluid is a
function of temperature at corresponding pressure

Thus the effect of pressure is represented byal@ifing expression

F - [U_j (1.33)

JR.T.
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on.1.= surface tension at high temperature at a correbpgrsaturation pressure,

or.T= sSurface tension at reference temperature i.e. emwhbiemperature at a
corresponding saturation pressure

The correlation so obtained by equation (1.22) egdation (1.28) are modified by
introducing gap to centroid factdfg;) and pressure dependent facteg)( The modified

equation for liquid and gas phase are as follows

0.0010& Ax 1. x( Re, )™
o = Fige X FpX Lhon (Re.) (1.34)
| Dh
5.1436
0.000074% Ax 1. x(B.. x If Re
= FygeX FpX Hron (Zﬁgas r( %X)) (1.35)
g,mix ' Dh

The equations (1.34) and (1.35) for liquid phaseé amxing rate is expressed in terms

liquid phase and gas phase turbulent mixing nurateeas follows

(1.36)

N i = F

l,gc

x F,x0.00104 Re,*

I, mix

Ng i = Fy g% F,X0.000074¢ In(Re,xB))" ™ (1.37)

g, mix

The proposed model is evaluated by comparing tedigion from present model with

experimental data in a two phase slug churn flagume.
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(i) Test against low pressure and temperature (ambnt) air-water experimental

data

Figure 1.12 shows comparison between calculatednagasured liquid phase turbulent

mixing rate in two phase flow.

1-C gap Kawahara
2-S gap Kawahara
] 3-S gap Kawahara
o1d ¥ T-T Rudzinski
S-S Rudzinski
T-T Kawahara

1E-3 001 e 0.1 1
Lexp

Fig. 1.12Comparison of the predictions of present modeirsgjgubchannel experiments

for liquid phase turbulent mixing rate in two phéesv.

An error analysis performed for liquid phase tudmil mixing rate and found that
maximum error, minimum error and mean error fouiilgphase mixing rate considering
all subchannel geometry is about +91.7%, -54.3% -dw@l/ % respectively. The error

analysis for individual subchannel geometry, whach listed in Table 1.15.
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Table 1.15Error analysis between calculated liquid phaseulent mixing and measured

liquid turbulent mixing rate in two phase flow

Subchannels geometry Max error Min error Averaget%o
1-C gap Kawahara +37 -10.2 +11.5
2-S gap Kawahara -8.01 -34.5 -18.5
3 gap Kawahara +13.6 -14.9 -3.05
T-T Rudzinski +46.09 -40.6 +0.08
S-S Rudzinski +91.7 -51.4 +4.35
T-T Kawahara +28.4 -54.3 -12.3

Figure 1.13 shows comparison between calculated naeasured gas phase turbulent

mixing rate in two phase flow.

0.1 g

o
o
-
T

4

'
gcal

W

1E4 |

1E-5

1-C gap Kawahara
2-S gap Kawahara
3-S gap Kawahara
T-T Rudzinski
S-S Rudzinski
T-T Kawahara
T-T Kawahara

+66.2%

N

-55.7%

0.1

Fig. 1.13Comparison of the predictions of present modeirsjaubchannel experiment

for gas phase turbulent mixing rate in two phasefl
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An error analysis performed for gas phase turbuieixing rate and found maximum
error, minimum error and mean error for gas phasginm rate considering all
subchannels geometry is about +66.2%, -55.7% arZb¥3 respectively. The error

analysis for individual subchannel geometry, whach listed in Table 1.16.

Table 1.16 Error analysis between calculated gas turbulenxinmiand measured gas

turbulent mixing rate in two phase flow.

Subchannels geometry Max error Min error Averageto
1-C gap Kawahara +24.7 -16.7 +14.8
2-S gap Kawahara -65.8 -30.5 -14.9

3 gap Kawahara +46.3 -28.2 +4.08
T-T Rudzinski +66.2 -32.4 +0.015
S-S Rudzinski +45.8 -30.9 +6.24
T-T Kawahara -22.7 -55.7 -39.6

(ii) Test against high pressure and temperatusnstwater experimental data
Figure 1.14shows comparison between calculated and measuntaaeént mixing rate in

two phase flow.
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B T=2556 C& S=2.1mm

]
. +79.3%
]
[]

® T=215 C& S=2.1mm
T=255 C& S=0.5mm
¥ T=215 C& 5=0.5mm

1E-3 4

Fig. 1.14 Comparison of the predictions of present modelresd subchannel
experiments for total turbulent mixing rate in tpfoase flow.
An error analysis performed against high pressund gemperature steam-water
experiment (Rowe and angel (1969)) of 52 bar’@5&nd 28 bar, 28 with mass flux
1356.8 and 2712.5 kgfes for total turbulent mixing rate and found thaximum error,
minimum error and mean error for total mixing ratensidering square-square

subchannel geometr$£2.1 mm ands=0.5 mm) is about +79.3%, -45.4% and +9.94 %.

1.7 Organization of thesis

The dissertation of research work is organizedhim following eight chapters of this
thesis as follows:

Chapter 1 contributes introduction to different mg phenomena in a rod bundle i.e.
turbulent mixing, void drift and diversion crosowl; motivation and objective of

research work. A detailed literature survey of eemmponent of inter-subchannel mixing
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has been presented. In this chapter, assessmembd#ls against existing experimental
data of BWRs geometry has been done. A new modgelbban developed from first
principle for two phases turbulent mixing which redates all the test data generated so
far in literature with reasonable accuracy.

Chapter 2 describes the scaling methodology foeexpental facility to simulate AHWR
rod bundle and experimental flow conditions forbtuwlent mixing, void drift and
diversion cross flow. In addition, mixing model fitree subchannel system is proposed
by solving tracer conservation equation to findtent mixing rate.

Chapter 3 gives details of test loop and associedeipoment and experimental procedure
for turbulent mixing, void drift and diversion cfow in AHWR rod bundle.

Chapter 4 discusses results for single phase gmbuhixing in AHWR rod bundle. An
assessment of existing models against our expetandata has been carried out and a
new model for single phase turbulent mixing apflieao AHWR has been presented.
Chapter 5 discusses results for two phase turbuotenng for AHWR rod bundle. In this
chapter, an assessment of existing models againgxperimental data has been carried
out and new models for two phase turbulent mixiate rfor different flow regimes
applicable to AHWR has been presented.

Chapter 6 discusses results for void drift in AHW&RI bundle. In addition to this, an
assessment of existing models against our expetain@ata has been presented.

Chapter 7 discusses results for diversion cross ftbAHWR rod bundle. An assessment
of existing models against our experimental data leen carried out and a new model

has been developed for diversion cross flow appleto AHWR.
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Chapter 8 gives important conclusions from thigaesh and recommendation for future

work.

1.8 Closure

An assessment of turbulent mixing models againistiag experimental data of BWRs
geometry has been done and found that there age kErors between predicted and
experimental data. Hence a new model has been agpmcelfrom first principle for

turbulent mixing which correlates all the test dgtnerated so far in literature with

reasonable accuracy.
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CHAPTER 2

SCALING OF TEST FACILITY TO SIMULATE
MIXING PHENOMENA IN AHWR ROD BUNDLE

2.1 Introduction

The operating condition of nuclear reactor rod hend at high pressure and high
temperature. The experiments for inter-subchannehm phenomena are very difficult
and expensive under these operating conditionsthén view of this, the current
experiments were performed at near atmosphericspresand room temperature
conditions with air and water as working fluids.rRdis, scaling methodology for
experimental test facility has been presented ia thapter. An experimental flow
conditions to simulate flow patterns for inter-shenel mixing phenomena in AHWR
rod bundle has been discussed. In addition tortfathematical equations for turbulent

mixing rate are derived using tracer conservatmguméons
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2.2 Scaling of Test Facility

The fuel rods in AHWR rod bundle are arranged i fitrm of circular rings as shov
Figure 2.1 (a) and 1/f2symmetric cross secti of AHWR fuel rod bundl as shown in

Figure 2.1 (b).

i Sub Sub Sub
13‘“‘? 1 2 3
@ |1.2‘.mm~‘ : //
‘Tl - :
\ i A | 9 138 106
W ¢ E
\ R (mn?)
\ N Dy | 448 | 6.11 6.1
\ B (mm)

Fig. 2.1 (@)AHWR fuel rod bundleFig. 2.1 (b)1/12" segment of AHWR fuel rod bundle

To simulatemixing phenomer, a test facility ha®een designed. The rods used in

subchannel mixg studies have sai size and pitch as that of actual rod bundle
AHWR. Three subchannels are considered in"™ symmetriccross sectio(Dasgupta et
al. (2006)) of the actuabd bundl. The mass flow rate in actual rod bundle of AH\
varies from 0 @ 4.7 kg/sec depending on operating condition. fSeei consider thre
subchannels in 1/12 segment, the mass flow ratevaanin the range 0 to 0.12 kg/s
and correspondingly range of mean velocity is ado@rio 1.2 m/s. The void fraction

two phasdlow is varied from O to 0.8 which is same as thigactual bundl (Chandraker

(2012)) The mean superficial liquid velocity is ied from 0 to Im/s(Chandraker et al.
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(2013)) and mean superficial gas velocity is vaffresn O to 1.3 m/s. Table 2.1 shows

comparison of the dimensions of rod bundle betwaedel and prototype.

Scaling of Test Facility to Simulate Mixing Phenaraén AHWR Rod Bundle.

Table 2.1Scaling of present experiment

Properties Prototype Model

Fluid Steam-water Air-water
Fuel rod diameter 11.2 mm 11.2 mm
Gap 2.3 mm 2.3 mm
Height 3.5m 3.5m
Subchannel Hydraulic diameter | 5.9 mm 5.9 mm
(1/12 section)

Flow Area (1/12 section) 340 mm2 340 mm2
liquid velocity in single phaseOto 1.2 m/s 0to1.2m/s
(Vi)

Superficial liquid velocity in twg 0 to 1 m/s Oto1lm/s
phase ()

Superficial gas velocity in twop- 0to 1.3 m/s
phase (g

Void fraction range 0to 0.8 0to 0.8
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Conducting experiments to generate mixing parammets very difficult and expensive
for steam water system at higher elevated pressuetemperature. Therefore most of
test so far are carried out with air-water syst&alfon (1969), Rudzinski (1970), Singh
K.S. (1972), Kawahara et al. (1997 (b)), Sadatomale (2004) and Kawahara et al.
(2006), Lahey and Schraub (1969), Lahey et al. Z19%onzalez-Santalo et al. (1972),
Lahey (1986), Sato et al. (1987), Tapucu et al889Gencay et al. (2001), Sadatomi et
al. (1994), Sadatomi et al. (2004) McNown (1954ha@pman (1963), Dittrich and
Graves (1956), Dittich (1958), Tappacu (1976), Klasra (2006) and Iwamura (1986)];
which adequately simulate the mixing behavior irast-water system. The current
experiments were performed at near atmosphericspresand room temperature
conditions with air and water as working fluids.

However to take care of reactor operation condit@rcorrection factorH,) which is
function of surface tension of fluid has been pssabin the present thesis, which is
agreed well with both air-water and steam-waterdd®n. Hence, this correction factor

can be used to evaluate mixing parameter in reap@ration condition.

2.3 Experimental flow condition

To simulate the flow patterns in two phase bubblyg-churn and annular flow regime,
superficial liquid and gas velocity are simulatedhe experiment.

The transition criteria for bubbly-slug proposed 8yiffth (1964) and slug-annular

proposed by Wallis (1967) is used to simulate tbe patterns in two phase flow. It may
be noted that the choice of these two criteriacoeding to rod bundle experiments by

Walton (1969), Rudzinski (1970) and Singh K.S. @9 7These two criteria show good
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agreement with their experiment. Hence these twoelaiions are used in present

experiment.

2.3.1 Bubbly-Slug transition

For this, the model proposed by Griffth (1964) sed, as given by

3,-04
‘]I

1.1, (2.1)

where J, is gas superficial velocity and| as liquid superficial velocity.
2.3.2 Slug- Annular transition

For this, the model proposed by Wallis (1967) isdjsas given by

J;=0.9+06]; (9 <3 (2.2)

J;:{7+0.0{ﬂﬂ(ﬂ] 3o (3> (2.3)
Py ) |\ Py

where J; is dimensionless gas superficial velocity add is dimensionless liquid

superficial velocity

Jy=(m/ Ap[ an(pi-n,)] (2.4)

65



Scaling of Test Facility to Simulate Mixing Phenaraén AHWR Rod Bundle.

3=miAg™ [ aR(a-n)] (2.5)

For a fixed liquid superficial velocity), the gas superficial velocityld) was varied to

get void fraction ¢) range. The void fraction is calculated by Chiskroorrelation

(2973).
a = ﬁ_ (2.6)
B+ A
—gl1-Pe
\/1 A(")
. o J
where B = gas volumetric fraction is given g =—2 (2.7)

3+

g
The correlation is valid for 8 #; < 0.9 provided that liquid is no more viscous thaatev
(Chisholm (1973)). The correlation was comparedhvair-water flow experiment at
atmospheric condition and found to be in good agere with experiment in range +
6.02% (Chisholm (1973)). The current experiments @@rformed at near atmospheric
conditions with air and water as working fluids. eTworking range ofj; in present

experiment varies from 0.2 to 0.9 which is well anthe limit of correlation.

2.4 Mixing model to evaluate turbulent mixing rate

Consider the turbulent flow of a fluid in three shlannels arrange in circular pitch (refer
Figure 2.2). These subchannels are connected ypamgdth S and lengthl through

which turbulent transfer of liquid takes place. dne subchannel tracer is injected
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upstream of mixing zone. The amount of liquid tfaned from one subchannel to
another is determined by employing a mass balasiteyumeasured tracer concentration

in each channel.

The following basic assumptions are made in thegyais.

(1) Subchannel axial pressure gradient are identitais teliminating radial pressure
gradient and any net transfer of fluid from onechannel to another.

(2) Tracer concentration is small, hence the tracer rreggligible effect on physical
properties.

(3) The fluid leaving one subchannel has the averagpepties (tracer concentration) of
that channel.

(4) After fluid has left donor subchannel it mixes indraely in the receiving
subchannel.

(5) There is no relative velocity between fluid anccéa

(6) The flow should be in hydrodynamic equilibrium. Een the equilibrium flow, the
flow rates of both phases in every subchannel dovawy along the channel axis i.e.

radial pressure difference between the subchaimeéso.

67



Scaling of Test Facility to Simulate Mixing Phenaraén AHWR Rod Bundle.
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Fig 2.2 Mixing flow diagram

Consider a tracer mass balance, the equation dod@ss

g .
& _%(Clm - Cz(z))

iz m
d | V\é3
d—CZZ = _%(Cz(z) - Ci(z)) _E( G~ Q(Z))

(2.8)

(2.9)
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95 - _%(Cz(z) - C2<z>) (2.10)

In turbulent mixing phenomena, there is neither snasnsfer nor volume transfer
between the subchannels. Hetgg =W,, and W,, =W,

Simplifying eq. (2.8), (2.9) and (2.10), we get #wation is as follows

&z_ﬂ(ﬁj_ﬂ(d_@j (2.11)
iz mldz) ml az

The equation (2.11) can be written mathematicaljodlows

dC,,, =-adG,,- 8 dG,, (2.12)
Where a =_; and a, =_ﬂ. Since change in concentrati@a andCs; are independent.
m, m,

Therefore we can simplify equation (2.12) is atolest.

0C,,y _ 0Cy,) _

———==-gand—==-4g, (2.13)
aC,,, 0C;,,

SO} (2.14)
ac:l(z) az
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On integrating above equation (2.14), we get equas as follows

Cor = % Cap*C (2.15)

The initial condition for untraced subchannelsa®ivs

AtZ=0,Cy, =Cypo =0

-8
0C,, = g Cy (2.16)
orCy,, = % Cy (2.17)

For subchannel 1-2:

d A

& =G0 C0) (219
d ' W,

d_CZ32 = _%1((:2(2) - Cl(z)) _E( Gy Q(z)) (2.19)
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For three subchannels case, the equation can tiemais follows

MG,y = MG~ MGy~ MGy, (2.20)

Using eq. (2.17), substitute value@) in terms ofC;,)in eq. (2.20), we get equation is

as follows

Co = Gy _% Cl) _% C (2.21)
_ m

Coi) = Ca0) ™ 2@ Ciey (2.22)

Substituting eq. (2.22) in eq. (2.18), we get eiguais as follows

ac, = w, ‘

—c(l:é = ‘.—nll{cl,z _(Cz(O) - 2% Cl(z)ﬂ (2.23)
dC, = w. '

—g; = _ﬁ[cl,z ~Con* 2-_2 Cl(z)} (2.24)
d , 1 2

d_g:_%(c“(EJr'_nJ_ CZ“”} (2.25)
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The initial condition for untraced subchannel nasIfollows

AtZ=0,Cy, =Cy,0=0

C C 1 2 .
Cipy = 70 _EOeXp[_(H +HJV\{2 Z}

Cipy = %{1_ ex{_(._r:;l + %j\l\{z Zﬂ
—ch(z) =|1- GX{_(,i + i]\le Z}
G m m
1- %0 - ex;{—(,i +.£JVV1'2 z}
Co m m

ST
0

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)
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On rearranging eq. (2.31), the equation for tunbuieixing rate between subchannel 1-2

obtained as follows

2C
S ] j (2.32)

Similarly for subchannel 3-2:

The equation for turbulent mixing rate between salboel 3-2 is as follows

. 2C
W=- T |n(1——c3‘z’j
Tt
m, m

(2.33)

2.4.1 Selection of tracer

As per literature review, it is suggested that rapéhand potassium nitrate are good

tracers for estimating turbulent mixing rate beeaoisfollowing reasons:

(1) Measurability: The requirement of experimengugh that tracer concentration is so
small so that it has negligible effect on physjmaperties on working fluid. Both can be

detected at very low ppm about 1 ppm as compareth&r tracer.

(2) Non- reactivity: Both the tracer does not redwmically or physically with each

other or with any part of system under study.
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(3) Safety: The presence of tracer does not pasartido people, material or activity in

and out around the test area, which are as follows.

1. We are using Methane + balance Nitrogen canis@% (by volume). This is well
below LFL and UFL (a LFL of 5% (by volume) and UBL15% (by volume)). It means
if the atmosphere has less than 5% methane, ansaplcannot occur even if a source

of ignition is present

2. According to dental care safe limit of potassiuitnate in tooth paste is 5 % and we
are using potassium nitrate diluted in water whiak 0.01% and it will again reduce to

0.001 % when it mixes with flowing water and thegaes to drain completely.

2.5 Closure

In this chapter, scaling methodology for experimaktdst facility has been presented. An
experimental flow conditions to simulate flow patie for turbulent mixing, void drift

and diversion cross flow in AHWR rod bundle hasrbeeesented. In addition to this,
mathematical equation for turbulent mixing ratederived using tracer conservation

equations.
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CHAPTER 3

EXPERIMENTAL TEST FACILITY AND
EXPERIMENTAL PROCEDURE

3.1 Introduction

This chapter provides detailed description of expental test facility and associated
equipment used to investigate turbulent mixing,dvadrift and diversion cross flow in
simulated subchannels of AHWR rod bundle. It alseeg detailed description of
experimental procedure for each component of istdachannel mixing phenomena i.e.
turbulent mixing, void drift and diversion cros®w that are pertinent to the results

presented in chapters 4, 5, 6 and 7.

3.2 Experimental Test Facility

The air-water loop and associated equipment usethignstudy were located in the
Reactor Engineering Division, Bhabha Atomic Redeatentre, Mumbai, India. The
loop was designed and built for inter-subchannetimgi experiments employing air-
water flows. The facility has already been insthile order to determine turbulent mixing

rate, void drift and diversion cross flow in a slated subchannels of AHWR fuel bundle
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(1/12" segment) which contain two half and three full.rBtis segment is divided three

subchannels as shown in Figure 3.1.

Fig 3.1 AHWR fuel rod bundle (1/12segment)

The facility consists of a test section along vathwater mixer and separator, which is
shown Figure 3.2. There are six rotameters, usede@sure air flow rate, six rotameters
are used to measure water flow rate and two roenhetre used to measure tracer flow
rate. There are four Differential pressure transda¢(DPT), used to measure radial

pressure difference between subchannels.
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Fig. 3.2Test rig schematic

Air from air service line splits into three separatreams and metered separately using
matched rotameters. Similarly water from water menine also splits into three separate
streams and metered separately using matched rat@n@&he air-water mixture flows
from mixer, in which measured air passes througkshof tube and mixes with metered
water to develop two phase flow. This mixture, tipasses through the test section and
finally to the separator where air and water, getgarated due to density difference. The

air moving upward vents to atmosphere and watersfldown to drain through respective

rotameters.
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3.2.1 Test section

The test section is shown in Fig 3.3.

Top plate
0am
+————— i ! Discharge
S 7/ section
5 !PS P7  P6 |P5 '

DPT :
. XE | E X

giﬁ *
S

=

L=
—

R

1

4

Base plate

Section a-a

Fig 3.3Schematic of test section

The vertical test channel of 3.5 m long is divideth three sections; entry section (1.5
m), mixing section (1.5 m) and discharge sectio® (@) from bottom to the top of
channel. In entry section and exit section, subcbBnare completely separated by a 4
mm partition and in mixing section; subchannels @mpletely free from partition to

allow mixing between subchannels. This test sedsamade of SS316 material, 65 mm
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OD size. The length of entry, mixing and exit seetis chosen according to literature
(Walton (1969), Rudzinski (1970), Singh K.S. (197Rawahara et al. (1997 (b)),
Sadatomi et al. (2004), Kawahara et al. (2006)hghat entry length should be enough
for flow to be developed along the axis; mixinggénshould be enough to accommodate
mixng between subchannels and exit section shoeldrough for separation of flow.
The fully developed flow in each subchannel is acbd by keeping the entry length
more than 127 times hydraulic diameter (Walton @®6According to Peternuik (1968),
the mixing length should be more than 13 times aytic diameter to avoid any entrance
effect. The entry and mixing length used here isentban 330 times hydraulic diameter.
These lengths are considered to be sufficient speet of fully developed flow and

entrance effect

3.2.2 Mixer

The air-water mixture is shown in Figure 3.4.
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Air-Waler
Mixture

Seclion AA'

Section BB'

Fig 3.4 Schematic of mixer.

The air-water mixer consists of 1/2” pipe of 250 nlength and 3/8” tube of 120 mm
length having holes of diameter 3 mm. The measaregasses through 3mm holes in
3/8” tube, mixes with metered water which flowsatlgh 1/2” pipe to develop the two

phase flow.

3.2.3 Separator

The air-water separator is shown in Figure. 3.5
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Fig 3.5 Schematic of separator

measured through respective rotameters.

The air-water separator consists of 8" Gl pipe @@ mm length and having 3/8” tube.
The air-water mixture flows tangentially througl®'3fube from the outlet of subchannel
to the separator where air and water get separhiedto density difference. The air

moves upward and vents to atmosphere and wates fttwwn to drain by gravity and

81



Experimental Test Facility and Experimental Procedue

3.2.4 Tubes and fitting
The test facility consists of tubes of size 3/8” @bBd is made of SS-316. Fittings like
union, Tee and NPT compression type fitting areduse piping connections, designed

for pressure of 200 bar and temperature of 100Qeg

3.2.5 Needle valve
Needle valves used in facility are of size 3/8”dwdnd connection. The body material of
needle valve is SS316 with nut and ferrule, deslgfer pressure of 40 bar and

temperature of 100 deg C.

3.2.6 Rotameter

The flow rate of water is measured by rotametethm range 0 to 20 Ipm. This can

withstand pressure of 15 bar. The flow rate ofimeasured by rotameter having range
0 to 10 Ipm. This can withstand pressure of 10 bBhae flow rate of methane gas tracer is
measured by rotameter having range 0 to 0.1 Ipns ddn withstand pressure of 10 bar.
The flow rate of potassium nitrate is measureddsgmeter having range of 0 to 0.6 Ipm.

This can withstand pressure of 15 bar.

3.3 Measurement of experimental variable

(1) Air flow

The inlet air flow is measured using rotameterahestl after PRV at the inlet air line
before air-water mixer. The air flow is measuredhree lines. The flow range is 0-10
Ipm and the outlet air flow is measured using ratmninstalled at the outlet air line after
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air-water separator. The air flow is measured ree¢Hines. The flow range is 0-10 lpm.

The accuracy of air rotameter is = 1% over thedptn of 10 Ipm.

(i) Water flow

The inlet water flow is measured using rotametstaited at the inlet water line before
air-water mixer. The inlet water flow is measuradthree lines. The flow range is 0-20
Ipm and the outlet water flow is measured usingmater installed at the outlet water
line after air-water separator. The water flow isasured in three lines. The flow range is

0-20 Ipm. The accuracy of water rotameter is + 284r dhe full span of 20 lpm

(i) Tracer flow

The methane tracer is added to individual subcHdnnmixing with air lines through the
tracer line addition system. The inlet methane flate is measured with rotameter. The
flow range of rotameter is 0-1 lpm. The accuracynethane gas tracer rotameter is = 1%
over the full span of 1 Ipm

The potassium nitrate tracer is added to individudlchannel by mixing with water lines
through the tracer line addition system. The patassitrate flow rate is measured with
rotameter. The flow range of rotameter is 0-0.6.Idie accuracy of potassium nitrate

tracer rotameter is £ 2% over the full span oflpré

(iv) Radial pressure measurement
Four differential pressure transmitters (DPT 1 #TD4) are provided to measure radial

pressure difference between the subchannels shofigure 3.6.
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Fig 3.6 Radial pressure difference measurement of subeffgnn

The radial pressure drop between subchannels isuresh with the help of smart
differential pressure transmitters. The range o&sueement is -300 to 300 mm WC. All
these transmitters output (4-20 mA) are conneae@dorder. The process variable data
are displayed on the monitor as well as storechenhard disc of recorder for further
analysis and hard copy generation. The radial presdrop has to be maintained at 0 mm

by adjusting inlet air and water flows to obtainoper turbulent mixing during

experimentation.
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(v) Tracer concentration measurement

To study the mixing behavior, tracers like potassiitrate and methane are added with
water and air respectively. The concentration ofhaee tracer for air of 515 ppm and
balance is nitrogen and dil. potassium nitrateeirdor water which has concentration of
100 ppm and rest is water.

It may be noted that the percentage of nitrogenilin/8 %. We are using Methane +
balance Nitrogen canister 0.05% (by volume) whighust like air. Hence there is no
relative velocity between tracer and air. Similakye are using potassium nitrate diluted
in water which has 0.01% (by mass) which is just hvater. Hence there is no relative
velocity between tracer and water

The samples of tracers are collected from diffesample collection points. The tracer
concentration of potassium nitrate and methaneeigsared by offline lab analysis using
spectrophotometer and gas chromatograph respactiieé spectrophotometer and gas
chromatograph are calibratedt#t. The inlet flow rates of tracers are measured with

rotameters.

3.4 Experimental procedure for inter-subchannel miing phenomena.

(i) Single phase turbulent mixing

Single phase water was introduced into all thrdeelsannels. Potassium nitrate tracer is
added to subchannel 2 by tracer line injectionesystThe tracer is mixed with water
before entering to the inlet of subchannel. Thaatagressure difference across these
three subchannels is minimized by controlling theerang of respective valve in
discharge line. At outlet of the discharge sectiseainples from respective subchannel

lines were extracted. The concentration of traceeach subchannel was obtained by
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analysis through an absorption spectrophotometar.eBch test, the experiments were
repeated three times and error found among thenwithim + 2 %. The turbulent mixing

rate was determined by solving tracer conservatmumtion. The detailed mathematical
steps involved in the process are shown chapfEh@ experimental test matrix for single

phase turbulent mixing is given in Table 3.1.

Table 3.1Experimental test matrix for single phase turbutaixing

S. No| Velocity in subchannel BVelocity in subchannel 2Velocity in subchannel 1
m/s m/s m/s
1 0.39 0.33 0.44
2 0.49 0.42 0.57
3 0.58 0.47 0.62
4 0.60 0.50 0.65
5 0.63 0.53 0.70
6 0.68 0.56 0.75
7 0.76 0.65 0.84
8 0.8 0.67 0.88
9 0.95 0.78 1.02
10 1.05 0.88 1.20
11 1.16 0.96 1.33
12 1.33 1.10 1.47
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(i) Two phase turbulent mixing

Two phase air-water mixture was introduced intdlakke subchannels. A tracer is added
to subchannel 2 by tracer line injection systema&dum nitrate used as a tracer for
water and methane gas is used as a tracer foftaartracer is mixed with fluid before
entering to the inlet of subchannel. The radialspuee difference across these three
subchannels is minimized by controlling the operohgespective valve in air discharge
line which is connected with three separators. odllet of the separator, samples from
respective subchannel lines were extracted. Thecetration of tracer in each
subchannel was obtained by analysis through anriiiso spectrophotometer. For each
test, the experiments were repeated three timegmodfound among them was within
3 %. The turbulent mixing rate was determined hyisg tracer conservation equation
shown in chapter 2.

The experimental test matrix for two phase turbuieixing is given in Table 3.2

Table 3.2Experimental test matrix for two phase turbuleming.

S. | Superficial | Superficial | Superficial| Superficial | Superficial | Superficial
no | Liquid gas Liquid gas Liquid gas
velocity velocity velocity velocity velocity velocity
Jinsub3 | Jyinsub3 | Jinsub2|Jyinsub2 |Jinsubl |Jyinsub1l
1 0.13 0.63to0 1.06 0.10 0.73 to 1.38 0.14 0.6b14
2 0.19 0.63t01.16 0.15 0.73 to 1.p2 0.20 0.6b26
3 0.27 0.01to 0.64 0.21 0.01 to 0.69 0.28 0.00. 64
4 0.32 0.01to 0.64 0.25 0.01 to 0.69 0.33 0.00. 64
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5 034 | 001t0064 028 | 0.01to0.69 0.36 0.00.64
6 0.41 | 0.01t00.44  0.32 | 0.01 to 0.49 0.43 0.00L44
7 0.47 | 0.01t00.2( 0.37 | 0.01t00.23 0.49 0.01.20
(iii) Void drift

The necessary condition for void drift to occuthat, at both the inlet and the outlet ends
of the mixing section, the time-averaged radiakpuees difference between subchannels
has to be zero i.e&AP1.,.= AP;= 0. The measured inlet water and air flow ratenfro
respective subchannel line passes through mixermo two phase flow. This two phase
air-water mixture was introduced into all three chdnnels such that difference in radial
pressure between the subchannels is minimum. Thss aghieved by throttling the air
discharge line valve after the air-water separdfoder this condition, flow rate of each
phase at outlet of the separators were again meghstumough respective subchannel lines
rotameters. The experiments were repeated thress tamd error found was within + 1 %.
This difference in flow rate at inlet (non-equiltlom flow) and outlet (equilibrium flow)
of individual subchannel of test section gives cienge in flow rate due to void drift.

The experimental test matrix for void drift is givan Table 3.3

88



Experimental Test Facility and Experimental Procedue

Table 3.3Experimental test matrix for void drift

S. | Superficial | Superficial | Superficial| Superficial | Superficial | Superficial
no | Liquid gas Liquid gas Liquid gas
velocity velocity velocity velocity velocity velocity
Jinsub3 | Jyinsub3 | Jinsub2|Jyinsub2 |Jinsubl |Jyinsub1l
1 0.12 0.73 t01.32 0.11 0.58 to 1.02 0.13 0.77 to 1.3
2 0.19 0.73 to1.32 0.16 0.58 to 1.02 0.19 0.77to 1.3
3 0.26 0.07t0 0.71 0.22 0.06 to 0.56 0.26 0.0816
4 0.34 0.07t0 0.71 0.29 0.06 to 0.56 0.35 0.0816
5 0.40 0.23t00.71 0.34 0.18 to 0.56 0.42 0.25786
6 0.46 0.081t0 0.14 0.38 0.06t00.11 0.48 0.0816

(iv) Single phase diversion cross flow

The necessary condition for diversion cross flowotwur is that, at the inlet of the

mixing section, the time-averaged radial pressdifsrence between the subchannels is

not zero i.eAP;.o= APs;.5£ 0. The measured inlet water flow rate was intreduinito all

three subchannels such that difference in radedqure between the subchannels should
exist. Under this condition, flow rate of each phas outlet of the separators were again

measured through respective subchannel lines ri¢asnd he experiments were repeated

three times and error found was within + 1 %. Tdifference in flow rate at inlet and

outlet of individual subchannel of test sectionlwilve net change in flow rate due to
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diversion cross flow. The experimental test maiixsingle phase diversion cross flow is

given in Table 3.4.

Table 3.4Experimental test matrix for single phase diversiooss flow

S.no | Velocity in subchannel 3 Velocity in subchannel 2 Velocity in subchannel 1

m/s m/s m/s

1 0.08 0.18 0.09

2 0.11 0.26 0.12

3 0.16 0.36 0.17

4
0.2 0.47 0.22

5 0.28 0.64 03

6 0.38 0.87 0.42

7 0.47 1.1 0.52

(v) Two phase diversion cross flow

The measured inlet water and air flow rate frompeetive subchannel line passes
through mixer to form two phase flow. This two phasr-water mixture was introduced
into all three subchannels such that differenceantial pressure between subchannel
should exist. Under this condition, flow rate otkghase at outlet of the separators were
again measured through respective subchannel linesmeters. The experiments
repeated three times and error found was within%.1This difference in flow rate at

inlet and outlet of individual subchannel of testtsoon gives net change in flow rate due
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to diversion cross flow. The experimental test m&tor two phase diversion cross flow

is given in Table 3.5

Table 3.5Experimental test matrix for two phase diversiooss flow

S. no| Superficial| Superficial | Superficial| Superficial | Superficial| Superficial
Liquid gas Liquid gas Liquid gas
velocity velocity velocity velocity velocity velocity
Jinsub3 | Jinsub3 | Jinsub2 | Jinsub2 |Jinsubl|Jyinsubl
1 0.08 0.441t00.78 0.17 1.00t0 1.8 0.09 0.48 to 0.86
2 0.11 0.441t00.78 0.26 1.00t0 1.8 0.12 0.48 to 0.86
3 0.16 0.04t00.40 0.36 0.10 to 0.97 0.17 0.05t0 0.48
4 0.20 0.04t00.40 0.47 0.10 to 0.97 0.22 0.051t0 0.48
5 0.27 0.04t00.40 0.64 0.10 to 0.97 0.30 0.05t0 0.48
3.5 Closure

This chapter gives detailed description of tespl@md associated equipment like test
section, air-water mixer and air-water separatodetailed experimental procedure has
been given for turbulent mixing, void drift and digion cross flow in AHWR rod

bundle. The parameter variations for inter-subckeammxing phenomena are based on
experimental flow condition and are according tasemg literature as discussed in

chapter 1.
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CHAPTER 4

STUDY OF SINGLE PHASE TURBULENT MIXING RATE
IN AHWR ROD BUNDLE

4.1 Introduction

In this chapter, results of single phase turbutenting rate for AHWR rod bundle are

discussed. For determination of turbulent mixinte ren single phase flow condition,

water was introduced into all three subchannel@ofassium nitrate tracer is added to
subchannel 2 (refer fig 2.1) by tracer line injentsystem. The tracer is mixed with water
before entering to the inlet of subchannel. Thdatadressure difference across these
three subchannels is minimized by controlling thgerong of respective valve in

discharge line. At outlet of the discharge sectiseamnples from respective subchannel
lines were extracted. The concentration of traceeach subchannel was obtained by
analysis through an absorption spectrophotometer.single phase turbulent mixing rate
was calculated by substituting tracer concentratibimlet and outlet of subchannels in

equation derived mathematically in section 2.3 Wtdce as follows.
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W, = _;Zm [1— Zg“”j (4.1)
EUA
m m

W= In (1——223‘2’ ]
A

In addition to above, an assessment of existingetsaabainst measured turbulent mixing
rate has been carried out and a new model for esipglase turbulent mixing rate

applicable to AHWR has been presented

4.2 Experiments conducted

Experiments were carried out to determine singkesptturbulent mixing rate among the
subchannels of AHWR rod bundle. The single phadeutent mixing rate is measured
for different liquid flow rate ranging from 0 to 12 kg/s corresponding mean liquid
velocity 0 to 1.2 m/s. These velocities are samthassin actual reactor. The liquid flow
rate of each subchannels was measured by respeotemmeter. Table 4.1 shows the
experimental test matrix for single phase turbufaixing rate

Table 4.1Experimental test matrix for single phase turbufaixing

S. No| Velocity in subchannel BVelocity in subchannel 2Velocity in subchannel 1
m/s m/s m/s
1 0.39 0.33 0.44
2 0.49 0.42 0.57
3 0.58 0.47 0.62
4 0.60 0.50 0.65
5 0.63 0.53 0.70
6 0.68 0.56 0.75
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7 0.76 0.65 0.84
8 0.8 0.67 0.88
9 0.95 0.78 1.02
10 1.05 0.88 1.20
11 1.16 0.96 1.33
12 1.33 1.10 1.47

A potassium nitrate tracer having concentratiod@ ppm is added to water flowing in
subchannel 2. After mixing of tracer with watere ttamples of respective subchannels
were extracted at inlet and outlet of the testisecfThe concentration of tracer in each
subchannel at inlet and outlet of test section whtined by analysis through an
absorption spectrophotometer. For each test, tperaments were repeated three times
and error found among them was within £ 2 %.

The single phase turbulent mixing rate for subckaar? (i.e.W';5) and subchannel 3-2
(i.e. W’3p) was calculated by using equations (4.1) and (#e&pectively with the mass
flow rate of respective subchannels, mixing lendie. Z = 1.5 m) and tracer
concentrations at inlet and outlet of subchannels.

The Reynolds number for each subchannel was cétculey substituting liquid velocity
of respective subchannels (refer Table 4.1.) ira#qn as follows

e _ PxV XD,
U

R (4.3)

4.3 Results and discussion

The single phase turbulent mixing rate for subckbhdr? (i.e.W’;,) and subchannel 3-2
(i.e. W'3p) is measured by varying mean liquid velocity 0Lt m/s. The corresponding

average Reynolds number was varied from O to 6425.
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It may be noted that during cold start-up conditidme flow remains in single phase
condition at 70 bar and 28&, then transition takes place from single phage/tophase
flow condition in reactor rod bundle with increasepower. In cold start-up condition,
the mass flow rate in the rod bundle is close kgl at 2 % of full power. So if we
consider three subchannels in 1/12 segment, camegmly range of average Reynolds
number in the subchannels of reactor rod bundléeyad to 6500. In the present
experiment, Reynolds number in single phase flonegeD to 6424. The flow conditions
were closer to the actual reactor condition dustegt-up condition. In addition, AHWR
being a natural circulation BWR, the mass flux dbad in the subchannels can vary
from close to zero to rated condition dependinghr@npower. Hence flow starts laminar
to transition and transition to turbulent flow.

It is well known that the laminar flow occurs inrailar pipe when Re < 2100 and
turbulent flow occurs when Re > 4000. In betweds taAnge transition region occurs.
However it is not true for rod bundle case whetelpto diameter ratio is different from
circular pipe (p/d=1). According to Kawahara (2Q00BReynolds number at which the
laminar-to-transition and the transition-to-turbuleoccur very early in case of rod
bundle. Corresponding to AHWR rod bundle (p/d=1tBg onset of laminar-transition
occurs at Re=300 and onset of turbulent-transiicours at Re=1250

The average Reynolds number for subchannel 1-2sahdhannel 3-2 is calculated by

equations as follows

Re  _Rat+Re (4.4 (a))
avg,12 2

Re, =& Re (4.4 (b))
o 2
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Figure 4.1 shows variation of measured mixing reith average Reynolds number for

subchannel 1-2 and subchannel 3-2 is given by &quéi.8).

148

® subchannel 1-2 .
X subchannel 3-2 .

55 ]

W'n

20

T T T T T
1097 2981 8103

Fig. 4.1Comparison of Wil against Rgy.
The main findings are as follows
1. The turbulent mixing rate increases with incesi@saverage Reynolds number.
2. It also indicates that the turbulent mixing raetween subchannel 1-2 i/, is
higher as compared to subchannel 3-2W&; because subchannel 1-2 has higher gap to

centroidal ratio $6=0.43) as compared to subchannel $250.26).

4.4 Assessment of existing model to simulate singlease turbulent mixing rate

An attempt has been made to study the capabiligxisting models like Roger and Tahir
(1975), Peternuik (1968), Galibert and Knudsery 39Kelly and Todreas (1977), Rowe
and Angel (1969), Rehme (1992) and Seale (1979)ddict the measured single phase
turbulent mixing rate. These models have been m@gpto predict single phase turbulent

mixing rate.
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In this section, we evaluate the turbulent mixingdels against the data obtained from
present experiments of single phase turbulent miasdiscussed above.

For evaluation, we have compared the measured rfiexp&al) liquid phase turbulent
mixing rate in single phase phase fl&/e,, with predicted turbulent mixing rate in
single phase floWV'c,. The error analysis has been done to find out maxi, minimum
and average error between measured and predidigsl afasingle phase turbulent mixing
rate. The error analysis shows how predicted valeurbulent mixing models differs

from measured experimental values.

The maximum and minimum error is calculated as:

WIcal - Wexp
Maximum Error (+ve deviationk, ., = Max Tx 100 (4.5)

exp

: W'cal - Wexp
Minimum Error (—ve deviation)E, =min TXlOO (4.6)

exp

The average error is calculated as

n

2E

AverageError=‘le% 4.7)

where n= no. of data points and

W, —-W
E.:[—'“", "expxlooj (4.8)

i,exp
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The error analysis for existing correlations agapresent experimental data is shown in
Table 4.2.

Table 4.2Error analysis for various correlations for singlese mixing rate

W’ 1o/ W’ 3/u

Authors Max | Min | Average| Max | Min | Average

Error | Error | error Error | Error| error
Roger and Tahir 1 (1975) -65 -83 =77 -24 -64 -59
Roger and Tahir 2 (1975) -80 -91 -87 -51 -T1 -66
Peternuik (1968) -64 -82 -75 -19 -59 -43
Galibert and Knudsen 1 (1971) -86 -95 -92 -69 -89 -81
Galibert and Knudsen 2 (1971) -81 -92 -89 -56 -83 -73
Galibert and Knudsen 3(1971) -74 -90 -84 -41 {77 63 -
Galibert and Knudsen 4 (1971) -62 -84 -76 -15 163 -44
Kelly and Todreas (1977) -78 -90 -85 -51 =17 -67
Rowe and Angel 1(1969) +315  +9b +177 +528 +195327
Rowe and Angel 2 (1969) +38 -34 -7 +109 -1.5 +4p
Castellana (1974) +78 -16 19 +169 +26 +838
Rehme (1992) -59 -80 -72 -24 -64 -48
Seale 1 (1979) +95 -7 +30 +196 +39 +101
Seale 2 (1979) +10|  -47 -25 +67 -21  +14
Seale 3 (1979) 39| 71 -59 71 86 -37
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Figures 4.2 (a) and 4.2 (b) shows comparison oftiexj models with present
experimental data of single phase turbulent mixatg.
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Gabraith and Knudsen 1
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Fig. 4.2Comparison of existing models against presentraxieatal data
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Results show that none of these correlations ale tab predict measured turbulent
mixing rate in AHWR accurately. Only Castellana{4pand Seale (1979) correlations
were found to predict Wx/u up to Re=4200 with reasonable accuracy. SimilRidyve
and Angel (1969) were found predict 31 up to Re=4500 and Castellana (1974)
correlation predicts Wy/u up to Re>4500 with reasonable accuracy. Henceethes

correlations are not reliable considering AHWR getioal array.

4.5 Model development

In order to develop a new model applicable for AHW&metry, the model presented

earlier in equation (1.8) was used as follows

(4.9)

where

W, x Oy Re+ Re
= l —_
uxa 2 Re, =

(4.10)

mix

Thus liquid turbulent mixing number for single peaflow in subchannels can be

expressed as

Nmix = K F\)eavga (411)
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The coefficientKk and exponent a were obtained by fitting the axpamtal test data
plotted on dimensionless liquid mixing number agaimixture Reynolds number as

shown in Figure 4.3.

35
®
.
3 /;(’/,...-r"'
B i
i ‘=
fTE L ]
E " !f"“
E - /K/f(j"’rr =
15 ot =
® Mmixl2
1 —
* Mmix32
05
J6 78 8 B2 B84 26 28 o

In (Re 40)

Fig 4.3 In (Nmix) vs In (Reyg

The equations so obtained for subchannel 1-2 abdhsinel 3-2 respectively are as

follows

N, .., =0.000694Re *® and N

9

=0.000385Rg, ‘** (4.12)

mix,12 mix,32 g
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The final coefficient and exponent were obtainedfibing the experimental test data
plotted on dimensionless liquid mixing number agactombined Reynolds number and

gap to centroidal ratio as shown in Figure 4.4.
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Fig. 4.4 In (Nmix) vs In (Revgx (SK))

The final equation so obtained considering geomwatparameter is as follows

gV
N, =0.001446 Rg,gl'zm(z_] (4.13)

The present model applicable to AHWR rod bundlenmypitch to diameter ratio is 1.2.

The model is valid for Reynolds number varies fiono 6424.
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Figure 4.5 shows the comparison between calculatetl measured turbulent mixing

number.

+7%

20 ® Subchannel 1-2

Subchannel 3-2 -

© mix,exp

Fig. 4.5Comparison of the predictions of model againsieexpent for liquid phase
turbulent mixing rate.

The model can predict measured turbulent mixing lmemwithin £7%

4.6 Closure

The single phase turbulent mixing rate among thelsannels of AHWR rod bundle is
measured for different liquid flow rate and fourfthtt it increases with increase in
average Reynolds number. An assessment of existodgls against our experimental
data has been carried out and found that nonessétimodels predict measured turbulent
mixing rate for AHWR rod bundle. Hence a new moagplicable to AHWR has been

presented which predicts turbulent mixing rate@aitcurately.
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CHAPTER 5

STUDY OF TWO PHASE TURBULENT MIXING RATE
IN AHWR ROD BUNDLE

5.1 Introduction

In this chapter, results of two phase turbulentingxrate for AHWR rod bundle are
discussed. For determination of mixing rate in tploase flow condition, air-water
mixture was introduced into all three subchannaAldracer is added to subchannel 2
(refer fig 2.1) by tracer line injection system.t&&sium nitrate used as a tracer for water
and methane gas is used as a tracer for air. &bertrs mixed with fluid before entering
to the inlet of subchannel. The radial pressurieifice across these three subchannels is
minimized by controlling the opening of respectiadve in air discharge line which is
connected with three separators. At outlet of $hparator, samples from respective
subchannel lines were extracted. The concentratfaimacer i.e. potassium nitrate and
methane in each subchannel was obtained by analysmugh an absorption

spectrophotometer and gas chromatograph respectivel
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The liquid and gas phase turbulent mixing rate walsulated by substituting tracer
concentration at inlet and outlet of subchannelgdnation derived mathematically in

section 2.3 which are as follows

VV:L‘2 = _#ln (1_%) (51)
e
mom

W,=-——— 1 (1——223‘2’ j
e

The turbulent mixing rate was determined for edcase i.e. liquid and gas in two phase
flow by varying void fraction under various rangefssuperficial liquid velocity. The

void fraction in two phase flow condition is calatdd by Chislom’s correlation (1973) as

given by
a = fi?_ (5.3)
B+ A
yo)
1-8|1-"9
f-8(1-%)
. o J

Where 8 = gas volumetric fraction is given hg = — (5.4)

J,+d

g
Ji is superficial liquid velocity andy is superficial gas velocity in two phase flow.
The correlation is valid for 8 i < 0.9 provided that liquid is no more viscous thaatev
(Chisholm (1973)). The correlation was comparedhvair-water flow experiment at

atmospheric condition and found to be in good agere¢ with experiment in range +
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6.02% (Chisholm (1973)). The current experiments @erformed at near atmospheric
conditions with air and water as working fluids. eTiworking range ofs; in present
experiment varies from 0.2 to 0.9 which is well enthe limit of correlation.

In addition to above, an assessment of existingetsaabainst measured turbulent mixing
rate has been carried out and a new model fordignd gas phase turbulent mixing rate

in two phase flow applicable to AHWR has been prtes

5.2 Experiments conducted

Experiments were carried out to determine two phadaulent mixing rate among the
subchannels of AHWR rod bundle. The turbulent ngxiate in two phase flow is sum of
liquid and gas phase turbulent mixing rate in twage flow. The two phase turbulent
mixing rate among the subchannels of AHWR rod beivdhs measured under varying
void fraction ranging from O to 0.8 which is same that in prototype. The mean
superficial liquid velocity varies from 0 to 0.42/smand mean superficial gas velocity
varies from 0 to 1.3 m/s. The liquid and gas flaterof each subchannels was measured

by respective liquid and gas rotameter.

The experimental test matrix for two phase turbuieixing is given in Table 5.1
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Table 5.1Experimental test matrix for two phase turbuleming.

S. | Superficial | Superficial | Superficial| Superficial | Superficial | Superficial
no | Liquid gas Liquid gas Liquid gas
velocity velocity velocity velocity velocity velocity
Jinsub3 | Jyinsub3 | Jinsub2|Jyinsub2 |Jinsubl |Jyinsub1l
1 0.13 0.63to 1.06 0.10 0.73 to 1.38 0.14 0.6b14
2 0.19 0.631t0 1.16 0.15 0.73 to 1.2 0.20 0.6b.26
3 0.27 0.01to 0.64 0.21 0.01 to 0.69 0.28 0.00. 64
4 0.32 0.01to 0.64 0.25 0.01 to 0.69 0.33 0.00. 64
5 0.34 0.01to 0.64 0.28 0.01to 0.69 0.36 0.00. 64
6 0.41 0.01t0 0.44 0.32 0.01 to 0.49 0.43 0.00.44
7 0.47 0.01 to 0.2( 0.37 0.01t0 0.23 0.49 0.00.20

A potassium nitrate tracer having concentration160 ppm is added to water and
methane tracer having concentration of 515 ppndaded to air flowing in subchannel 2.

After mixing of potassium nitrate tracer with watend methane tracer with air, the
samples of respective subchannels were extractedeatand outlet of the test section.

The concentration of tracer in each subchannehlat and outlet of test section was
obtained by analysis through an absorption spelcttmmeter and gas chromatograph.
For each test, the experiments were repeated times and error found among them was
within £ 3 %.

The liquid and gas phase turbulent mixing ratenia phase flow for subchannel 1-2 (i.e.

W’12) and subchannel 3-2 (i.@/'3)) is calculated by using equations (5.1) and (&i#)
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the mass flow rate of respective subchannels, milength (i.e.Z = 1.5 m) and tracer
concentrations at inlet and outlet of subchannels.

The void fraction for each subchannel is calculabgdsubstituting superficial liquid
velocity and superficial gas velocity of respectstdchannels (refer Table 5.1.) given in

equation (5.3).

5.3 Results and discussion

The liquid and gas phase turbulent mixing rateubctannel 1-2 and subchannel 3-2 is
measured for average void fraction ranging frono .8 by varying superficial liquid
velocity from 0 to 0.42 m/s.

The average void fraction for subchannel 1-2 anoclsannel 3-2 was calculated by

substituting void fraction from equation (5.3) irgquation as follows

a t+a a,+a
aavg,lZ = 2 and avg,32 =2 2
2 ’ 2

(5.5)

Figure 5.1 shows variation of mixing rate againgerage void fraction between the

subchannel 3and subchannel 2 of AHWR rod bundle
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Fig. 5.1 Turbulent mixing rate vs average void fractiotween subchannel 3-2
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The main findings of these experiments are asvdalo

1. The liquid phase turbulent mixing rate is moreless constant up to average void
fraction of 0.3 which is in bubbly flow regime, anlden increases and reaches to a
maximum at void fraction equal to 0.55 afterwartisdeécreases till it reaches void
fraction equal to 0.8 which is in slug-churn floegime. The criteria used to defined for
bubbly and slug churn flow regime is discussedeairh section 2.3

2. The gas phase turbulent mixing rate increas#és iwcrease in average void fraction
and reaches maximum at void fraction equal to OAferwards, it decreases till it
reaches void fraction equal to 0.8. However theglesse turbulent mixing is difficult to
measure in bubbly flow due to low air flow (voidétion equal to 0.3)

3. The results indicate that turbulent mixing ratereases with increase in superficial
liquid velocity.

4. These trends are agreement with the finding®vafton (1969), Rudzinski (1970),
Singh K.S. (1972), Kawahara et al. (1997 (b)), $adaet al. (2004) and Kawahara et al.
(20086).

5. The magnitude of turbulent mixing rate betwdengubchannels of AHWR rod bundle
(varies in range of IDto 10% is relatively larger as compared to subchannéls o
conventional BWRs (varies in range of %@ 107 for the same liquid superficial
velocity (Walton (1969), Rudzinski (1970), SinghSK.(1972), Kawahara et al. (1997

(b)), Sadatomi et al. (2004) and Kawahara et 8063).

Figure 5.2 shows variation of mixing rate againgerage void fraction between the

subchannel 1 and subchannel 2 of AHWR rod bundle
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Fig. 5.2 Turbulent mixing rate vs average void fractioniegn subchannel 1-2.
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Figure 5.2 indicates that the turbulent mixing ratéwvo phase flow between subchannel
1-2 i.e. W'y, is nearly same as subchannel 3-2 W&;,, while in case of single phase
turbulent mixing rate between subchannel 1-2Wg,found to be higher as compared to
subchannel 3-2 i.&\V'3; (seen earlier in chapter 4he reason behind this is that the two
phase fluctuation is more as compared to singlesetbow due to bubble induced
turbulence which homogenizes mixing in subchanBeksand subchannels 1-2 of rod
bundle.

The liquid and gas phase turbulent mixing rateubchannel 1-2 and subchannel 3-2 is
measured for void fraction ranging from 0 to 0.8viayying superficial liquid velocity. It
was difficult to measure turbulent mixing rate aedtely beyond void fraction af=0.55

at superficial liquid velocity equal to 0.2. Thesbhecause above this limit, the two phase
air-water mixture is found to be unsTable and diffi to quantify the mixing rate in the

test.

5.4 Assessment of existing model to simulate two aée turbulent mixing rate

An attempt has been made to study the capabiligxisting to predict the measured two
phase turbulent mixing rate. These models have Ipeeposed to predict two phase
turbulent mixing rate are shown in Appendix 1.

In this section, we evaluate the turbulent mixingdels against the data obtained from
present experiments of two phase turbulent miximgliacussed above. For evaluation,
we have compared the measured (experimental) embutixing rate in two phase flow

W'exp With predicted liquid phase turbulent mixing ratgwo phase flowV'c. The error

analysis has been done to find out maximum, minimamd average error between
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measured and predicted value of two phase turbutexing rate. The error analysis
shows how predicted value by turbulent mixing medeliffers from measured

experimental values.

The maximum and minimum error is calculated as:

WIcal - W'exp
Maximum Error (+ve deviationk . = Max TX 100 (5.6)

exp

: W‘cal - Wexp
Minimum Error (—ve deviation)E,;, =min TX:LOO (5.7)

exp

The average error is calculated as

E
AverageError=-"2—0% (5.8)
n

where n= no. of data points and

W, -W
E = (MXlOOJ (5.9)

i,exp

Figures 5.3 (a), (b) and (c) show comparison ofteng model with present experimental

data
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Fig.5.3 (a)Comparison of the predictions of Bues model (19finst subchannel

experiments for turbulent mixing rate in two phéee

The calculated two phase turbulent mixing rate hye$ model (1972) shows large
discrepancy, when compared against measured twaeghebulent mixing rate as seen in
Fig. 5.3 (a). The calculated turbulent mixing rdte subchannel 3-2 differs from
measured turbulent mixing rate by maximum erro#2270%, minimum error of -84%
and an average error of +249 %. Similarly the dated turbulent mixing rate for
subchannel 1-2 differs from measured turbulent mgxrate by maximum error of

+4380%, minimum error of -80% and an average efer567%.
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Fig. 5.3 (b).Comparison of the predictions of Kazimi and Kedly1983) against

subchannel experiments for turbulent mixing rateia phase flow.

The calculated two phase turbulent mixing rate lagikii and Kelly model (1983) shows
large discrepancy, when compared against measwephase turbulent mixing rate as
seen in Fig. 5.3 (b). The calculated turbulent ngxiate for subchannel 3-2 differs from
measured turbulent mixing rate by maximum errof70%, minimum error of -68% and
an average error of -57.2 %. Similarly the caladaturbulent mixing rate for subchannel
1-2 differs from measured turbulent mixing raterbgximum error of -17 %, minimum

error of -74 % and an average error of -67.6 %.
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Fig. 5.3 (c).Comparison of the predictions of Carlucci et 2043) against subchannel

experiments for turbulent mixing rate in two phésev.

The calculated two phase turbulent mixing rate layl@ci et al. model (2003) shows
large discrepancy, when compared against measwephase turbulent mixing rate as
seen in Fig. 5.3 (c). The calculated turbulent mgxiate for subchannel 3-2 differs from
measured turbulent mixing rate by maximum error295%, minimum error of -80%
and an average error of +63 %. Similarly the calimd turbulent mixing rate for
subchannel 1-2 differs from measured turbulent mgxrate by maximum error of

+302%, minimum error of -80% and an average erfei5.1%.
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5.5 Model development

Because of large difference in models predictiod present test data, it is important to
develop AHWR specific models. As we have seen igufes 5.1 and 5.2, the
characteristics of liquid and gas phase turbulexing rate in two phase flow changes
with void fraction ranging from 0 to 0.8. This igdause turbulent mixing rate is flow
regime dependent (i.e. for liquid phase void fl@ettianges from9a <0.3, 0.3 o <0.55
and 0.55 o <0.8 and for gas phase 8.3 <0.65 and 0.65 a <0.8.). So in order to
develop a flow regime based model applicable fov¥Rigeometry, the model presented
earlier in equation (1.31) and (1.32) was usedifprid and gas phase turbulent mixing

rate respectively and modified for different floegimes.

The equation of liquid phase turbulent mixing numbeas follows

N = F g X prC,Remixa'

I, mix

(5.10)

where gap to centroid factdf,(c) and pressure factoFf) are as follows

|:I ,gc = Cl|:(ﬂliq )(%jjr and Fp = (Z_-H—T] (511)
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The equation of gas phase turbulent mixing nunbasifollows

Ng,mix: Fg,gcx prCg(In(RemixxB)) g (512)
where gap to centroid factdf, () and pressure factoF) are as follows
S n
x‘qlq =
F=Cxe" 15 and F) :(”H—Tj (5.13)
’ UR.T

These coefficients and exponents for liquid andg#sse mixing rate are determined in

following section 5.4.1 and 5.4.2

5.5.1 Liquid phase turbulent mixing rate

(a) Liquid phase turbulent mixing model for void fraction ranges from & a <0.3.
Figure 5.4 (a) shows the test data plotted on dsmatess liquid mixing number against

mixture Reynolds number for void fraction rangesrirO< o <0.3
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Fig. 5.4 (a) Liquid phase mixing rate<(@ <0.3)
The final equations so obtained for liquid phas&ing number considering geometrical

and pressure parameter are as follows.

N, mix = F.gc % F,x0.00053Re,;* (5.14)
or
1.2
F xEx 0.00053 Ax y,;,m x( Rey)
I, mix ’ Dh

(5.15)

(b) Liquid phase turbulent mixing model for void fraction ranges from 0.3 a <0.55

Figure 5.4 (b) shows the test data plotted on dgioeress liquid mixing number against

mixture Reynolds number for void fraction rangesr0.3< o <0.55
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Fig 5.4 (b)Liquid phase mixing rate (0<3x <0.55).
The equations so obtained for liquid phase mixiate rconsidering geometrical and

pressure factor are as follows

N, mix = Fgo X F,X0.00104 Re, % (5.16)
or
1.80
_ = ><0.00104< AX,uhomx( Rﬁix)
1, mix l.gc P D 2
h
(5.17)

(c) Liquid phase turbulent mixing model for void fraction ranges from 0.55 a <0.8

Figure 5.4 (c) shows the test data plotted on dg&oeress liquid mixing number against

mixture Reynolds number for void fraction rangesfr0.55 a <0.8
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Fig 5.4 (c)Liquid phase mixing rate (0.5 <0.8).

The equations so obtained for liquid phase mixiate rconsidering geometrical and

pressure factor are as follows

N, =F

l,gc

| mix x F,x0.06 R&*

(5.18)

or

0.64
D e x 008 Ax i X( R,)

i l.gc p 2
I, mix
Dh

(5.19)

The details of gap to centroid factdij ;) and pressure facto() is given in Appendix 2
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5.5.2 Gas phase turbulent mixing rate

(a) Gas phase turbulent mixing model for void fradbn ranges from 0.3 a <0.65
Figure 5.5 (a) shows the test data plotted on d&wafess gas mixing number against
combined volumetric gas fraction and mixture Regisatumber for void fraction ranges

from 0.3 a <0.65.
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Fig 5.5 (a)Gas phase mixing rate (8.8 <0.65)

The equations so obtained for gas phase mixingcatsidering geometrical and pressure

factor are as follows

\ (5.20)

g, mix

= F, . F,x0.000074¢ In(Re,xB J)™"
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or

5.14

Cp g 00000745 Ax thom*( IN(RE,XB,))
1 mix g.9c p th

(5.21)

(b) Two phase turbulent mixing model for void fracion ranges from 0.65< a <0.8
Figure 5.5 (b) shows the test data plotted on dsioehess gas mixing number against
combined volumetric gas fraction and mixture Regisatumber for void fraction ranges

from 0.65< 0 <0.8
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Fig 5.5 (b) Gas phase mixing rate (0.8 <0.8)

The equations so obtained for gas phase mixingcatsidering geometrical and pressure
factor are as follows

N )0.79 (5.22)

= F, o X F % 0.009 In(Re,;,xP)

g, mix
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or

0.009 Ax 4, x( In(Rey, *B,)) "
=F XxF x
I,mix g.9¢ p th

(5.23)

The details of gap to centroid factoFyG) and pressure factorF{) is given in
Appendix2.

It may be noted that the present model applicabldHWR rod bundle having pitch to
diameter ratio is 1.2. The present model is validvbid fraction varies from<0a < 0.8.
The validity of this model is checked against pnésexperimental data as shown in

Figure 5.6.
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0%

-35%
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-
o

il

1 N 10 100

mix,exp

Fig. 5.6.Comparison of the predictions of present modeirsgaubchannel experiments

for turbulent mixing rate in two phase flow.

The calculated mixing number for subchannel 3-gdiffrom measured mixing number
by maximum error of +36 %, minimum error of -34 %da an average error of -2 %

whereas calculated mixing number for subchannel diff2rs from measured mixing
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number by maximum error of +20 %, minimum error2% % and an average error of +

1.6 %. These errors are significantly less thahpghedicted by previous models.

5.6 Closure

The two phase turbulent mixing rate among the samwcéls of AHWR rod bundle is
measured by varying void fraction for different setfirial liquid velocity and found that
turbulent mixing rate is flow regimes dependente Tilagnitude of turbulent mixing rate
is found to increase with increase in superfiggid velocity. An assessment of existing
models against present experimental data has leeeled out and found that none of
these models predict measured turbulent mixingfat&dHWR rod bundle. In the view
of this, a new model applicable to AHWR has bears@nted which predicts turbulent

mixing rate quite accurately.
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CHAPTER 6

STUDY OF VOID DRIFT IN AHWR ROD BUNDLE

6.1 Introduction

In this chapter, results of void drift for AHWR rdmindle are discussed. The necessary
condition for void drift to occur is that, at batie inlet and the outlet ends of the mixing
section, the time-averaged radial pressures difterdetween subchannels has to be zero
i.e. AP1.= AP;o= 0. The measured inlet water and air flow ratemfroespective
subchannel line passes through mixer to form twasphlow. This two phase air-water
mixture was introduced into all three subchannatshghat difference in radial pressure
between the subchannels is minimum. This was aetiéy throttling the air discharge
line valve after the air-water separator. Undes ttondition, flow rate of each phase at
outlet of the separators were again measured thraegpective subchannel lines
rotameters. This difference in flow rate at inletorg-equilibrium flow) and outlet
(equilibrium flow) of individual subchannel of tes¢ction gives net change in flow rate

due to void drift.
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The net change in gas mass flux between the subelsanlue to void drift can be

expressed by (Lahey and Moody (1993))

G, =P, D[ (@ -a)=(a -a)) ]/ § (6.1)
whereGyj is net change in mass flux between adjacent supehaue to void driftpg is
the density of gad) is void diffusion coefficients,«- ;) is void fraction difference in
non-equilibrium flow, &- &;)eqis void fraction difference in equilibrium flow dr§; is
gap between the subchannels.

There are two known parametepgdndS;) and three unknown paramete®, (ai- ;)

in equillorium and non equillorium condition amd) in equation (6.1). To determine

these parameters, the following steps have beemtak

Step 1: For gas mass flux, the mass flux in respectivieckannel was calculated by

substituting measured volumetric flow ra@) by gas rotameter into following equation

G =P (6.2)

The net change in gas mass flux between subchaisrgisen by

Gg,ij = Ggiin - Gg,iout (6.3)
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where Gy in and Gy ot IS the gas mass flux at inlet and outlet of thiechannel and is

calculated by equation (6.2)

Step 2: For void fraction difference in equilibrium and mequilibrium flow, the void
fraction in each subchannel, i.e. subchannelsahd?3 is calculated by following steps
(a) Superficial velocity of both the phases inthtee subchannels i.e. subchannel no.

1, 2 and 3 were calculated by

Jg,i:Qg”i/Ai andJL,i:QL”/Ai. (6.4)

where J, is gas superficial velocity, is liquid superficial velocity, @is volumetric

flow rate of gas, s volumetric flow rate of liquid and A is flow @a of subchannel.

(b) The equilibrium and non-equilibrium void framti is evaluated by substituting

respective gas volumetric fraction into Chislomretation (1973) as follows

_ I
a = 1-3 (6.5)

)

J
Where S = gas volumetric fraction is given b = 3 EJ (6.6)
|

g

128



Study of Void Drift in AHWR Rod Bundle

The correlation is valid for 8 £ < 0.9 provided that liquid is no more viscous thaatew
(Chisholm (1973)). The correlation was comparechvétir-water flow experiment at
atmospheric condition and found to be in good apes# with experiment in range +
6.02% (Chisholm (1973)). The current experiments @@rformed at near atmospheric
conditions with air and water as working fluids. eTiworking range ofs; in present

experiment varies from 0.2 to 0.9 which is well enthe limit of correlation.

Step 3: The void diffusion coefficientl) is determined by substituting void fraction
difference in equilibrium and non-equilibrium cotidh and net gas mass flux due to

void drift in void settling model given in equati¢d.1).

In addition to above, an assessment of existingetsddr prediction of equilibrium void

fraction against our experimental data has beeamedanut.

6.2 Experiments conducted

Experiments were carried out to determine voidt dmhong the subchannels of AHWR
rod bundle. The flow redistribution due to voidfdamong the subchannels of AHWR
rod bundle was measured by varying superficialitiqeelocity in non-equilibrium flow
condition at inlet ranging from 0 to 0.48 m/s angbexficial gas velocity X)) ranging
from 0 to 1.38 m/s corresponding void fraction riaggfrom 0 to 0.8 which is same as

that in prototype.
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The experiments were repeated three times and feund was within £ 1 %. The liquid

and gas flow rate of each subchannels was meadqwyegspective liquid and gas

rotameter.

The experimental test matrix for void drift is giva Table 6.1

Table 6.1Experimental test matrix for void drift

S. | Superficial | Superficial | Superficial| Superficial | Superficial | Superficial
no | Liquid gas Liquid gas Liquid gas
velocity velocity velocity velocity velocity velocity
Jinsub3 | Jyinsub3 |Jinsub2 | Jinsub2 |Jinsubl |Jyinsub1l
1 0.12 0.73 t01.32 0.11 0.58 to 1.02 0.13 0.77 10 1.38
2 0.19 0.73 to 1.32 0.16 0.58 to 1.02 0.19 0.77 10 1.38
3 0.26 0.07t0 0.71 0.22 0.06 to 0.56 0.26 0.0B876
4 0.34 0.07t0 0.71 0.29 0.06 to 0.56 0.35 0.0B876
5 0.40 0.23t00.71 0.34 0.18 to 0.56 0.42 0.25176
6 0.46 0.08t0 0.14 0.38 0.06 t0 0.11 0.48 0.0816

The void fraction for each subchannel is calculddgdusing equation (6.5) with the

superficial liquid velocity and superficial gas oeity of respective subchannels in

equilibrium and non-equilibrium flow condition. Theet change in mass flux between

adjacent subchannels is calculated by using equési®). Afterward, the void diffusion

coefficient D) is determined by using equation (6.1) with th&voaction difference in
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equilibrium and non-equilibrium condition and nesgnass flux due to void drift in void

settling model given in equation (6.1).

6.3 Results and discussion

The flow redistribution (non-equilibrium flow to aedjbrium flow) due to void drift
among the subchannels of AHWR rod bundle was meddwy varying superficial liquid
velocity at inlet ranging from O to 0.48 m/s angeaicial gas velocityJy) rangingfrom

0 to 1.38 m/s corresponding void fraction rangirgnf O to 0.8 which is same as that in
prototype.

Figures 6.1 (a) and 6.1 (b) show variation of eguum flow (at outlet) with non-

equilibrium flow (at inlet) for both gas and liquahase respectively.
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(a) Gas phase
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Fig. 6.1Equilibrium flow vs non equilibrium flow for gashd liquid phase

The non-equilibrium flow approaches towards eqillilm flow as going downstream of
test section. The gas volumetric flow rate is moresubchannel 2 as compared to
subchannel 3 and subchannel 1 while liquid voluiméiow rate is less in sub channel 2
as compared to subchannel 3 and subchannel 1.iSiecause ratio of flow area of
subchannel 24;) to the total area®d=A;+A,+A3) is more for subchannel 24A=0.40)
as compared to subchannel&/A; = 0.29) and subchannel A (A=0.31). It means that
voids drift towards subchannels having more opera di.e. subchannel 2) which is
agreed with existing literature [(Lahey and Schral®69), Lahey et al. (1972),
Gonzalez-Santalo et al. (1972); Lahey (1986); Satal. (1987), Tapucu et al. (1988),

Gencay et al. (2001), Sadatomi et al. (1994), Sexicet al. (2004) ].
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Figures 6.2 (a) and 6.2 (b) show variation of equum void fraction (at outlet) with

non-equilibrium (at intlet) void fraction.
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Fig. 6.2 (a)Equilibrium void fraction vs non equilibrium vofdaction for subchannel 3-2
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Fig. 6.2 (b)Equilibrium void fraction vs non equilibrium vofdaction for subchannell-2
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The main findings of these experiments are asvalo

(1) The equilibrium void fraction is more in subchanBeds compared to subchannel
3 and subchannel 1. This is because ratio of fl@a af subchannel 2) to the
total area A=A1tA,+A3) is more for subchannel 24A=0.40) as compared to
subchannel 3A5/A; = 0.29) and subchannel A;(A=0.31).

(2) The variation in equilibrium and non-equilibriumigidraction is very less with
respect to liquid superficial velocity.

(3) In both the cases of void drift i.e. subchannel &l subchannel 3-2, the
difference in equilibrium and non-equilibrium voittaction of individual
subchannels is less when void fraction is equdl.Boand this difference is more
at void fraction greater than 0.3. This means voads drift more in slug-churn as

compared to bubbly flow.

6.4 Determination of void diffusion coefficient

The void diffusion coefficientl¥) is determined by substituting void fraction difface
in equilibrium and non-equilibrium condition andtrgas mass flux due to void drift in
void settling model given in equation (6.1). Figue3 (a) and 6.3 (b) show the variation

of void diffusion coefficient between the subchdsmeth average void fraction.
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Fig. 6.3 (a). Variation of void diffusion coefficient betweenet subchannel 1-2 with

average void fraction 1-2
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Fig. 6.3 (b). Variation of void diffusion coefficient betweenet subchannel 3-2 with

average void fraction 3-2
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The main findings are as follows.

1. The void diffusion coefficient is more or less ctamg or little increases with
increase in average void fraction upde0.45. Beyond void fractiom~0.45,
there is a steep increase in void diffusion coeffitwith increase in average void
fraction.

2. The trends of void diffusion coefficient found te bame for subchannel 1-2 and
subchannel 3-2.

3. Also the magnitude of diffusion coefficient fourml be increase with increase in

superficial liquid velocity.

6.5 Assessment of existing model to simulate eqbilium void fraction distribution

due to void drift

An attempt has been made to study the capabilitgxi$ting models to predict the
measured equilibrium void fraction distribution.ole et al. (1990) and Carlucci et al.
(2003) proposed model to evaluate the void fractiistribution in a hydraulically
equilibrium flow. The model of equilibrium void ftdon distribution by Rowe et al.

(1990) is given by

Dh,av
Dthg ) (6'7)

ali = aavg + aavg(l_ a qu) (1_
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Carlucci et al. (2003) modified Rowe et al. (1990)del by including constarK and

factor of mass-flux and pressufe p, which is given by

D

angG p(l_ a avg) (1_ Sha:lg )

a=a. +Ka
i avg (6.8)

In this section, we evaluate the equilibrium vaigction models like Rowe et al. (1990),
Carlucci et al. (2003) against the data obtainechfpresent experiments of equilibrium
void fraction as discussed above. For evaluatioa, have compared the measured
(experimental) equilibrium void fraction e, With equilibrium void fraction o.ca The
error analysis has been done to find out maximuminmum and average error between
measured and calculated (predicted) value of thase turbulent mixing rate. The error
analysis shows how predicted value by equilibrivaidvfraction models differs from

experimental values.

Max. Errorg = max(wx 10% (6.9)
ai,exp
Min. Error g, = min(MxlOOJ (6.10)
, p
i,exp

The average error is calculated as

n

>E

AverageError=-"=1—%
n (6.11)
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where n= no. of data points and

E = (MMOOJ (6.12)

a

i,exp

The capability of existing models to predict theasiwed equilibrium void fraction

distribution as shown in Figures 6.4 and 6.5

m  SUBCHANNEL 1
® SUBCHANNEL 2
& SUBCHANNEL 3

+8%

pre

0.1

0.1 1

exp
Fig. 6.4 Comparison of the predictions of Rowe et al. Mgd€I90) against subchannels

experiments for equilibrium void fraction in twogie flow.

The calculated equilibrium void fraction by Roweaét(1990)model shows discrepancy,
when compared against measured equilibrium voictila as seen in Figure 6.4. The
error calculated between predicted and experimentvery less. The calculated

equilibrium void fraction differs from measured ddprium void fraction for subchannel
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1 by an average error of -7 %.The calculated dguilin void fraction differs from
measured equilibrium void fraction for subchanndby?2an average error of -4 %.The
calculated equilibrium void fraction differs fromeasured equilibrium void fraction for

subchannel 3 by an average error of 5 %.

m  SUBCHANNEL 1
® SUBCHANNEL 2
SUBCHANNEL 3

+8%

pre

0.1

01 1

L’.\'I)
Fig. 6.5 Comparison of the predictions of Carlucci et alodal (2003) against

subchannels experiments for equilibrium void fraictin two phase flow.

The calculated equilibrium void fraction by Carlucet al. (2003) model shows
discrepancy, when compared against measured aquitibvoid fraction as seen in
Figure 6.5. The same trend is found in this modedaise this model is derived from
Rowe et al. (1990nodel. The calculated equilibrium void fractionfdit from measured
equilibrium void fraction for subchannel 1 by areeage error of -5 %.The calculated

equilibrium void fraction differs from measured dduium void fraction for subchannel
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2 by an average error of -4 %.The calculated dmuilm void fraction differs from

measured equilibrium void fraction for subchannbly3an average error of 5 %.

The above comparison indicates that Rowe et a@@L&nd Carlucci et al. (2003) models

could predict void fraction distribution in a hydteally equilibrium flow with an

average error of £5 %.

In addition to these models, Lahey model (1972klso compared against present

experimental data which is shown in Figure 6.6.dyaét al. (1972) derived model based

on Levy’s (1963) model is given by

(ai-a;) _ (G-G)
aavg Gavg
é,

0.3
B subchannel 1-2
@ subchannel 3-2
02 i o
7 L a4 - = n
|}
LI ] L - .
L] L]
L ] ™ £l L J
® I’ I..l L ]
0.1 4 [ ] o [ ] .
-
-
o, m "u
3
LI
0.0 v T T
-0.20 -0.15 -0.10 -0.05
(G,-GI)IG‘W9

18)

Fig. 6.6 Comparison of ratio of equilibrium void fractionffdirence to average void

fraction vs ratio of equilibrium mass flux differesto average mass flux in two phase

flow.
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The result indicates that the ratio of equilibrimaid fraction difference to the average
void fraction is not proportional to ratio of egbiium mass flux difference to average
mass flux between subchannels. This trend is atsmd by previous subchannel
experiments of void drift; for two subchannel expent by Sadatomi (1994) and for

multi-subchannel experiment by Sadatomi (2004).

6.6 Closure

The void drift among the subchannels of AHWR roadhdiie is measured for different
superficial liquid velocity and found that voidsiftitowards subchannels having more
open area. Also voids drift is more in slug-chusnrcampared to bubbly flow. In addition
to it, the diffusion coefficient is also determibg substituting net mass flux due to void
drift and void fraction difference in equilibriumnd non-equilibrium condition. An
assessment of existing models against our expetaihdata has been carried out and

found that these models predict present data quarately.
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CHAPTER 7

STUDY OF SINGLE AND TWO PHASE DIVERSION CROSS
FLOW IN AHWR ROD BUNDLE

7.1 Introduction

In this chapter results of single phase and twaeltaversion cross flow for AHWR rod
bundle are discussed. The diversion cross flom isger-subchannel mixing phenomena
which occurs only due to radial pressure differeneaveen adjacent subchannels. The
necessary condition for diversion cross flow towds that, at the inlet of the mixing
section, the time-averaged radial pressures difteréetween the subchannels is not zero
i.e. AP,= AP;# 0. The measured inlet water flow rate for singleage flow and
measured air-water mixture was introduced into thllee subchannels, such that
difference in radial pressure between the subcharsh@uld exist. Under this condition,
flow rate of each phase at outlet of the separatere again measured through respective
subchannel lines rotameters. This difference iw ftate at inlet and outlet of individual
subchannel of test section will give net changiow rate due to diversion cross flow.
This flow redistribution occurs in the presenceadial pressure difference between the

subchannels. The radial pressure difference batweesubchannels is generally related
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to density and cross flow velocity between the baboels by a factorK” which is
called as transverse resistance coefficient orsdiosv resistance coefficient represented
as

AP

K=
1
> PV

(7.1)

WhereAP is radial pressure difference between subchannels

p1 = Density of liquid and/q= diversion cross flow velocity

Using cross flow momentum equation based on twid fhaiodel, to take care of the gap
to centroidal distance in the subchannel; the wanse resistance coefficient or cross
flow resistance is modified as

« _SAP
3 PV,

(7.2)

where S is gap between the subchannels &ns centroidal distance between
subchannels.

The lateral velocity due to diversion cross flowsingle phase flow can be calculated as
Vae = Jee (7.3)

The lateral velocity due to diversion cross flowtwo phase flow can be calculated as

< (7.4)

Where Jic = (Qin-Qou)/A is superficial liquid velocity due to diversionosss anda
average void fraction between the subchannel

Also an assessment of existing models againsteptesxperimental data has been
carried out. In the view of this, a new model fooss flow resistanceK( of single and

two phase flow condition, applicable to AHWR has@resented.
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7.2 Experiments conducted

Experiments were carried out to determine trangversss flow resistance for single
phase flow by varying axial velocity from O to 1 snand for two phase flow, the
superficial axial liquid velocity was varied fromt0 0.64 m/s and superficial axial gas
velocity was varied from 0 to 1.8 m/s corresponduaid fraction in two phase flow
ranging from O to 0.8 which is same as that inqtgqte. In order to set a cross flow in
the test section, Kawahara et al. (2007) methoduwsasl In the present experiment, we
fixed the inlet flow rate ratio in the subchann@®gQt = 0.6 and @Qt = Qy/Qt =0.2 for
every run. The experiments repeated three timesand found was within + 1 %. The
experimental test matrix for single and two phaiserdion cross flow is given in Tables
7.1 and 7.2 respectively.

Table 7.1Experimental test matrix for single phase divaersiooss flow

S.no Velocity in subchanne| Velocity in subchannel| Velocity in subchannel
3 2 1
m/s m/s m/s
1 0.08 0.18 0.09
2 0.11 0.26 0.12
3 0.16 0.36 0.17
4 0.2 0.47 0.22
° 0.28 0.64 0.3
6 0.38 0.87 0.42
! 0.47 11 0.52
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Table 7.2Experimental test matrix for two phase diversiooss flow

S. no| Superficial| Superficial | Superficial| Superficial | Superficial| Superficial
Liquid gas Liquid gas Liquid gas
velocity velocity velocity velocity velocity velocity
Jinsub3 | Jinsub3 | Jinsub2 | Jinsub2 |Jinsubl|Jinsubl
1 0.08 0.44t00.78 0.17 1.00to 1.8 0.09 0.48 to 0.86
2 0.11 0.441t00.78 0.26 1.00t0 1.8 0.12 0.48 to 0.86
3 0.16 0.04t00.40 0.36 0.10 to 0.97 0.17 0.05to 0.48
4 0.20 0.04t00.40 0.47 0.10 to 0.97 0.22 0.051t0 0.48
5 0.27 0.04t00.40 0.64 0.10 to 0.97 0.30 0.051t0 0.48

The cross flow resistance coefficient between sabgbl 1-2 and subchannel 3-2 for
single and two phase was calculated by using emud#.2) with the measured radial
pressure difference by DPTSs, lateral velocity, gapentroidal distance ratio and density
of fluid.

The lateral velocity due to diversion cross flowsingle phase and two phase flow is

calculated by using equations (7.3) and (7.4) retspsy.

7.3 Results and discussion

The cross flow resistance is measured for singks@tlow by varying axial velocity
from 0 to 1 m/s and for two phase flow, the supafiaxial liquid velocity was varied

from 0 to 0.64 m/s and superficial axial gas veloevas varied from 0 to 1.8 m/s

145


comp
Line


Study of Single and Two Phase Diversion Cross Flow AHWR Rod Bundle

corresponding void fraction in two phase flow rarggifrom O to 0.8 which is same as

that in prototype.

7.3.1 Single phase diversion cross flow

Figure 7.1 shows the variation of transverse rascs coefficient (i), for single phase
water flows. The transverse resistance coefficighy) is plotted against a ratio of

diversion cross flow velocity to the axial velociqdV axia)-

10

o
Y] 0.46 0.47 0.48 0.49 0.5 0.51 0.52
0.1 \“’(\‘?’W-‘X\
>4

X-subchannel 3-2
@® Subchannel 1-2

0.01

V 4dVasial

Fig. 7.1 Transverse resistance coefficient in single pllasevs Ratio of cross flow
velocity to the axial velocity

The single phase Transverse resistance coefficeetficient (K, are well correlated

with (V4dVaxia) by the regression curve and is given by

Ks= 7x10 exp(-50.5MdV axia) (7.5)
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Where K= transverse resistance coefficient-Wiversion cross flow velocity, Miai=

Axial flow velocity

7.3.2 Two phase diversion cross flow

Figure 7.2 shows variation of transverse resistaoedficient Ky), for two phase flows.
The transverse resistance coefficigfi)is plotted against a ratio of diversion crossvflo

velocity to the axial velocity (M/V axia).-

100
s I
¥ 10 x
X Subchannel 3-2
® Subchannel 1-2
1
0 1 Vdc/VaxiaI 2 3

Fig. 7.2 Transverse resistance coefficient in two phase fle Ratio of cross flow
velocity to the axial velocity.
The two phase transverse resistance coeffickep) are well correlated with 4V axial)

by the regression curve and is given by

Ktp= o4 exp(-O. 63\(0/Vaxial) (7 : 6)
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The main findings are as follows.

1. The cross flow resistance coefficient decreag#fs increase in ratio of cross flow
velocity to the axial velocity both in single arndat phase flow condition.

2. Also cross flow resistance coefficient in twoapl flow is higher as compared to

single phase flow.

7.4 Assessment of existing model to simulate divera cross flow resistance

In computer codes such as COBRA, the transversstarse coefficient is assumed to be
constant all along the gap between the subchaemgls0.15 [Rowe (1973)], 0.5 [Rowe

(1973)], 1.0 [Tappacu (1988)], 2.5 [Shoukri, (1985)he experiment performed by

Tapucu [1976] shows that cross flow resistance fimdeft is not constant and it is

function ratio of the lateral flow velocity to tlimnor channel axial velocity, the recipient
channel axial velocity, and of the gap clearanakthitkness of the slot.

Kim and Park (1975) proposed a correlation for jmtéty cross flow resistance is

function of ratio of the lateral flow velocity thé donor channel axial velocity, Reynolds
number of recipient channel and ratio of pitch tanteter. Kawahara et al. (2007)
proposed a correlation for predicting cross flowistance is a function of ratio of cross
flow velocity to the average mean velocity betwdka subchannel. lwamura (1986)
proposed a correlation relating cross-flow resistars proportional void fraction and

cross-flow Reynolds number.
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An attempt has been made to study the capabilitgxi$ting models to predict the
measured single phase and two phase diversion ftoassesistance. The error analysis
has been done to find out maximum, minimum andageerror between measured and

calculated (predicted) value of cross flow resistacoefficient.

Max. Errorg = max(mx 100} (7.7)

exp

Min. Error g = min{mxloo] (7.8)
min,| K

exp

The average error is calculated as

E
AverageError=-"1—%
n (7.9)
where n= no. of data points and
K. —K
E = [MxlooJ (7.10)
Kexp
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(i) Evaluation of single phase diversion cross flomnodel

Table 7.3 and Table 7.4 shows prediction due wdfera et al. (2007) and Kim and

Park (1995) model compared against experimental afssubchannel 1-2 and

subchannel 3-2.

Table 7.3Comparision of prediction by Kawahara et al. 20®odel and measured

value of transerverse resistance coefficient iglsiphase diversion cross flow

Subchannel 1-2

Subchannel 3-2

S. | Measured | Predicted | Error | Average | Measured | Predicted | Error | Average
no | value value % error % | value value % error %
1 |0.513 0.0301 -94 -84 0.278 0.0288 -0 -73
2 |10.343 0.0293 -91 0.187 0.0281 -8%
3 |0.243 0.0289 -88 0.132 0.0277 -79
4 | 0.183 0.0281 -85 0.099 0.0270 -73
5 |0.141 0.0278 -80 0.081 0.0267 -67
6 | 0.123 0.0270 -78 0.070 0.0260 -63
7 1 0.099 0.0264 -73 0.055 0.0255 -54
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Table 7.4Comparision of prediction by Kim and Park (1998pdel and measured

value of transerverse resistance coefficient iglsiphase diversion cross flow

Subchannel 1-2

Subchannel 3-2

S. | Measured | Predicted | Error | Average | Measured | Predicted | Error | Average
no | value value % error % | value value % error %
1 | 0.513 1.6E-30 -100| -100 0.278 2.8E-31 -100 -100
2 10343 5.5E-31 -100 0.187 1.0E-31 -100

3 10.243 3.2E-31 -100 0.132 6.1E-32 -100

4 |0.183 1.1E-31 -100 0.099 2.2E-32 -100

5 ]0.141 6.4E-32 -100 0.081 1.3E-32 -100

6 | 0.123 2.2E-32 -100 0.070 4.7E-33 -100

7 | 0.099 9.1E-33 -100 0.055 2.1E-33 -100

The results indicate that Kawahara et al. (200d)kam and Park (1995) model predict

significantly lower than measured values.

In addition to it, a new model is proposed for fnegrse resistance coefficient which is

given by equation (7.5). The prediction due to thizdel has been compared against

present experimental data as shown in Table 7.5.

151




Study of Single and Two Phase Diversion Cross Flow AHWR Rod Bundle

Table 7.5 Comparision of present model against experiai@#ta of subchannelsl 1-2

and subchannel 3-2

Subchannel 1-2 Subchannel 3-2

S. | Measured | Predicted | Error | Average | Measured | Predicted | Error | Average
no | value value % error % | value value % error %

1 0.51331 0.42865 -16 -8.6 0.27843 0.24498 112 2-0.4
2 0.34334 0.30544 -11 0.18661 0.17742 5

3 0.24266 0.25746 6 0.13202 0.15078 14

4 0.18253 0.18239 0 0.09949 0.1086 0

5 0.15314 0.15329 0 0.08356 0.09203 10

6 0.13197 0.10795 -18 0.07214 0.06591 9

7 0.10314 0.0813 -21 0.05647 0.05032 11

The results indicate that the present model cardigireghe transverse resistance

coefficient predicts quite accurately.

(ii) Evaluation of two phase diversion cross flow rodel

Table 7.6 and Table 7.7 shows Kawahara et abPtodel and Iwamura et al. (1986)

model compared against experimental data of sulehd -2 and subchannel 3-2.
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Table 7.6Comparision of prediction by Kawahara et al. (20®odel against measured

value of transerverse resistance coefficient invase diversion cross flow

Subchannel 1-2

Subchannel 3-2

S. | Measured| Predicted | Error | Average | Measured Predicted| Error | Average
no | value value % error % | value value % error %
1 |60.92 0.13 -99.78 -99.56 68.65 0.12 -99/83 -99.5
2 |41.87 0.10 -99.76 59.99 0.09 -99.85

3 |33.70 0.07 -99.79 42.89 0.07 -99.84

4 |30.32 0.06 -99.872 32.67 0.05 -99.84

5 |26.55 0.04 -99.84 24.83 0.04 -99.84

6 |24.45 0.03 -99.87 19.36 0.03 -99.84

7 | 2447 0.25 -98.96 22.25 0.22 -98.99

8 | 22.46 0.21 -99.06 19.69 0.19 -99.03

9 | 2143 0.15 -99.30 14.82 0.13 -99.11

10 | 48.04 0.15 -99.7( 64.20 0.13 -99.80

11 | 40.55 0.11 -909.72 49.71 0.10 -99.79

12 | 33.53 0.08 -99.74 35.97 0.08 -99.78

13 | 30.06 0.07 -99.78 28.26 0.06 -99.V8

14 | 26.16 0.05 -99.81 22.38 0.05 -99.78

15 | 23.91 0.04 -99.84 17.49 0.04 -99.79

16 | 22.44 0.32 -98.57 18.18 0.28 -08.43

17 | 20.51 0.27 -98.69 16.24 0.24 -98.50

18 | 19.39 0.19 -99.01 12.55 0.17 -98.64

19 | 45.60 0.16 -99.64 47.00 0.14 -99.70

20 | 39.04 0.13 -99.64 37.30 0.11 -99.70

21 | 34.07 0.09 -99.73 32.78 0.08 -99.74

22 | 30.52 0.07 -99.76 26.30 0.07 -99.74

23 | 26.46 0.06 -99.7¢ 20.53 0.05 -99.75

24 | 24.07 0.04 -99.87 16.74 0.04 -99.76

153

4



Study of Single and Two Phase Diversion Cross Flow AHWR Rod Bundle

Table 7.7Comparision of prediction by Iwamura et al. (1pB@®del against measured

value of transerverse resistance coefficient invase diversion cross flow

Subchannel 1-2

Subchannel 3-2

S. | Measured| Predicted | Error | Average | Measured Predicted| Error | Average
no | value value % error % | value value % error %
1 | 60.92 16.38 -73.11 -41.97 68.65 16.29 -76}26 083.
2 | 41.87 20.15 -51.87 59.99 20.26 -66.22

3 | 33.70 21.49 -36.24 42.89 21.66 -49.49

4 | 30.32 21.22 -30.03 32.67 21.41 -34.48

5 |26.55 19.76 -25.57 24.83 20.00 -19.43

6 | 24.45 17.62 -27.94 19.36 17.82 -7.9P

7 | 2447 26.11 6.69 22.25 26.31 18.26

8 | 22.46 23.70 5.55 19.69 23.89 21.35

9 | 2143 17.19 -19.81 14.82 17.29 16.64

10 | 48.04 10.62 -77.84 64.20 10.62 -83.46

11 | 40.55 13.94 -65.62 49.71 13.94 -71.97

12 | 33.53 15.50 -53.76 35.97 15.62 -56.56

13 | 30.06 15.89 -47.13 28.26 16.05 -43.119

14 | 26.16 15.46 -40.9( 22.38 15.67 -29.95

15 | 23.91 14.07 -41.14 17.49 14.20 -18.81

16 | 22.44 20.35 -9.33 18.18 20.54 12.93

17 | 20.51 18.78 -8.46 16.24 18.96 16.80

18 | 19.39 14.42 -25.62 12.55 14.51 15.62

19 | 45.60 6.38 -86.01 47.00 6.33 -86.53

20 | 39.04 8.69 -717.74 37.30 8.73 -76.59

21 | 34.07 12.52 -63.26 32.78 12.61 -61.52

22 | 30.52 13.14 -56.94 26.30 13.28 -49.53

23 | 26.46 12.85 -51.46 20.53 13.03 -36.53

24 | 24.07 12.13 -49.62 16.74 12.21 -27.08
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The results indicate that kawahara et al. (200d@d)lesamura et al. (1986) predict

significantly less compared to measured values.

In addition to it, model is proposed for transvarssstance coefficient given by equation

(7.6) is also compared against present experimdataland found that it predicts quite

accurately as shown in Table 7.8.

Table 7.8 Comparision of present model against experinhelatia of subchannel 1-2

and subchannel 3-2.

Subchannel 1-2

Subchannel 3-2

S. | Measured| Predicted | Error | Average | Measured Predicted| Error | Average
no | value value % error % | value value % error %
1 |60.92 40.05 -34.25 -2.16 68.65 39.03 -43|15 4.49
2 |41.87 37.76 -9.83 59.99 36.92 -38.45

3 |33.70 34.76 3.14 42.89 34.18 -20.32

4 |30.32 32.38 6.78 32.67 31.78 -2.72

5 |26.55 29.21 10.01 24.83 28.79 15.96

6 | 24.45 26.30 7.55 19.36 25.60 32.23

7 | 2447 18.28 -25.31 22.25 16.88 -24.14

8 | 22.46 15.97 -28.88 19.69 14.97 -23.p6

9 | 2143 11.90 -44.47 14.82 10.79 -27.19

10 | 48.04 40.75 -15.18 64.20 39.75 -38.09

11 | 40.55 38.80 -4.30 49.71 38.10 -23.85

12 | 33.53 36.12 7.73 35.97 35.55 -1.1)

13 | 30.06 33.99 13.09 28.26 33.41 18.23

14 | 26.16 31.14 19.03 22.38 30.85 37.87

15 | 23.91 28.38 18.69 17.49 27.69 58.31

16 | 22.44 21.27 -5.24 18.18 19.85 9.19

17 | 20.51 18.97 -7.55 16.24 17.94 10.50

18 | 19.39 14.83 -23.51 12.55 13.64 8.71
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19 | 45.60 41.38 -9.26 47.00 40.40 -14.05
20 | 39.04 39.67 1.62 37.30 38.77 3.93
21 | 34.07 36.96 8.49 32.78 36.38 10.99
22 | 30.52 34.99 14.67 26.30 34.41 30.83
23 | 26.46 32.22 21.76 20.53 31.66 54.22
24 | 24.07 29.70 23.37 16.74 29.01 73.28
7.5 Closure

In this chapter, results of single phase and twasplcross flow for AHWR rod bundle
are discussed. The cross flow resistance coeffidenreases with increase in ratio of
cross flow velocity to the axial velocity both imgle and two phase flow condition. Also
the cross flow resistance coefficient in two ph#sw is higher as compared to single
phase flow. An assessment of existing models agpmesent experimental data has been
carried out and found that none of these modeldigireross flow resistance coefficient
for AHWR rod bundle. In the view of this, a new neb@pplicable to AHWR has been

presented which predicts cross flow resistanceficteait quite accurately.
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CHAPTER 8

CONCLUSION AND FUTURE WORK

8.1 Conclusion

In the present work, an inter-subchannel mixingnaimeenon has been investigated in the
subchannels of AHWR rod bundle due to its importafur reactor thermal margin and
safety. An assessment of turbulent mixing modeks been carried out and found that
there is large discrepancy between predictions bglais and existing experimental data
relevant to conventional BWRs. This is becauseulerit mixing phenomena are highly
geometry and operating condition dependent. Theageeerrors in existing models as
compared to test data are found to be more tha ¥0Because of large error in the
models, a new model for turbulent mixing was pr@ab&om first principle. The model
could predict within average error of + 4% for @ik test data available for triangular-
triangular, square-square, rectangular-rectangsidichannel array. The model was
tested even for steam-water high pressure dataf@mtl that it can predict within
average error of £ 9.94 %. However, the AHWR roddia is completely different from
conventional BWRs. In addition being a natural diation BWR, the flow velocity in the

subchannel can vary over a wide range unlike thaboventional BWRs. The existing
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test data and models applicable to conventional BW&Re not applicable to AHWR
condition. This has necessitated measurement iedndition of AHWR rod bundle and
develops AHWR specific models can later use for ARI\Wiermal margin and safety
analysis.

Study of inter-subchannel mixing phenomena for AHWR bundle gives important

conclusion which are enlisted here

|. Single phase turbulent mixing

1. The turbulent mixing rate increase with increiasiow velocity in the subchannel.

2. The turbulent mixing rate between subchanneiggiser for higheS6 and vice versa.

3. The capability of existing correlations to ptdhe measured single phase turbulent
mixing rate and found that none of these correfatiare able to predict measured
turbulent mixing rate accurately.

4. An empirical model is derived based on thegeegmental data and found that there

is good agreement i.e. £ 7% between predicted aabured values.

Il. Two phase turbulent mixing

1. The liquid phase turbulent mixing rate is moreless constant up to average void
fraction of 0.3 which is in bubbly flow regime, arlden increases and reaches to a
maximum at void fraction equal to 0.55 which isslag-churn flow regime; afterwards it

decreases till it reaches void fraction equal & 0.
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2. The gas phase turbulent mixing rate increasés iwcrease in average void fraction
and reaches maximum at void fraction equal to @A#&wards, it decreases till it
reaches void fraction equal to 0.8.

3. The turbulent mixing rate between subchannelsesly same for two phase flow
conditions unlike that in single phase flow coratiti The reason behind is that two phase
fluctuation is more as compared to single phase floe to bubble induced turbulence
which homogenizes the turbulent mixing rate.

4. The test data were compared with existing modeilsas found that existing models
could not predict the measured turbulent mixing ratthe rod bundle of AHWR.

5. Also capability of present model is evaluatedptedict the measured two phase
turbulent mixing rate. It was found that the presmodels could predict the measured

turbulent mixing rate in the rod bundle of reaatathin range (average error) of + 2 %.

. Void drift

1. Significant amount of void drift is observedthe subchannel having more open area.
2. The variation in equilibrium and non-equilibrivmeid fraction is insignificant with
respect to liquid superficial velocity.

3. The difference in equilibrium and non-equilibnuvoid fraction of individual
subchannel is found to be less in bubbly flow regiand is more in slug-churn flow
regime.

4. The void diffusion coefficient is more or lesmestant or little increases with increase
in average void fraction up t6=0.45. After void fractiorui=0.45, there is a steep increase

in void diffusion coefficient with increase in aage void fraction increases.

159



Conclusion and Future Work

5. The capability of existing correlation is chedke predict the measured equilibrium
void fraction. The test data were compared withstxg models in literature. It was
found that existing models could predict the meadwrquilibrium void fraction in the

rod bundle of reactor within range (average ermbf8 % to -14 %.

IV Diversion cross flow

1. The cross flow resistance coefficient decreag#fs increase in ratio of cross flow
velocity to the axial velocity both in single ardat phase flow condition.

2. Also cross flow resistance coefficient in twbape flow is higher as compared to
single phase flow.

3. It is well correlated with ratio of cross flovelocity to the axial velocity both in single

and two phase flow condition.

In addition to above, our results indicates that

i. The turbulent mixing and void drift both are falito be dependent on void fraction and
flow regimes even for low mass flux condition tygito AHWR geometry.

ii. The magnitude of turbulent mixing rate andfaiion coefficient is found to be higher
for AHWR subchannels geometry compared to conveati@WRs geometry for the
same mass flux.

iii. Also the magnitude of turbulent mixing ratedadiffusion coefficient found to be

increase with increase in superficial liquid vetgci
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8.2 Future Work

A rigorous study has been performed to investigatr-subchannel mixing phenomena
i.e. turbulent mixing, void drift and diversion eoflow for AHWR rod bundle which
include assessment of models, experiments perforfoedsubchannel analysis and
develop model for the same. However no researdhllis complete and gives future
direction. Some important points enlisted here

1. The experiment was performed for AHWR rod bundiéh no spacer. However
literature suggests spacers enhances mixing betaglechannels. So experiment can
perform including spacer which is important to pce@€HF accurately.

2. This experiment is performed with water andaarworking fluid to scale up steam
water system. It is interesting to know the effeft heating on mixing between
subchannels of AHWR rod bundle.

3. The computer code like COBRA can be modifiedritgoducing models so developed
for inter-subchannel mixing for AHWR rod bundle.

4. Local measurement of turbulent mixing, void tdehd diversion cross flow is also
important for subchannel mixing phenomena. So ewyart can perform to measure
turbulent mixing, void drift and diversion crosswl locally in the rod bundle by using

advance technique
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APPENDIX 1

Carlucci et al. (2003) model

Carlucci et al. (2003) developed a model basederptinciple that total phasic turbulent
mixing rate is sum of homogenous turbulent mixirgerand incremental turbulent
mixing rate.

The total liquid turbulent mixing rate is given by

VVII = VV‘.hom +A Vthh (1)
where
W o = (1= %) Wy 2)

The total gas turbulent mixing rate is given by
Wy =W hom T AW o (3)
where

Wg;,hom = X\Mom (4)

The homogenous turbulent mixing rate is calculatedm following equation

sY( ep)”’
Whom = Hpomy (aj [,U J
hom /hom (5)

ay and k, are constant. For triangular geometgy=e0.0018 and p = -0.4 and square or
rectangular geometry,&0.005and g, =0.106.

The homogenous dynamic viscosity is given by
-1
X 1-x
Hiom = [_ + _J
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In this model, incremental turbulent mixing rateiation was obtained by fitting the data
of Walton (1969), Singh (1972), and Rudzinski (1# triangular and square array
subchannel geometry, which is given by followingiatipn

For liquid phase

2
AW o =0.0515ex{— O'é% 1(;53 } ;

For gas phase

AWgytph:0.00264ex;E— 8.3 h4 1.94fa- 0.753%} .

The above correlations are applicable for smootidlas having no obstruction with low
mass flux (100-2000 kgffs) and low pressure range (0.1-0.34 MPa). To sheveffects
of mass flux, pressure, obstruction (spacer) arul g@acing, Carlucci et al. (2003)
modified above model by introducing various factoree modified model is shown
below

The total liquid turbulent mixing rate is given by

VVI' = Vv,hom + Vlvinc (9)

where
VVI‘,hom = Fobs (1_ X) V\{lom (10)
and

W' — FG,PFgapAWII,tph
linc —
' F

obs

(11)
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The total gas turbulent mixing rate is given by

W, =W, o+ W e (12)
where

W, rom = FopaX W, (13)
and

— FG, PFgalAWIQ tph

W‘ inc — (14)
¢ Fobs
The gap factor and obstruction factor is calculdtgdhe following relation
F. =1.287 1 exp- 1.8 10xS?
=128 1 e ] .
and
z
Fobs =1+ aobJ( eXp(—bobs_
D (16)

respectively. In the above equatidnis obstruction loss factor which is proportional t
square of obstruction flow area to total flow aee®l a,s and Qs are constant and their

values are given as 3.3 and 0.13 respectively.

Bues (1972) model

In Bues’ model, the total turbulent mixing ratéfasmulated for two regimes. A physical
model is developed for the first region i.e. bubslyg region and it is combined with an
empirical fit for the second region i.e. annulagion

In bubbly-slug regime, the turbulent mixing rateyigen by
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V\/l‘:

where the single phase liquid turbulent mixing iatgiven by

W'I

,sph

o2

D Jp,

=0.0035/, R&°

S

s—1j
= = x

The empirical constant is expressed as

~ S 15
5 -o0f 5]

The slip ratio

The peak mixing is assumed to take place at atyuslwhich is given by

ﬁ

Substitutingx=x, in equation (17), then the peak mixing rate isresped as

| %

In annular flow regime, the turbulent mixing ragegiven by

|

p =

W

p

{0-4{p. (A -p,)9D0}"*

G

e

VV” :V\é,sph+(V\{)_ V\éspf)

The single phase gas turbulent mixing rate is ghwen

Wl

g,sph

=0.003%, R&°

s-1

S

+0.6}<

1

X
X

p

|

A
Py

X

3l

p

X,

X

|

f

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

173



The empirical parameter is expressed as

%o = 0.57 RE™Y
Xp (25)

According to Lahey and Moody (1993), the turbulemking of g-phase in a two phase

flow is given by

. £
Wq = P gap qS(Tj (26)
tph

Therefore we can write, the turbulent mixing obiidjin a two phase flow is given by
: £
W =g (1-a) s(l—j (27)
tph

and the turbulent mixing of gas in a two phase fiswiven by

oo
| Jion (28)

For finding out the liquid turbulent mixing rate dagas turbulent mixing rate from the
total turbulent mixing rate, Kawahara et al. (2088jived the velocity fluctuation of two
phase from this model which are as follows

The velocity fluctuation of two phase for first reg is given by

HRGR
I | tph lotph I I,sph (29)

where the velocity fluctuation of single phasexpressed as

(Ej _0.0035 R§’°
l I,sph IOIS (30)
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The mean two phase density is given by
Pon =P+ p (1-a)

The multiplier is expressed as

p.l W

1,sph

The velocity fluctuation of two phase for secondioe is given by

£ _p (&
(Tl
I Il tph lotph l g,sph

where the velocity fluctuation of single phase twéurbulent mixing is given by

(gj _ 0.003%, Ré®
| g.sph pQS

The multiplierdy is given by

(31)

(32)

(33)

(34)

(35)

(36)
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Kazimi and Kelly (1983) model.

Kazimi and Kelly’'s model is based on Bues’ modeialihshows dependence of mixing
rate on flow regimes. They proposed a correlatibetween the velocity fluctuation due
to two phase turbulent mixing and the velocity fuation due to single phase turbulent

mixing which are as follows.

IR
l tph l sph (37)

whered is the two phase multiplier which depend on qyalite as follows

X
If 0<x<x theng= 1+6? 1 P

M
X (38)

and if 0< x< xpthen6?=1+(¢9p —1) (XLJ
P

(39)
In equation 37, the empirical parameter is calealdtom following relation
% = .57 RE™
% (40)

and value of6, is taken as equal to 5
The correlation for velocity fluctuation due to gi@ phase turbulent mixing rate is given

by Roger and Rosehart (1972)

(fj -1 )Re ‘01[1+D jD' G
| Joon 2 d p (41)

where
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-1.46
A= 0.005£{§j
d (42)

Kawahara et al. (2000) model
Kawahara et al. deduced a model for slug churn flegime. In this model, the liquid
phase turbulent mixing rate is the sum of threep&thdent component mixing rate due to

turbulent diffusion, convective transfer and preedlifference as given by

W =W, + W, + W, (43)
For turbulent mixing rate due to turbulent diffusiand convective transfer, Kawahara et
al. modified Sadatomi et al. model for the sindbage turbulent mixing by multiplying
(1-a)which are as follows

o\~

1
. F° F
VVI,TD :/)|£_I+_]J (l_a)
oi  Epi

(44)

where the subchannels geometry factor for squarecteingular geometry is given by

D—E+—% tan' @ —%+1
4 = 2
(%) -1 (%) - (45)

and the subchannel geometry factor for trianguéamgetry is given as
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F-D=——SII’]

(%+1) tan 1 sin?
2

%4
NG

&la
&

According to Elder (1959), the turbulent diffusividf liquid is given by

Aboi =0,040Re [T,

H

where Reynolds number and friction factor are gibgn

_A4yD .
RQi ==
H
Ui = h
1-a
and

f. =0.079R¢™%

For convective transfer
W, = B, SG(1-a)

For square geometry, Stanton number is given as
-0.52
B = 0.001{2]

For triangular geometry, Stanton number is given as

P |

(46)

(47)

(48)

(49)

(50)

(51)

(52)
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S -1.86
B, = o.ooooz{-j
d (53)

The turbulent mixing rate due to pressure diffeesfhactuation is given as

W, =5 (3 9)(1-a) %A Bus o

The RMS value of pressure difference fluctuatiogiven as

AF:'I;MS = \/ 2(1_ y) P;?MS; (55)

The value of the correlation coefficieptdepends on number of gap and flow pattern. In
slug churn region, the mean valuejofor 1-centre gap was equal to 0.97, for 2-side gap

was equal to 0.92, for 3 gap was equal to 0.97.

The RMS value of static pressure difference flatian is

Frus = 2-3Pine ru (56)

where

Pipe,RMS:_38a5+5h4_ 2%+ 7.0%°- 0.28+ 0.1

p (57)
Proportionality constar, calculated by following formula
For 1-center gap:

Ky =0.71x 10 ( +a) Rgs® (58)
For 2-side gap:

K,s =1.93x 16 ( +a) Rg:® (59)

For 3-gap:
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K =1.18x 16 ( +a) Rg®

(60)
If size is different from the channel used in tkpexriment thark, is calculated by
following relationships
— _ 141 5z1.58
K, =4.0x10 ( +a)S"** Rgy (61)
The Reynolds number is given as
25 (V),,
RQ,pd =__ ' ‘pd
H (62)
where the lateral fluctuating velocity is given as
~ W
\/| — I,pd
A(2s) 63)

Calculation off , requires an iterative method becal{seis a function of Reynolds

number which again depends\h,, .

For predicting the gas phase turbulent mixing, #esumed that both gas phase turbulent
mixing and liquid phase turbulent mixing are retate each other. In this model, the
axial gas volumetric fractiof was related by lateral gas volumetric fraciibnwhich

are as follows

(1-B)=-4.10+B)' + 6.8¢ £5) - 2.3618)"+ 0.41-95) (64)

The axial gas volumetric fractioff is given as

180



The lateral gas volumetric fractiof

B_ \79 .
_\79+ :

13

where

APPENDIX 2

Incorporation of gap and centroidal distance betwee subchannels:

(65)

(66)

(67)

(68)

As discussed in 5.5.1, the equation for liquid mixnumber in two phase flow can be

represented by

NI,mi>< = I:I,gc X KI
Where
K =G I:Remix:l

(1)

(2)
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The equation of gap to centroid factor for liquidking rate can be expressed as best fit

by

oo el

The coefficient (¢) and exponent (@ were obtained by the test data of present
subchannel experiments of plotted on dimensiontggs to centroid factor against
combined gap to centroidal distance ratio and velnio liquid fraction against
combined gap to centroidal distance ratio and veluim liquid as shown in Figure 1 (a),

1 (b), and 1 (c)..

1.4 0.03
13 A Subchannel 1-2 coefficient C = 1.0557 A Subchannel 1-2

® Subchﬂ‘uucl 3-2 exponent a = 0.057 ®  Subchannel 3-2

Power fit - Power fit
1.24
] A
? A 0.024 coefficient C =0.0127
144 ) 04 |
y » exponent a =(.2303
1 » », / ) a 1
104 o0* A_——Aﬂ’—‘_““’”‘_?—
ot
g [ Pa i . ’ i =% i
09 4a g s X & ¥ “
A 0.01 R R N
3
08 /:(LLL',”*FA—.I__‘_T
» A
0.7 4
0.6 T T T T 0.00 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25 0.3(
[(S/a)*p] [(S/8)%p]
(2) @0 <0.3 (b) 0.3 0. <0.55
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A Subchannel 1-2
®  Subchannel 3-2
Power fit

24 coefticient C =6.149
exponent a = 0.6149

T T
0.00 0.05 0.10

[(S/ay*p]

(c) 0.55< 0, <0.8

Figure 1 The coefficient @ and exponent;dor various subchannel geometry in liquid
phase mixing rate

As discussed in 5.5.2, the equation for gas phaisde represented by

Ng,mix = Fg, gcx K g (4)
where
Ky = Cy[ BrexIN(Re )" (5)

The equation of gap to centroid factor for gas mgxiate can be expressed as best fit by

Foae :[g%] S (6)
g

The coefficient (@) and exponent {a were obtained by the test data of present

subchannel experiments plotted on dimensionlessgyegntroid factor against combined
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gap to centroidal distance ratio and volumetriailigfraction as shown in Figure 2 (a), 2

(b),
0.5 20
A Subchannel 1-2 A Subchannel 1-2
®  Subchannel 3-2 ®  Subchannel 3-2
0.4 ) Txanenti
Exponential fit Exponential fit
coefficient C = 0.0321 coefficient C = 0.9409
exponent a =9.1011 1.5 exponent a = 1.356]
0.3 4 : ! 1
e L k-‘J. »
B 0.24 ’ »
N »
I
1.0 )’A_L— i
A
A
0.1 4 AA
0.0 . : ; : :
0.0 01 0.2 03 04 05 0.0 0.1

[($/8)%p] [(S/8)¥p]

() 03 0. <0.65 (b) 0.65 0, <0.8

Figure 2 The coefficient @ and exponent;dor various subchannel geometry in gas

phase mixing rate

(i) Modeling of pressure effect
As discussed in 5.5.1 and 5.5.2, the effect of queesis represented by the following

expression

n
Where n=2 is the best fit for pressure correctamidr

on.1.= surface tension at high temperature at a correpgrsaturation pressure,
or.T.= Surface tension at reference temperature i.e. emwhbtemperature at a
corresponding saturation pressure.

The pressure factor for ambient condition reducesrte as surface has same value in

numerator and denominator.
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APPENDIX 3

Uncertainty analysis

The uncertainty in the experimental data has beteriehined by standard error analysis
method described by Bevington and Robinson (20008. method for error analysis is as
follows:

If R is a function of x and y, written as R(x,¥hen the uncertainty in R is obtained by
taking the partial derivatives of R with respectetach variable, multiplication with the

uncertainty in that variable, and addition of théséividual terms in quadrature (i.e.

square, added and then square rooted)

R=RxY (1)

OR= \/(G—Rasz +(6—R6y] +....
()4 oy 2)

() Error analysis of single phase turbulent mixing

The measurement error in volumetric flow rate fatev is + 2% and volumetric flow

rate for air rotameter is + 1%. The measuremeit énrconcentration is + 2 %. Based on
the measured data, the error in estimated turbutexing rate in single phase flow is

found to be + 6.2 %.
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(ii) Error analysis of two phase turbulent mixing

The measurement error in volumetric flow rate fatev is = 2% and volumetric flow

rate for air rotameter is = 1%. The measuremerr énrconcentration is = 3%. Based on
the measured data, the error in estimated liquadi ges turbulent mixing rate in two

phase flow is found to be + 7.5 % and + 5.25.

(i) Error analysis of void drift

The measurement error in volumetric flow rate fatev is = 2% and volumetric flow

rate for air rotameter is + 1%. Based on the meakdata, the error in estimated void
diffusion coefficient by void settling model (Laheaypd Moody (1993)) and void fraction

by Chisholm correlation (1973) is found to be £%8.and + 4.15% respectively.

(iv) Error analysis of diversion cross flow

The measurement error in volumetric flow rate fatev is + 2% and volumetric flow
rate for air rotameter is + 1%. The accuracy ofedéntial pressure transmitters is +
0.2%. Based on the measured data, the error ma&stil transverse resistance coefficient
in single phase flow and two phase flow is foundb® £ 2.25 % and * 3.15%

respectively.
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