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Numerical studies were performed to examine the effects of flow velocities of opposing streams on the
flow pattern and turbulent mixing characteristics in a three-dimensional chimney structure using CFD
code PHOENICS. This chimney structure facilitates guiding of the radioactive water from the reactor core
(i.e., core flow) towards the side outlet nozzles and simultaneously drawing out water from the reactor
pool through the chimney top. The radioactive water flows upward and has a tendency to reach to the
pool top through the chimney top which is open for fuel and isotope handling. The chimney design allows
drawing out a part of the pool water in the downward direction to suppress the upward flowing radio-
active water jet. This downward flow through the chimney is compensated by providing additional core
bypass flow to the pool. Analyses were carried out on 1:1 chimney structure and also on 1/6th scaled
down chimney model to understand the similarity of behaviour of the model and the prototype. Mass
flow rate of upward flowing water (i.e. core flow) is considered to be 750 kg/s and core bypass flow is
varied from 0% to 15% that of the core flow. In the model study, mass flow rate was varied from 8.33
to 25 kg/s and core bypass flow was considered to vary from 0% to 15%. Flow mixing pattern inside
the chimney and the non-dimensional stagnation depth was predicted for the model and the prototype.
It was observed that there is a good similarity in behaviour of the prototype and model.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Pool type research reactor often gets preference for isotope pro-
duction and carrying out various irradiation experiments, due to its
simpler design with easy accessibility from the core top. But due to
its open top, when core is cooled through forced upward flow, core
outlet radioactive water has a tendency to reach towards the pool
top due to inertia and buoyancy leading to increase in radiation le-
vel at the pool top. Due to limitation of the pool height from the
consideration of clear visibility of the core from the pool top (to
facilitate fuel and isotope handling operation), upward flow
through the core becomes the only choice for this type of reactor
to create larger driving pressure differential for providing larger
flow velocity of coolant through the core with higher reactor power
density. Since, pool top activity level should be limited during nor-
mal operation; these reactors often use an open chimney structure
at the reactor core outlet in order to prevent radioactive coolant
reaching the pool top. A typical example is High Flux Research
Reactor (HFRR) being developed at BARC (Chafle et al., 2009).
ll rights reserved.
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A simplified flow diagram of the primary coolant system of the
HFRR is given in Fig. 1. The reactor core cooling takes place by
sending upward flow through the HFRR core (Sengupta et al.,
2010a). The radioactive hot water from the core outlet is guided
through the chimney and is drawn by a set of pumps through
the two side outlet nozzles of the chimney. The radioactive hot
water is then passed through delay tanks to decay down the activ-
ity level mainly caused by N16 radio-nuclides and subsequently it is
sent through the heat exchangers where heat is transferred to the
secondary coolant. Cold primary coolant water from heat exchan-
ger outlet is sent back to the inlet plenum at the bottom of the
reactor core inside the pool. A part of cold water is also sent to
the pool which bypasses the core and is drawn through the open-
ing of the chimney top by the operating pumps. This flow is com-
monly named as core bypass. Flow mixing of core flow and the core
bypass inside the chimney is explained in the following section.

2. Turbulent flow mixing inside chimney structure

A schematic flow diagram of flow mixing inside the chimney
structure is shown in Fig. 2. The bottom of the chimney sees a
strong upward flow from the core outlet (A), while at the open
top of the chimney (B) a downward flow only is allowed (to limit
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Nomenclature

D diameter of chimney (m)
g acceleration due to gravity (m/s2)
k turbulent kinetic energy (J)
L length scale of chimney (m)
Red Reynolds number, qUmDm

l

Red� Reynolds number, qUbDb
l

S stagnation depth (m)
S� non-dimensional stagnation depth
T temperature (K)
U mean fluid velocity (m/s)
W mass flow (kg/s)

Symbols
q fluid density (kg/m3)
b volumetric expansion coefficient (K�1)
e turbulence energy dissipation rate (W)
l viscosity (N s/m2)
t kinematic viscosity (m2/s)

Subscripts
b branch/bypass flow
in inlet
m main flow
p bulk fluid in pool
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pool top radioactivity level). Both upward flow from the bottom
and downward flow from the top mixes together just before the
side nozzles of the chimney and is sucked out of the chimney with
the help of pumps through outlet lines (C1, C2) of two loops of the
primary coolant pump. The downward flow into the chimney from
the pool is compensated by providing core bypass flow from each
loop (D1, D2) into the pool. Turbulent mixing behaviour inside this
chimney being complex, a 1/6th scaled down model (Sengupta et.
al., 2010b) has been designed. The computational studies are car-
ried out for the scaled down model as well as the prototype and
the stagnation depth (i.e., the depth where the upward flow veloc-
ity of the core outlet water becomes zero with respect to the top
opening edge of the chimney) is predicted for various flow cases.
The objective of these simulations is to study the effect of core
flow, core bypass flow on the stagnation depth for the prototype
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Fig. 1. Simplified flow diagram of p
as well as model and to understand the relative importance of iner-
tia force, viscous force and buoyancy force. The details of the pro-
totype and the scaled down model considered in the CFD
simulation are shown in Table 1.
3. Dimensionless numbers

The dimensionless numbers describing the turbulent mixed
convection inside the chimney are defined considering the relevant
parameters shown in Fig. 2. The total core bypass flow is Wb, which
is distributed through two inlets into the pool. The core outlet flow
velocity is Uin and fluid temperature is Tin. Pool water temperature
is Tp. The core bypass flow inlet temperature is also Tp. Height of
the chimney where in flow mixing takes place is L.
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rimary coolant system of HFRR.



(A) – CORE OUTLET 

(B) – CHIMNEY TOP OPENING 

(C1) & (C2) – OUTLET LINES 

(D1) & (D2) – CORE BYPASS LINES 

POOL

Uin

D

L

D

Tin

T

45°

Win
Wb /2Wb /2

(A) )2D()1D(

p

(B)

)2C()1C(

S

XZ

Y

Fig. 2. Schematic diagram of mixing of flow streams inside the chimney structure.

Table 1
Details of prototype and scaled down model.

Parameter Prototype Model

Fluid Light water Light water

Chimney diameter 600 mm 100 mm

Chimney height 3600 mm 600 mm

Side outlet nozzle area
(i) Slit height (i) 300 mm (i)50 mm
(ii) Slit width (ii) 600 mm (ii)100 mm

Side outlet nozzle inclination angle 45� 45�

Fluid temperature
Chimney top entry 40 �C 40 �C
Chimney bottom entry 49 �C 49 �C

Table 2a
Computational data matrix (Model).

Sr.
no.

Core
flow
(kg/s)

Bypass
flow (%)

Re Gr Ri Re� Ri�

1 25 0 2.87 � 106 1.55 � 1010 0.0019 – –
2 25 5 2.87 � 106 1.55 � 1010 0.0019 1.44 � 105 0.749
3 25 10 2.87 � 106 1.55 � 1010 0.0019 2.87 � 105 0.187
4 25 15 2.87 � 106 1.55 � 1010 0.0019 4.31 � 105 0.083
5 20.83 0 2.39 � 106 1.55 � 1010 0.0027 – –
6 20.83 5 2.39 � 106 1.55 � 1010 0.0027 1.20 � 105 1.079
7 20.83 10 2.39 � 106 1.55 � 1010 0.0027 2.39 � 105 0.270
8 20.83 15 2.39 � 106 1.55 � 1010 0.0027 3.59 � 105 0.120
9 16.67 0 1.92 � 106 1.55 � 1010 0.0042 – –

10 16.67 5 1.92 � 106 1.55 � 1010 0.0042 9.58 � 104 1.686
11 16.67 10 1.92 � 106 1.55 � 1010 0.0042 1.92 � 105 0.422
12 16.67 15 1.92 � 106 1.55 � 1010 0.0042 2.87 � 105 0.187
13 12.5 0 1.44 � 106 1.55 � 1010 0.0075 – –
14 12.5 5 1.44 � 106 1.55 � 1010 0.0075 7.18 � 104 2.998
15 12.5 10 1.44 � 106 1.55 � 1010 0.0075 1.44 � 105 0.749
16 12.5 15 1.44 � 106 1.55 � 1010 0.0075 2.15 � 105 0.333
17 8.33 0 9.58 � 105 1.55 � 1010 0.0169 – –
18 8.33 5 9.58 � 105 1.55 � 1010 0.0169 4.79 � 104 6.745
19 8.33 10 9.58 � 105 1.55 � 1010 0.0169 9.58 � 104 1.686
20 8.33 15 9.58 � 105 1.55 � 1010 0.0169 1.43 � 105 0.749

Table 2b
Computational data matrix (Prototype).

Sr.
no.

Core
flow
(kg/s)

Bypass
flow
(%)

Re Gr Ri Re� Ri�

1 750 0 1.44 � 107 3.34 � 1012 0.016 – –
2 750 5 1.44 � 107 3.34 � 1012 0.016 7.18 � 105 6.475
3 750 10 1.44 � 107 3.34 � 1012 0.016 1.44 � 106 1.619
4 750 15 1.44 � 107 3.34 � 1012 0.016 2.15 � 106 0.719
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Reynolds number; Re ¼ qUinL
l

ð1Þ

Grashof number; Gr ¼ gbðTin � TpÞL3

t2 ð2Þ

Richardson number; Ri ¼ gbðTin � TpÞL
U2

in

ð3Þ

The Reynolds number (Re) shows the significance of the inertia
force to viscous force. Grashof (Gr) number shows the affect of
buoyancy force to that of the viscous force. Richardson number
(Ri) shows the importance of natural convection relative to the
forced convection. In addition, two more dimensionless numbers
(Re� and Ri�) is considered to take into account the ratio between
core flow and bypass flow as defined below. Re� signifies the affect
downward inertia force in suppressing the upward flow jet. Ri� sig-
nifies the more pronouncing effect of buoyancy force against the
downward forced flow. These numbers are defined as follows:

Re� ¼ qUinL
l

Wb

Win

� �
ð4Þ

Ri� ¼ gbðTin � TaÞL
U2

in

Win

Wb

� �2

ð5Þ
4. Computational data matrix

In the present study various parameters considered for the
analysis for the scaled down model is shown in Table 2a. Their cor-
responding non-dimensional numbers are also indicated in the ta-
ble. Twenty simulations are carried out considering core outlet
temperature (Tin) as 49 �C and pool temperature (Tp) as 40 �C for
the model. In addition, 20 more analyses were carried out with
Tin and Tp as equal (both 40 �C) to eliminate the buoyancy force
due to temperature difference. The difference in results is attrib-
uted as caused due to buoyancy. The range of parameters consid-
ered in the scaled down model is based on the philosophy of
scaling and preservation of non-dimensional numbers to the ex-
tent of feasibility (Sengupta et al., 2010b). Range of Reynolds num-
ber (Re) considered in the simulation is 1 � 106–3 � 106. Grashof
number (Gr) is 1.55 � 1010 based on characteristic dimension of
chimney height (L). Richardson number (Ri) range is from 0.002
to 0.017.

Parameters for the prototype and their non-dimensional num-
ber are indicated in Table 2b. Reynolds number (Re) for the proto-
type is 1.44 � 107. Grashof number (Gr) and Richardson number
(Ri) are 3.34 � 1012 and 0.016 respectively.

In order to compare the results of the model and the prototype,
stagnation depth (S) is non-dimensionalised with respect to the
chimney height (L) to obtain non-dimensional stagnation depth
(S�) using the following relation:

S� ¼ S
L

ð6Þ
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Stagnation depth (S) is defined as the depth from the top open-
ing edge of the chimney to the position where the upward flow
velocity of the core outlet water becomes zero (at the central axis
of the chimney).
5. Computational methodology

In the present work, three dimensional simulation of chimney
along with reactor pool is done. Computational fluid dynamics
software PHOENICS version 3.6 (Ludwig, 2004) is used for carrying
out all the simulations. The continuity, momentum and energy
equations in Cartesian co-ordinates are solved in this computer
code. The solution domain is subdivided into a number of control
volumes, each associated with a grid point, where the scalar vari-
ables such as pressure, temperature, and concentration are stored.
The control volumes for the velocity are staggered in relation to the
control volumes for the scalar variables. The buoyancy force is ac-
counted by using Boussinesq model. This model assumes that the
density is constant but modifies the source term of the momentum
Table 3
Values of constants in the k–e model.

cl c1e c2e rk re

0.09 1.44 1.92 1.0 1.3

(Top view) Full scale model          

(Front view) Full scale model (

Fig. 3. Models prepared in PHOENICS for pr
equation to account for the buoyancy effect. Since the governing
equations are non-linear and coupled, these are solved by SIMPLE
algorithm (Patankar, 1980). The implicit equations are solved by
TDMA. For turbulence modelling, Reynolds averaged form of the
continuity, momentum and energy equations are solved using
standard k–e turbulence model. The values of the constants used
in the turbulence model is shown in Table 3.

The modelling prepared in PHOENICS for full scale as well as 1/
6th scaled down model is shown in Fig. 3. The range of Reynolds
number based on pipe diameter for all the simulation cases of
model is Red � 2–6 � 105 and Red� � 1–9 � 104. For the full scale
prototype, the range is Red � 3 � 106 and Red� � 1.5–4.5 � 105.
5.1. Computational domain

The computational domain considered for the prototype is
4 m � 7.5 m � 1.2 m. Calculation is done with (190 � 200 � 40)
grid points. The chimney geometry simulated is similar in
dimensions as that of the full scale size. The reactor pool dimension
is 5 m diameter and about 9 m height from the top of the reactor
core. Due to the limitation of the number of grid points, the pool
dimension considered in the simulation is 4 m � 1.2 m � 7.5 m
height. In addition, free surface modelling at the interface
between pool water and air at the top is not modelled
considering larger pool water depth above the chimney top. The
computational domain considered for the scaled down model is
(Top view) 1/6th scaled down model 

Front view) 1/6th scaled down model 

ototype and 1/6th scaled down model.
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750 mm � 1250 mm � 250 mm. Calculation is done with (105 �
180 � 40) grid points. The models prepared in PHOENICS code
for the prototype and 1/6th scaled down model are shown in Fig. 3.
Fig. 4a. Half domain model for 3-D mixing of opposing jets (Wang and Mujumdar,
2005).
5.2. Boundary conditions

The fluid domain material is considered as water and solid do-
main material as glass. The material properties are assumed to be
constant. A uniform velocity profile has been set at the inlet. As a
boundary condition, the inlet values of turbulent kinetic energy
(k) and turbulence energy dissipation rate (e) are prescribed in
terms of the turbulence intensity (I). The k and e is computed using
the following relation.

k ¼ ðIUinÞ2 and e ¼ 0:1643
k3=2

lm
ð7Þ

Here Uin is the bulk inlet velocity and lm is the mixing length. As
a general practice, mixing length is of the order of 10% of the char-
acteristic inlet dimension (i.e., hydraulic radius for the inlet pipe).
Turbulent intensity (I) is assumed to be 5%.

Considering chimney surface walls, no slip boundary condition
is imposed on the surfaces. For the pool water domain boundary,
zero gradient boundary condition is applied. Outlet boundary con-
dition with fixed pressure is specified for the outlet nozzles on x–z
plane (at y = 7.5 m for full scale and y = 1.25 m for the model). Inlet
flow through the bottom of the chimney and bypass flow into the
Fig. 4b. Velocity distr

Fig. 4c. Concentration di
pool through the two bottom nozzles are specified based on the
flow considered for the simulation case.
6. Validation

In order to ascertain the reliability of the CFD results obtained
from PHOENICS, verification studies are tried with available
numerical and experimental results. Though, provision of open
chimney structure is being used by some research reactors (such
as HANARO, ETRR-2, and OPAL) at the reactor core outlet to pre-
ibution for M = 1.

stribution for M = 1.



Fig. 4d. Variation of mixing index for M = 1.

Table 4
Experimental condition for the cross flow experiment considered for simulation
(Naik-Nimbalkar et al., 2010).

Parameters Diameter
(m)

Velocity (m/
s)

Temperature
(�C)

Reynolds
number

Main pipe 0.05 1.0 30 Red � 8 � 104

Branch
pipe

0.025 0.5 45 Red� � 2 � 104
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vent mixing of radioactive coolant from the core with the bulk pool
water, analysis of three dimensional studies have not been re-
ported in literature to correlate parameters affecting the stagna-
tion depth. A computational study considering steady,
incompressible, irrotational flow for two-dimensional geometry
has been reported by El-Morshdy (2007) for ETRR-2 reactor. Since
the mixing flow of upward hot fluid and downward cold fluid just
before the side nozzles of the chimney has similarity with respect
to the impingement of opposing jets in a mixer, numerical results
of Wang and Mujumdar (2005) have been taken for verification.

The three-dimensional numerical simulation of in-line static
opposing jet mixer was reported by Wang and Mujumdar (2005)
where pure water and sodium chloride solution were introduced
at the nozzle inlets. After impingement in the mixer, the combined
fluid leaves symmetrically via two symmetric exit channel outlets.
Due to geometric and physical symmetry, only flow field within
the half domain was solved numerically as shown in Fig. 4a. The
boundary conditions were (i) uniform velocity, species concentra-
tion, turbulent kinetic energy and its dissipation rate at the nozzle
inlets, (ii) symmetric boundary condition imposed along the sym-
metry plane, (iii) fully developed flow velocity considered at the
outlet plane, and (iv) no-slip and insulated wall boundary condi-
tions specified in the confinement walls.

For comparison purposes, three dimensional CFD simulation is
carried out considering Re = 30,000 (based on the flow velocity
and the hydraulic diameter of the outlet square cross section with
h/H = 1) and H/W = 1 using PHOENICS code. The ratio of inlet mass
Z
COLD WATER

HOT

Fig. 5a. T-junction test section for cross flow e
flow rates of two jets considered in the simulation is 1. Concentra-
tion (C1) at inlet-1 is assumed to be 0.0 and that of inlet-2 is 0.05.
The low Reynolds number k–e turbulence models were used in this
study. The velocity magnitude distribution results at centre plane
(i.e. z = 0) are shown in Fig. 4b. The concentration distribution in
the central plane (z = 0) is shown in Fig. 4c. In addition to this con-
centration distribution at four downstream locations (x = 20 mm,
50 mm, 100 mm and 150 mm) are also shown in this figure. These
velocity distribution and concentration distribution show similar
results as reported by Wang and Mujumdar (2005). Finally, mixing
index (MI) as defined by Wang et al. is predicted using the follow-
ing relations:

MIð%Þ ¼ Sc

Cb
� 100 ð8Þ

Sc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
ðCi � CbÞ2

h i.
ðn� 1Þ

r
ð9Þ

Cb ¼
R

Cu dAR
u dA

ð10Þ

The mixing index variation along the channel length (x-direc-
tion) is compared with the results reported by Wang et al. as
shown in Fig. 4d. The results show good agreement between the
results reported and results obtained by PHOENICS code.

A comparison is also made with the experimental data (with
similar Reynolds number range based on pipe diameter) of Naik-
Nimbalkar et al. (2010) using standard high Reynolds number stan-
dard k–e turbulence model to understand the utility of PHEONICS
code for mixing phenomena in T-junction. Table 4 shows the
experimental condition for which the numerical simulation is car-
ried out using PHOENICS code. The experiment of Naik-Nimbalkar
et al. involved mixing of cold water and hot water in a T-junction
test section as shown in Fig. 5a. T-junction was constructed of ac-
rylic pipes. Cold water entered from horizontal main pipe and hot
water entered from the branch pipe. Velocities and temperatures
at the main and branch pipes were confirmed to be at steady-state
X
Y

 WATER

1 2

xperiment (Naik-Nimbalkar et al., 2010).
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before each experiment was performed. Velocity and temperature
measurements were carried out at two locations ((1) at 0.5D
downstream and (2) at 1.25D downstream from x = 0) using hot-
wire anemometer. A constant temperature module (CTA) was used
for the measurement of local velocity in the system.

In the PHOENICS simulation the standard k–e turbulence model
is used. No slip and adiabatic boundary conditions are used for the
wall. Boundary condition at inlet for this model is considered to be
uniform velocity at 12D upstream condition. The outlet boundary
condition is specified as constant pressure boundary condition.
The variation in density of working fluid due to temperature
change was considered using Boussinesq approximation. A com-
parison of the PHOENICS prediction with the experimental data
is presented in Figs. 5b–5e. x-velocity is normalised with respect
to the velocity of main pipe. The mean temperature of coolant is
normalised using the following relation as defined by Naik-Nim-
balkar et al. (2010), where Th is hot water temperature and Tc is
the cold water temperature.

Normalised temperature ¼ T � Tc

Th � Tc
ð11Þ

The normalised x-velocity variation across y-direction in the
central plan is compared at 0.5D downstream in Fig. 5b. The results
for normalised x-velocity variation at 1.25D downstream are
shown in Fig. 5d. Similarly normalised temperature variation
across y-direction in the central plan is compared at 0.5D down-
stream in Fig. 5c and at 1.25D downstream in Fig. 5e. It is observed
that the velocity as well as temperature distribution predicted by
numerical simulation are in good agreement with the experiment.
7. Results and discussion

The results of the computational data matrix for the chimney
scaled down model with the maximum flow (25 kg/s) and mini-
mum flow (8.33 kg/s) considered for the experiment are discussed
in details here. Velocity and temperature distribution for core flow
of 25 kg/s is shown in Figs. 6–9. The velocity contour plots of the
entire domain and the velocity vector plots in the central chimney
region are shown in Fig. 6 for the two bounding cases i.e., bypass
flow of 0% and 15%. When no bypass flow is provided (i.e., core by-
pass – 0%), net flow through the chimney top region is zero. The
velocity contour plots of x–y plane and y–z plane for this case are
shown in Fig. 6a(i) and a(ii) respectively. It is observed that from
the bottom of the chimney, core flow enters at a velocity of about



Fig. 6. Velocity distribution in model – core flow 25 kg/s, bypass (a) 0% and (b) 15%. (i) Contour plot in x–y plane, (ii) contour plot in y-z plane, (iii) vector plot in x–y plane,
and (iv) vector plot in y–z plane.
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3.2 m/s in the upward direction. This flow gets diverted through
the two side rectangular opening of outlet nozzles. The velocity
contours in the junction region of Fig. 6a(i) shows how main flow
velocity (from the bottom entry of the chimney) gradually dimin-
ishes in the forward direction and gets distributed in the three
adjacent openings. Velocity distribution in y–z plane shows the up-
ward water jet in Fig. 6a(ii). Two vortices are seen by the two sides
of the jet.

Since the side outlet nozzles are connected to the outlet (to-
wards the pump suction) and top portion of the chimney is open
to the pool, a downward velocity is observed in the chimney due
to suction effect caused by pumping out of water through two out-
let nozzles. Fig. 6a(iv) shows the velocity vectors for the top half of
the chimney height (300 mm), which indicates the downward
velocity profile. The bottom region of this vector plot shows the
upward jet velocity effect of the core flow. Fig. 6a(iii) shows the
vector plot in the x–y plane. Here it is observed that in the central
region, flow velocity is downward. Since the net flow through the
top portion of chimney is zero, flow balancing takes place through
the peripheral region. This means a part of the core flow moves up-
ward through this peripheral region and reaches to pool top. This is
not acceptable because core outlet flow (which is radioactive)
reaching the pool top leads to increase in pool top activity level.
Therefore, these results clearly indicate that core bypass flow is
necessary to avoid core outlet flow reaching the pool top.

When bypass flow is provided, there is a net downward flow
through the chimney and therefore, core outlet water will not
reach the pool top. Providing bypass flow eliminates the upward
flow tendency in the peripheral region and complete downward
velocity field in the top chimney region is observed for various
cases of flow bypass (5%, 10% and 15%). As a bounding case, results
of 15% are discussed below.



Fig. 7. Centre line velocity variation along the height of chimney model (core flow
25 kg/s).

Fig. 9. Centre line water temperature variation along the height of chimney model
(core flow 25 kg/s).
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For 15% core bypass flow, the velocity distribution in x–y plane
and y–z plane is shown in Fig. 6b(i) and b(ii) respectively. From the
bottom plane of the pool, 7½% of the core flow is sent through each
bypass path as shown in Fig. 6b(i). The bypass flow enters at a
velocity of about 0.95 m/s into the pool through each path. This
water finally enters through the top end of the chimney and moves
with a velocity of about 0.5 m/s. Fig. 6b(ii) shows that the velocity
distribution in the y–z plane. The upward flow jet in the central re-
gion is observed along with recirculation regions in this figure. The
extent of upward jet of core flow is observed to be less with respect
to Fig. 6a(ii). This is because the downward flow velocity (0.5 m/s)
suppresses the upward jet velocity (3.2 m/s) from the core outlet.
The extent of two vortices by the sides of the upward jet in the ver-
tical direction is also smaller than that observed in Fig. 6a(ii).

Fig. 6b(iii) and b(iv) shows the velocity vector plots in the x–y
plane and y–z plane respectively, which indicate the downward
velocity profile through the top half of the chimney. The velocity
vector plots in y–z plane shows that the height of the upward jet
canopy decreases with provision of bypass flow.
Fig. 8. Temperature contours – core flow 25 kg/s, bypass (a) 5%, (b) 10% and
To understand the extent of suppression of the upward jet for
various bypass flow cases (0%, 5%, 10% and 15%), upward velocity
variation are plotted along the height of the chimney in the central
plane of the chimney as shown in Fig. 7. It is observed that the up-
ward flow velocity in the central axis of the chimney reduces from
3.2 m/s to zero and finally becomes negative (i.e., flow is down-
ward) towards the upper part of the chimney. The location of zero
velocity indicates the location where upward water jet motion
stops. As core bypass flow increases, this location (of zero velocity)
shifts away from the top end of the chimney. The distance from the
top end of the chimney to this location is called stagnation depth.
In case of 0% core bypass flow, the central upward jet velocity is
found to be zero at about 283 mm from the top end of the chimney
(i.e., stagnation depth is 283 mm). Form the figure, it is clear that
the stagnation depth increases with increase in bypass flow. When
bypass flow changes, the stagnation depth varies because the ratio
of the mass flow rate of the two opposing jets (hot upward core
flow and cold downward bypass flow) changes. Core flow remain-
ing constant, increase in bypass flow reduces the mass flow ratio
(c) 15%. (i) Contour plot in x–y plane and (ii) contour plot in y–z plane.



Fig. 10. Velocity distribution in model – core flow 8.33 kg/s, bypass (a) 0% and (b) 15%. (i) Contour plot in x–y plane, (ii) contour plot in y–z plane, (iii) vector plot in x–y plane,
and (iv) vector plot in y–z plane.
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MR. Here MR is defined as the ratio of mass flow rate through the
core (i.e., core flow) to the mass flow rate passing through the
top of the chimney (i.e., bypass flow). Since the mass flow rates
are not equal, inlet momentum of both the jets are different. The
opposing jets impinge head-on a plane towards the weaker jet be-
fore being sucked out through the side outlet nozzles. With in-
crease in bypass flow (downward) from the top of the chimney,
inlet downward momentum increases with respect to the upward
momentum of the core flow. Thereby, the plane at which head-on
impingement takes place, shifts downward and the distance from
the top edge of the chimney to the plane of impingement (which
is expressed as stagnation depth) increases. With 15% bypass flow,
the stagnation depth is observed to be 335 mm, which means that
suppression of upward jet takes place by a distance of 52 mm (i.e.,
335–283 mm) due to this additional flow of 15% core bypass.
The temperature distribution due to mixing of hot fluid and cold
fluid inside the chimney model considering core flow of 25 kg/s is
also analysed. The upward flowing hot water jet is at 49 �C and by-
pass flow water temperature is 40 �C. It is observed that pool water
temperature stabilises at 49 �C (i.e. core outlet temperature) if no
core bypass flow is sent into the pool. Water temperature estab-
lishes at the core outlet temperature because hot water form the
core outlet reaches the chimney top opening through the periphe-
ral region as described earlier. When bypass flow is provided, pool
water is sucked inside the chimney. However, due to upward flow-
ing hot fluid from the bottom of the chimney, pool water front
(40 �C) reaches only up to a certain depth with respect to the top
end of the chimney. Fig. 8a(i), b(i) and c(i) shows the temperature
contour plots in x–y plane for 5%, 10% and 15% core bypass flow
cases respectively. Temperature at the outlet nozzles gradually de-



Fig. 11. Centre line velocity variation along the height of chimney model (core flow
8.33 kg/s).

Fig. 13. Centre line water temperature variation along the height of chimney model
(core flow 8.33 kg/s).
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creases with increase in bypass flow. A temperature gradient exists
from inner face of the vertical outlet channel (i.e. nearer to the ver-
tical central axis of chimney) to the outer face of the channel. It is
found that inner face temperature is lower than that of the outer
face. This is because the pool water, which is at a lower tempera-
ture, gets a preferential path to be sucked in adjacent to the inner
face of the outlet channel.

Fig. 8a(ii), b(ii), and c(ii) shows the temperature contour plots in
y–z plane for 5%, 10% and 15% core bypass flow cases respectively.
Here, the core outlet temperature (49 �C) is thought to be a tracer
of radioactive water and pool temperature (40 �C) is non-radioac-
tive water. When bypass flow is sent into the pool, this pool water
temperature front reaches inside the chimney. Therefore, non-
radioactive region of the chimney is equivalent to the depth up
to which pool temperature front reaches inside the chimney. A
new parameter – pool water temperature front depth is defined
as the distance from the top edge of the central chimney to the
location up to which chimney centre line temperature is equal to
40 �C.

Pool water temperature front depth variation for various bypass
flow is evaluated from Fig. 9. Here the water temperature in the
Fig. 12. Temperature contours – core flow 8.33 kg/s, bypass (a) 5%, (b) 10% an
central axis of chimney is plotted along the height of the chimney.
For 0% core bypass, water temperature is 49 �C throughout the
chimney, This signifies that radioactivity will spread throughout
the pool in case no bypass flow is provided into the pool (as ex-
plained earlier that pool water temperature establishes to 49 �C).
For 5% core bypass, water temperature is 40 �C up to a distance
of 286 mm from the top end of the chimney (i.e., pool water tem-
perature front depth is 286 mm). With increase in bypass flow to
10% and 15%, this temperature front depth increases to 305 mm
and 319 mm respectively.

The results of the case with minimum core flow (i.e., 8.33 kg/s)
for the scaled down model are shown in Figs. 10–13. This is the
case, which is able to satisfy the Richardson number expected for
the prototype as indicated in Table 2b, so that relative effect of
buoyancy force with respect to the inertia force is established
through the simulation. Though magnitude of flow velocity is
about 1/3rd of the previous case, similar results is observed as de-
scribed earlier considering similar core bypass percentage. The
velocity contour plots for 0% core bypass in x–y plane and y–z plane
are shown in Fig. 10a(i) and (ii) respectively. Similar diversion of
flow and mixing is observed in x–y plane. Core outlet flow moves
d (c) 15%. (i) Contour plot in x–y plane and (ii) contour plot in y–z plane.



Fig. 14. Velocity distribution in prototype – core flow 750 kg/s, bypass (a) 0% and (b) 15%. (i) Contour plot in x–y plane, (ii) contour plot in y–z plane, (iii) vector plot in x–y
plane, and (iv) vector plot in y–z plane.
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upward with a velocity of about 1.05 m/s through the bottom end
of the chimney. During diversion, similar water jet behaviour along
with recirculation zone is observed in the y–z plane. Fig. 10a(iii)
and a(iv) shows the velocity vector plots in x–y plane and y–z plane
respectively. It is observed in Fig. 10a(iii) that the flow direction is
downward in the central region of the chimney and upward flow
takes place through the peripheral region as observed in
Fig. 6a(iii). Complete downward flow is observed in Fig. 10a(iv)
and at the bottom portion, the canopy height of the jet and recircu-
lation region is observed to be lower than that of Fig. 6a(iv).

Fig. 10b(i) and b(ii) shows the velocity distribution in x–y plane
and y–z plane respectively for 15% core bypass flow case. The
velocity vector plots in x–y plane and y–z plane are shown in
Fig. 10b(iii) and b(iv) respectively. These results are similar to that
observed in Fig. 6b(i)–b(iv).

Variation of upward velocity (i.e., y-component) at the central
axis of the chimney along the height is plotted for various bypass
flow cases (0%, 5%, 10% and 15%) as shown in Fig. 11. These results
show how stagnation depth varies for bypass flow cases. Stagna-
tion depth for 0% bypass is observed to be 286 mm as against stag-
nation depth of 283 mm for 25 kg/s flow case in Fig. 7. The increase
in stagnation depth from 283 mm to 286 mm is due to the lower
velocity of the upward jet for this case with that of the previous
case. Stagnation depth for 15% bypass case is observed to be about
332 mm as against 335 mm for the case with 25 kg/s core flow. The
decrease in stagnation depth is due to lower (1/3rd) downward



Fig. 16. Variation of temperature front depth (non-dimensional) with Reynolds
number (Re).
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velocity of the bypass flow. However it is observed that this varia-
tion in stagnation depth due to change in core flow from 25 kg/s to
8.33 kg/s has marginal effect. Whereas, for a specific core flow, var-
iation of percentage bypass flow has a larger effect on the stagna-
tion depth.

The results of temperature variation for the minimum core flow
of 8.33 kg/s are shown in Fig. 12 (for 5%, 10% and 15% bypass flow
cases). The temperature distribution is observed to be similar to
that of core flow of 25 kg/s. The results show that with increase
in bypass flow, the temperature front of the pool water (i.e.,
40 �C) reaches deeper inside the chimney. The depth at which pool
water front reaches are clearly seen in Fig. 13. As described earlier,
for 0% bypass flow, the pool water temperature stabilises at 49 �C.
When bypass flow is provided pool water temperature is main-
tained at 40 �C. For 5% bypass flow, pool water temperature front
(i.e. 40 �C) is observed up to a depth of 285 mm from the top. For
10% and 15% bypass flow, this depth is about 300 mm and
312 mm respectively.

Numerical simulation results for the full scale prototype with
750 kg/s core flow is shown in Fig. 14. The flow velocity in the up-
ward direction is about 2.6 m/s at the bottom entry location of the
chimney. For 0% bypass flow case, the velocity contours in x–y
plane and y–z plane are shown Fig. 14a(i) and a(ii) respectively.
Similar jet behaviour in the y–z plane along with recirculation zone
is observed in the prototype also. The velocity vectors in x–y plane
and y–z plane are shown in Fig. 14a(iii) and a(iv) respectively. In
prototype also, the velocity direction in the peripheral region is
also observed to be upward in the x–y plane. For 15% core bypass
flow, the velocity vectors in the x–y plane and y–z plane are shown
in Fig. 14b(i) and b(ii). It is observed that the extent of jet size in
the vertical direction is reduced. Velocity vector plots are shown
in Fig. 14b(iii) and b(iv). The velocity distribution pattern inside
the chimney for the prototype is found to be similar to that of
the model. When comparison is made to see the effect of core by-
pass flow on stagnation depth for the prototype (Sengupta et al.,
2011a,b), similar behaviour as indicated on the model are ob-
served. For 5%, 10% and 15% bypass flow, the temperature front
of pool water is found at depth of 1.68 m, 1.78 m and 1.84 m
respectively from the top end of the chimney.
Fig. 15. Variation of non-dimensional stagnation depth with Reynolds umber (Re).
To compare the results of prototype and model, non-dimen-
sional stagnation depth variation is plotted with Reynolds number
(Re) in Fig. 15. It is observed that almost a linear relationship exists
between the prototype and the model. The results show that the
velocity ratio between the core flow and core bypass is the major
governing criteria to decide the stagnation depth. The results show
that the non-dimensional stagnation depth increases with increase
in Reynolds number for a specified percentage bypass flow (i.e., 5%,
10% or 15%). However, with no bypass flow (i.e., 0% bypass), non-
dimensional stagnation depth decreases with increase in Reynolds
Fig. 17. Variation of non-dimensional stagnation depth with Reynolds number (Re)
with DT = 0 �C.
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number. This is because in absence of bypass flow, as core flow
velocity increases (i.e., increase in Reynolds number), the upward
jet reaches to a larger height (i.e., towards the top end of the chim-
ney). Thereby, stagnation depth decreases. On the contrary, when
bypass flow is provided from the top, the impingement momen-
tum between the two opposing jets increases with increase in Rey-
nolds number. This reduces the height of the jet and recirculation
zone causing stagnation depth to increase.

The pool water temperature front depth is normalised with
chimney height (L) to define the parameter called non-dimensional
pool water temperature front depth. The variation of non-dimen-
sional temperature front depth with respect to the Reynolds num-
ber is shown in Fig. 16 for various cases of the scaled down model
and the prototype. The results show similar relationship of the pro-
totype and the model for 5%, 10% and 15% bypass flow cases. How-
ever, it is observed for the prototype that the pool water
temperature front reaches deeper than that of the model leading
to a lager non-dimensional temperature front depth.

To understand the effect of temperature difference on location
of stagnation point, computations were done considering hypo-
thetically core outlet water and pool water temperature as equal.
The results are shown in the form of non-dimensional stagnation
depth variation with the Reynolds number as shown in Fig. 17.
These results show that the effect of temperature difference be-
tween the core outlet and pool water on the stagnation depth is
marginal.

8. Conclusions

The turbulent mixing behaviour of upward flowing hot fluid and
downward flowing cold fluid inside the chimney of the 1/6th
scaled down model and that of the prototype for a pool type re-
search reactor is described. The effect of core bypass flow on stag-
nation depth is computed. Non-dimensional stagnation depth
variation with respect to the Reynolds number for the model and
the prototype shows similar relationship. It is observed that with
increase in bypass flow, rate of rise of non-dimensional stagnation
depth decreases. The effect of temperature difference on stagna-
tion depth is found to be marginal. The ratio of core bypass flow
and the core flow is the major parameter which decides the stag-
nation depth. It is observed that provision of core bypass is a neces-
sity to maintain downward flow in the chimney and thereby
achieving the objective of preventing the radioactivity reaching
to the pool top.
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