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Predictions by numerical simulation with estimations by Computerized Tomographic (CT) results for two
component two phase flow system are compared. Motivation is to improve/deduce a strategy for a
possible correlation between simulation and experimental results by employing appropriate mathe-
matical and physical modeling. Three-dimensional simulation is performed using ANSYS Fluent 14.0s.
Flow regimes considered in this work vary from churn-turbulent to bubbly flow. Changes in bubble
diameter with pressure are considered. Grid independent adaptively-regularized entropy maximization
CT algorithm is employed. It facilitates reconstruction with high grid resolution. A-priori information is
used for calibration of this CT algorithm with real life measurements. Beer–Lambert law is used to in-
terpret the measured gamma ray counts instead of preferred conventional method of chord average
projection data. Mixture model shows negligible mismatch between two approaches for low (less than
10%) nitrogen holdup and Euler–Euler model beyond this range. Correlation relation is obtained and used
for matching profile of 40 LPM with real time measurements.

& 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Permissible range of parameters for simulating the multi-phase
flow can be predicted by classical models. These parameters (such
as void-fraction measurement in nuclear power plant) are re-
quired for safe operational practices [1–6]. Numerical simulation is
faster and inexpensive approach but requires correlation to fit
modeling parameters onto real time practical situations. In-
corporation of boundary conditions based on multiple physical
phenomenon such as effect of viscosity, drag, slip between fluid
surfaces, etc., forces a model close to the reality. Differential
pressure measurement (DPT), particle image velocimetry (PIV) and
computerized tomography (CT) methods are preferred invasive
and non-invasive measurement techniques to study these micro
events [7–10]. Comparing the predications by numerical simula-
tion tools and these real time measurement techniques is just
another approach to improve/update existing correlation models
[6,9–12]. In general, simulation techniques and CT algorithms do
have their own regulating parameters and fine tuning is needed
for stable convergence. One of the assumption (both of these
techniques are grid independent) allows using different grids
ami).
during the separate analysis. Computerized tomography (CT) al-
gorithm and numerical simulation however, require an appro-
priate meshing and robust solution technique [13–15].

Motivation of this work is to investigate one such study using
(a) reliable, accurate and grid independent computerized tomo-
graphy (CT) algorithm [6,16–18], (b) advanced numerical solver
Fluent 14.0 [19] with different models in 3D and (c) appropriate
common mesh. In reality, the last aspect becomes crucial for
comparison point of view and to the best of our knowledge has
never been reported before using sparse data. These aspects en-
sure appropriate and necessary fine tunings between numerical
simulation and CT algorithm [19]. Once appropriate modeling is
ensured next objective would be to explore a strategy to obtain
correlation between Numerical simulation tools and real time
measurement techniques for a particular case. Such approach
would enhance the reliability in estimation of parameters (instead
of interpolating the final results of boundary values by numerical
approach only) for flow rates (in-between) that are not measured
due to various practical reasons. Such as lack of measurement
time, less sophisticated compact CT scanner, etc.

Experiments were performed to estimate the nitrogen phase
fraction in the riser leg of the liquid metal magneto-hydro dy-
namic (LMMHD) loop shown in Fig. 1 [6] at BARC, India (currently
dismantled). Measurements were completed pertaining to gam-
ma-ray tomography using 7 Na-I (Th) scintillating detectors.
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Fig. 1. Nitrogen Phase fraction measurements in LMMHD loop.
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Practical situation (space constraint) did not allow rotating the
scanner assembly for more than 9 views (20° each). Pipe diameter
was 78 mm. Conventional CT modeling follows one ray/detector
emission per pixel just to avoid any inconsistency in system of
equation. Permissible pixel width for capturing the finest variation
of 1.1178

7
= cm was allowed by this criterion with a mesh having

7 7× pixels [18]. This resolution has resulted diffused depiction of
profile and an over-determined system of equation (7 detectors�
9 views 47�7 variables). Moreover, chord averaged values were
used instead of logarithmic count ratios. Mixture model was used
to simulate the riser leg of the experimental setup by commer-
cially available CFD code Fluent 6.1s. It has been observed that
simulation results deviated substantially from the experimental
results for higher flow rates of nitrogen. Experimental setup is il-
lustrated in Fig. 1. We refer to earlier published works [6,20] for
more details.

Following are the novelties in this work as far as numerical
modeling is concern: (a) Multiphase unsteady Eulerian model is
tested in place of earlier used mixture model for nitrogen–mercury
loop, (b) considered flow regimes vary from churn-turbulent to
bubbly flow [6,21] and (c) The standard k–ɛ turbulence model
(separate for each phase) is used with enhanced wall treatment
[22].

Following are the new points for CT implementation: (a) grid
independent CT algorithm is employed, (b) entropy optimized user
independent self-regularizer is tested for this sparse CT data,
(c) count ratios (beer lambert formulation) are used instead of
their chord averaged values as used earlier [6] and (d) a-priori
information is used. Next sections present modeling, test the ac-
curacy of algorithm, estimate the calibration factor and finally
apply the correlation obtained by 20 and 60 LPM on 40 LPM flow
data.
2. Justification/details for new modeling structure

2.1. Numerical simulation

Flow pattern is governed by the inter-phase interaction, ex-
ternal boundary conditions and material properties. It also de-
pends upon the flow regimes, i.e. bubbly, churn, slug and annular.
Euler–Euler and Euler–Lagrange are preferred models for studying
the multiphase flow structure in bubble columns. Euler–Lagrange
model is suitable for low discrete phase volume fraction cases and
Euler–Euler model is suitable for high discrete phase volume
fraction cases [23]. Euler–Euler model has been used in the pre-
sent work due to expected high discrete phase volume fraction. A
single pressure is shared by all the phases in this model. Mo-
mentum and continuity equations are solved for each phase.

Forced convection is the dominant phenomena as nitrogen is
expected to carry the flow of mercury upwards against the gravity.
ANSYS Fluent14.0s has three options for k–ɛ turbulence model:
(a) mixture turbulence model, (b) dispersed turbulence model and
(c) turbulence model for each phase. k–ɛ mixture turbulence
model is applicable when the density ratio between the phases is
close to 1. It is not applicable in the present work because the
density ratio of mercury and nitrogen is far away from unity [22].
k–ɛ dispersed turbulence is an appropriate model when the con-
centrations of the secondary phases are dilute (less than 10%). This
model is also not applicable here because concentration of the
secondary phase is greater than or near about 10%. k–ɛ turbulence
for each phase is used because it is an appropriate model when the
turbulence transfer among the phases plays a dominant role. k–ɛ
turbulence model for each phase accounts for the effect of the
turbulence field of one phase on the other. This is done by mod-
eling of turbulent drag term in momentum equations. Interaction
force Rpq( ⃗ ) between multi-phases (inherently embedded in mo-
mentum equation) is modeled by Eq. (1) and required inter phase
momentum transfer coefficient Kpq is given in Eq. (2). Relaxation
time pτ and drag force f are given in Eqs. (3) and (4) respectively.
Lift and virtual mass forces have been neglected in comparison to
the drag force. Drag Coefficient CD is borrowed from Schiller
Naumann model (Eq. (5)) is used for this purpose. pτ is the particle
relaxation time, and represents a typical time scale of the particle's
reaction to changes in the primary phase velocity. Standard no-
menclature is followed from literature [12,19,22].
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Where v and,q q qρ α⃗ are the axial velocity, mass density and volume
fraction respectively for qth phase. dp is the bubble diameter of
secondary phase p. Aq and μq are the interfacial area and shear
viscosity respectively of qth phase. Re is the relative Reynolds
number. Drift velocity (results from turbulent fluctuations in the
volume fraction) when multiplied by exchange coefficient, it
serves as a correction to the momentum exchange term for tur-
bulent flows [22]. To take into account the effect of pressure on the
bubble diameter following formula [24] is implemented through
User Defined Function (UDF) given in Eq. (6) in ANSYS Flu-
ent14.0s. Here, dref is the bubble diameter at the reference pres-
sure Pref .
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ANSYS Fluent14.0s employs finite volume method for dis-
cretization. The region above the mixer, up to the half of the length
(1.9 m) of the upcomer, was considered to be the computational
domain. The internal diameter of the upcomer was taken to be
78 mm. Three-dimensional geometry of the upcomer was created
using grid generation tool Gambit2.4. The domain is meshed with
unstructured grid (shown in Fig. 2), and the volume elements are
of hexahedral shape to minimize skewness [26], by cooper algo-
rithm. Euler–Euler two fluid model for two phase analysis using
state of the art k–ε turbulence model, especially in 3D is compu-
tationally expansive approach. Sensitivity analysis for grid
Fig. 2. Computational mesh.
resolution (for CT and Fluent) is performed and a common optimal
resolution is chosen adjusting the trade-off between accuracy and
speed [18]. Convergence of involved parameters is also considered
[22].

A wall type of boundary condition has been used for the pipe
wall. Mass flow inlet type of boundary condition has been used to
specify the flow rate at the inlet. Pressure outlet type of boundary
condition has been used to specify the flow at the outlet. Different
sets of grids were generated (number of computational cells
varying from 704 to 84,584). Grid independent study is completed.
It has been found that a grid with grid size of 0.007 m ( 33,201
volume elements) is suitable for the problem under study [19].
Single slice (XY domain) contains 138 nodes. The domain has been
initialized based on the values at the inlet. The time step has been
taken to be 0.001 s to satisfy the CFL (Courant–Friedrichs–Levy)
condition. Flow is averaged to a total time of 76 s. Pressure–velo-
city coupling has been done by the scheme coupled. Quadratic
Upwind Interpolation for Convective Kinetics (QUICK) is used to
spatially discretize the volume fraction. 2nd order upwind scheme
is used to spatially discretize the other physical quantities (mo-
mentum, k, ɛ). Transient formulation has also been done by 2nd
order upwind scheme and symmetric drag law [27] is used.

2.2. Computerized tomography

2.2.1. Calibration between CT code and CT setup
Projection data have been recorded previously, however, chord

average void fraction was considered as projection data. Details
about the geometry is given elsewhere [6]. Normalized area
average (AA) has been taken as the estimator of void fraction [6].
Normalized logarithmic intensity ratio or a count per second (the
beer–lambert law) is used as a projection data in this work [3].
Priori information is also included in the optimization formulation.
It is assumed that void fraction α varies linearly with cord length
along the radiation. Eqs. (7) and (8) are considered for point-wise
nitrogen phase fraction x y,Nα ( ) calculations. Distribution of linear
attenuation coefficient x y,μ ( ) would be the recovered parameter
from this CT data.

x y x y x y, , , 7N N M Mμ α μ α μ× ( ) + × ( ) = ( ) ( )

x y x y, , 1 8N Mα α× ( ) + ( ) = ( )

where x y,Mα ( ) is the estimated point-wise distribution of mer-
cury. Linear attenuation coefficient values of nitrogen

0.0042 mmN
1μ = − and mercury 0.028 mmM

1μ = − are taken at 1.17
Mev energy level since the 60cogamma source has been used [25].
Practically allowable range of x y, 0μ ( )> is calculated by solving
Eqs. (7) and (8). It is included as Eq. (9). This range is used as
a-priori information during the optimization procedure (Eq. (12))
as one the constraint.

x y, , 9N Mμ μ μ( )∈[ ] ( )

Self-regularized entropy maximization CT algorithm (Eqs. (10)–
(12)) is a modified version of a conventional iterative CT re-
construction algorithm. Definition of objective function ϕ (Eq.
(10)) and system of Equation is given (Eq. (11)) here, just to
highlight the incorporation of a-priori information (Eq. (12)) from
Eq. (9). Here, R and γ are the entropy optimized masking radius
and exponent of a positive definite averaging operator that con-
volves recovered function f into its spatial filtered solution within
each iteration. Weight matrix W can be calculated by interpolating
the line integral values/attenuated projections p along the hy-
pothetical linear path of radiation (gathered at detector end)
through cross-section of object under investigation. Practically this
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Fig. 3. Simulation of linear attenuation and nitrogen phase fraction.(a) μ profile Simulation (b) μ profile Reconstruction. (c) Nα profile Simulation. (d) Nα profile Re-
construction. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Table 1
Simulation.

Maximum
attenuation
coefficient

Minimum
attenuation
coefficient

Area
Average
AA

N Phase
Fraction

N∝

M Phase
Fraction

M∝
NMAX NMIN

Simulation 0.0282 0.0042 0.0263 0.0790 0.9210
Reconstructed 0.0299 0.0032 0.0262 0.0950 0.9050

Table 2
Estimated/Reconstructed parameters for Nitrogen–Mercury Flow.

Flow
rate
(LPM)

Nitrogen phase fraction

CT Eulerian
model

Deviation Mixture
model

Deviation Classical
Model

( N
ex1∝ ) ( N

m1∝ ) % ( N
m2∝ ) %

N
theory(∝ )

20 0.0976 0.0806 �21.09 0.1081 �9.713 0.099
40 0.1291 0.1381 6.517 0.180 28.27 0.151
60 0.1763 0.1887 6.571 0.290 39.21 0.198
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object is assumed to have attenuation coefficient distribution
K f. .μ = Here K is a proportionality constant and can be calculated

by calibrating the setup. Details/implementation of this framework
are discussed elsewhere [16].

Maximize:

R Rf f flog log log 10∑ ∑ ∑φ γ γ( ) = − ( ) + ( ) + ( ) ( )

Subject to:

W pf ; 0.0001, 11− ≤ ∈ ∈ ≤ ( )

f0 12N Ij Mμ μ< ≤ ≤ ( )

2.2.1.1. Loss during calculations. Simulation exercise using a cyber-
phantom (Fig. 3(a) and (c)) is done just to find the loss of energy
content during the recovery process from synthetic projection
data including permissible (10%) noise. It represents cross-section
of a pipe that has 4 off centered locations. Binary choice of func-
tion value represents two phase study. Grid used for numerical
simulation in section (XYZ) shown in Fig. (2) is used. Maximum
and minimum function values are taken equal to Mμ and Nμ . Red
represents mercury and blue represents nitrogen concentration in
Fig. 3(a). Its corresponding nitrogen phase fraction profile is shown
in Fig. 3(c). Same time, in phase fraction section, red represents
nitrogen phase and blue represents mercury. Synthetic projection
value (psynth) for this profile (fsynth) is calculated by Eq. (11) such
that psynth¼ W.fsynth. Weight Matrix W is designed for setup geo-
metry (Section 1: intro, para 3 and Fig. 1). The corresponding re-
construction (assuming frecon is unknown) is shown in Fig. 3
(b) and its corresponding nitrogen phase fraction profile is in-
cluded as Fig. 3(d).

It is observed that this formulation, imparts fewer artefacts for
this data range and error in reconstruction (3%) is under accep-
table level. Root mean square error is calculated using fsynth and
recovered f [16,28]. Slight off-centered artifacts are also visible.
Various other cases are tested and average loss is found 3.5%. This
factor is used to update each estimation obtained by this code.
Similar reconstruction characteristics has been reported earlier
with similar data range [18].

A comparison of reconstructed parameters (area average (AA),
maximum and minimum function values (NMAX and NMIN)) be-
tween the simulated and reconstructed images serves the con-
formity check of the developed reconstruction algorithm. Nitrogen
phase fraction in simulated cross-section is N

sim∝ =0.0798 and in its
reconstructed image it is N

rec∝ =0.0950. Details are given in Table 1.
This analysis validates that the incorporation of the forced con-
straints (priori information) in Eq. (12) is helping to recover the
function under the prescribed range with a certain over-predict-
ability, which is used here to correct the recovered extremums.
2.2.1.2. Loss during measurement. In previous section synthetic
data (with known amount of noise) is used to test the level of error
in reconstruction (RMSE) due to mathematical framework/re-
covery algorithm. It is found within acceptable limit (o10%).
Projection data for Air and Mercury have also been recorded se-
parately during the experiment. This CT data is now reconstructed
and utilized to calibrate/estimate (a) the real-time a-priori in-
formation instead of standard value and (b) the loss due to mea-
surement by custom setup assembly. This exercise would support
the algorithm for more realistic handling of nitrogen mercury
projection data during the reconstructions process. Theoritical
values of nitrogen and mercury phase fraction in case of pure
mercury must be 0 and 1 respectivly. Area Average (AA) also must
be equal to 0.0282. Upper limit fmax in Eq. (12) is used unity in this
case. Mercury Phase fraction M( ∝ ) is found equal to 90% and
maximum attenuation coefficient in the reconstruction is
0.0279 mm 1− . The loss (1/0.9) is utilized as a normalization factor
for further cases. We now apply the algorithm to the real data
pertaining to two phase flow. The two phase flow system setup
contained within liquid metal (mercury) and nitrogen gas. Three
different flow rates of nitrogen ( 0.00239 kg/sec, 0.00448 kg/sec
and 0.00694 kg/sec) are investigated. Corresponding mercury flow
rates are (20.5, 25.5 and 27.5) in .

2.2.2. Reconstruction from real data
Upper limit fmax Mμ= in Eq. (12) is modified to 0.0279 mm 1−

(Table 2, column: first) for other real data (Nitrogen–Mercury
Flow) reconstruction in Eq. (12). Pure nitrogen counts were not
available hence is assumed [25]. Reconstruction of real data
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Fig. 4. Nitrogen phase fraction profile: Similar pattern is visible around annulus regions, CT images have sharp contrast. Common scaling suppress contrast. CT shows
discreet packets of nitrogen.
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(multiphase) is shown in Fig. 4. Nitrogen phase fraction seems to
be increasing from center towards periphery (for 60 LPM) some-
where in the annulus region of the column. These images have
good resolution and show accumulation of nitrogen (probably
near to the entrance) with growing annulus region from center
towards periphery as the flow rate increases. Details of the esti-
mation and predications are given in Table 2 now. Predicted void
fraction (0.0806) of nitrogen for the flow rate of 20 LPM is less
(�21.09%) than its corresponding experimental value (0.0976) by
Euler–Euler model but similar (�9.713%) to mixture model
(0.100). Euler–Lagrange (computationally expansive) model is
more suitable than the Euler–Euler model for the case of sec-
ondary phase void fraction less 10% [11]. Euler–Euler model is used
for all the cases in present work due to tradeoff between speed vs.
accuracy. Authors believe that Euler–Lagrange model will give
better results than Euler–Euler model for this case (20 LPM). Pre-
dicted area average of nitrogen by Euler–Euler approach for
40 LPM and 60 LPM is very close to its experimental value. Fourth
column contains calculated fraction values from a classical model
[11,29].

Utility of this study can be justified having a capability to produce
a look table or a correlation function that would transform the pre-
dictions (fraction value as well as profile) from numerical simulation
into more realistic CT estimations for that particular case. Radial
profiles (best fit, residual δ<5%) for three flow rates by (a) CT re-
construction and (b) Fluent 14.0 are included in Fig. 5. Bar plots of
residual are also plotted (radially) to depict the error in 10th de-
gree fit. These figures are included here so that comparison with
classical approaches (available in literature) can be made. This
pathway also facilitates a correlation study. It reveals that radial
flow distributions are hyperbolic/concave in nature. 10th degree
fitted equations (representation of distribution by using a math-
ematical function) for 20 and 60 LPM, are obtained. Coefficient of
fitted functions by CT (yCT ) and Fluent (yF) for limiting regime, 20
and 60 LPM data, shown in Fig. (5)) are used to generate a flow
rate dependent correlation/fit. This correlation function is used to
update (re-fitted and normalized) the 40 LPM estimation done by
Fluent 14.0. Finally, real time reconstruction by CT and correlated
profile are plotted in last plot of the Fig. 5.

It is shown that correlated profile is in congruence with mea-
sured profile except at the central location where nodes are sparse.
Summation of correlated profile is found 0.146 with 11.57% of
deviation. We believe that this can further be lower down if a non-
fixed adaptive grid is used which will reduce the difference near to
the boundary and central region. Nitrogen phase fraction seems to
be increasing towards center periphery (for 60 LPM) with distinct
inflation and somewhere in the annulus region of the column it is
almost growing with constant factor. For CT this annulus region is
comparatively much near to periphery than it is in fluent profile,
indicating nitrogen segregation near to the metal pipe. We note
that scale for radial plots (for Fluent) are not same, this depiction is
used to avoid scaling induced flattening. Nitrogen phase fraction
by Fluent increased near to periphery after 10% of drop for 60 LPM.
Radial profile by Fluent for 20 and 40 and by CT radial profile for
20 and 60 LPM is almost same with an addition of a constant
factor.
3. Conclusion

It is clear that the latest simulated (Eulerian model) results are
very close to the corresponding experimental results. The per-
centage mismatch of the results is less than 10% for all cases. These
results are in congruence with previous findings that is mixture
model or Euler–Langrangian model is preferred for low flow rate
(less than 10 LPM) and Euler–Euler is preferred for higher flow
rate. Hybrid (finer at boundaries and coarse otherwise) non-uni-
form grid is tested but found unstable with current set of tuning
parameters. Sharp Changes/packets are detected by CT in contrast
of smoothened profile by Fluent [30]. We believe that slight mis-
match between profiles (near to periphery) can be alleviated via
adaptive grid path only but sensitivity analysis for various adaptive
laws (for example finer near to periphery and coarse at center) is
needed. Such CT algorithms are still under development. Linearly
scattered Phase fraction values can also be used for obtaining the
correlation, if sufficient number of flow rates with are measured.
Following are the major findings of this work:

1. There is a distinct relationship between computerized tomo-
graphy (measurement technique) and numerical simulation
(simulation) techniques. Correlation can be obtained within
acceptable limits of accuracy for real time applications provided,
if accurate modeling is considered.

2. Proper comparison can be performed provided that similar grid



Fig. 5. Radial profile for nitrogen phase fraction: avoiding the periphery, profile is hyperbolic. X axis contains radially average nitrogen phase fraction.
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parameters are used for simulation as well as for computerized
tomography analysis. Same grid between numerical simulation
tool and CT algorithm, prior information (normalization or ca-
libration factors and appropriate flow models) and user in-
dependent or data dependent smoothening are few important
factors. Adaptive grids are recommended for further improve-
ment near to boundaries.

3. Simulated profiles can be transformed into approximate real life
measurements, once a correlation relationship is obtain using
study presented in this article.

Measurement results from computerized tomography provide
profile distribution as well as the parameters values (void fraction
here). However, in practical situations its employments are not
possible every time. Correlated numerical simulation tools (for
example FLUENT with appropriate models according to flow re-
gime) may be an alternative for these situations. This exercise
depicts the proper modeling approach for obtaining the correla-
tion factors.
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