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Preface

The research included in this volume focuses on using synergies between 
experimental and computational techniques to gain a better understanding of all 
classes of multiphase and complex flow. The included papers illustrate the close 
interaction between numerical modellers and researchers working to gradually 
resolve the many outstanding issues in our understanding of multiphase flow.

Recently multiphase fluid dynamics have generated a great deal of attention, 
leading to many notable advances in experimental, analytical and numerical 
studies. Progress in numerical methods has permitted the solution of many practical 
problems, helping to improve our understanding of the physics involved.

Multiphase flows are found in all areas of technology and the range of related 
problems of interest is vast, including astrophysics, biology, geophysics, 
atmospheric process, and many areas of engineering.
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X-Ray tomography reconstruction of 
multiphase flows and the verification of cfd

SANDY BLACK & Marc Laing
TUV SUD NEL, East Kilbride, Scotland.

Abstract
Experimental studies using an X-ray tomography system were performed on a 4-inch horizontal section 
of the multiphase flow loop at NEL for gas–water and gas–oil–water flows. Values of liquid holdup 
and water liquid ratio are reported alongside analysis of the phase linear fraction through the cross-
section of the pipe. The X-ray system revealed areas of gas entrainment and separation of oil and water 
which are not evident from high-speed video footage. The flow pattern of the tests was stratified-wavy, 
and computational fluid dynamics (CFD) analysis was performed using the volume of fluid (VOF) 
method. The prediction of liquid holdup and gas distribution through the pipe height as determined by 
CFD, correlated well with that determined by X-ray tomography. However, the results suggest that a 
transient VOF with a high-order mesh resolution is required to account for gas entrainment. This study 
shows that an X-ray system can be utilised to provide quantifiable validation data which are of value to 
multiphase models in CFD and provide insight that is not apparent during high-speed video analysis. 
The data generated from this system will be of considerable value to multiphase flow specialists and 
instrumentation developers.
Keywords: CFD, Multiphase, Void fraction, Tomography, X-Ray.

1  Introduction
Experimental measurements of multiphase flows have been extensively studied in the litera-
ture for horizontal pipes [1] and vertical pipes [2]. From this information, flow pattern or flow 
regime maps have been generated through empirical relationships or mechanistic models 
[3,4] which are widely used today. For example, Mandhane et al. [4] identified six flow 
regimes in horizontal flow based on the superficial gas and liquid velocities, namely strati-
fied, wavy, annular, bubble, slug and dispersed flow. The characteristics of these flow regimes 
may be simple, such as stratified flow where liquid flows at the bottom of the pipe and gas 
flows at the top or unsteady which can transition between regimes. An example would be slug 
flow where large gas bubbles are separated by pockets of liquid that fill the pipe, known as 
slugs. To determine these flow regimes, a typical approach is to use videos or photographs 
from laboratory test data. This approach can be highly subjective and more recently, sophis-
ticated instrumentation such as high-speed video, gamma densitometry, electrical resistance 
probes and fast response X-ray tomography have been used to produce quantitative data. 
Subsequently, these data can be used to develop, verify, and validate models such as those 
used in computational fluid dynamics (CFD) with better accuracy [5].

The focus of this paper is to utilise an X-ray tomography system for the primary purpose 
of better understanding multiphase flows and verifying CFD simulations. The device recon-
structs a 2D cross-sectional digital image of the flow field through computerised tomography 
(CT) and shows the distribution of gas, oil and water within the pipe. Moreover, the system 
delivers ‘real-time’ qualitative and quantitative data such as void fraction and water liquid 
ratio (WLR). Experimental measurements using the X-ray tomography system of gas–water 
and gas–water–oil flows were conducted in NEL’s multiphase flow loop in a 4-inch horizon-
tal section of pipework followed by multiphase CFD simulations. This approach is a 
significant improvement on the subjective nature of using a high-speed camera and an 
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engineer to determine the flow regime and evaluate the limitations of the models. Utilising 
this technology allows verification of CFD models to a higher degree of confidence than with 
previous approaches.

A description of the X-ray system is given in Section 2 followed by the description of the 
test facility and selected experimental results in Sections 3 and 4, respectively. A comparison 
of CFD predictions against the X-ray measurements is given in Section 5 followed by con-
clusion in Section 6.

2  X-Ray tomography system
Within a multiphase flow, the gas, oil and water will typically attenuate an X-ray beam at 
different rates due to the different attenuation coefficients of the media. This measurement 
provides a means to indicate the flow pattern and structure of a multiphase flow through pipe-
work provided the attenuation of the gas, oil and water is sufficiently different [6]. The use of 
X-ray imaging can generally deliver measurements at higher sampling rates and spatial dis-
tribution compared to other non-invasive methods such as electrical capacitance tomography 
and gamma densitometry [6]. If more than one X-ray measurement is taken from different 
angles, the images can be numerically reconstructed to provide a computed tomography (CT) 
image. For the purposes of multiphase flow within a pipe, this would represent a 2-D cross 
section of the flow.

The REX-CELL™ 2X-RCN system designed by FlowCapture® is a commercially availa-
ble non-invasive measurement device that uses X-ray CT techniques to characterise 
gas–oil–water in multiphase flows and is to some extent analogous to that proposed by 
Hu et al. [6]. The system can be installed in non-metal circular pipes up to 6 inches in diam-
eter and 16 mm in thickness at inclinations between −90° and +90°. As shown in Fig. 1(a), 
the X-ray system consists of two independent sources and X-ray cameras which are oriented 
vertically and horizontally to the pipe. System operation, data acquisition and real-time data 
processing of the void fraction, liquid holdup and CT image is processed through a PC with 
the software, FlowDiary™. A collimator is used near the two X-ray sources to narrow the 
original cone-shaped beam to a rectangular beam. The X-ray cameras are positioned 140 mm 
from the centre of the pipe and are based on  complementary metal-oxide-semiconductor 

Figure 1: X-Ray tomography system: (a) schematic diagram, (b) installed system.
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image sensor technology with an effective pixel area of 3024 × 864 pixels (74.8 µm × 74.8 
µm pixel size). At this resolution, a maximum of 60 frames per second (fps) can be achieved, 
however when 4 × 4 pixel binning is considered a maximum of 191 fps can be achieved albeit 
with a reduced resolution of 768 × 216 pixels.

The system is installed over the pipe and is enclosed in lead shielding for safety as shown 
in Fig. 1(b). An X-ray must have sufficient power to penetrate the wall thickness, however at 
higher powers the attenuation of oil and water is similar which therefore becomes problem-
atic when trying to distinguish between gas, oil and water in multiphase flows. Steel pipes 
typically have a higher attenuation than glass, Perspex or other composite pipes however 
cannot withstand higher pressures. For this reason, a fibre-reinforced thermoplastic polyether 
ether ketone (PEEK) carbon composite pipe was used which is rated to over 300 bar. The 
PEEK composite material is a commercially available alternative to traditional steelwork for 
the oil and gas industry with benefits in weight, erosion and corrosion resistance. The mate-
rial provides the strength without compromising on wall thickness and is acquired for future 
experiments at pressures up to 140 bar in NEL’s Advanced Multiphase Facility.

For all of the test conditions reported in this paper, the system was operated at 60 kV and 
3.3 mA with a sampling frequency of 40 fps. The key output of the X-ray device is the phase 
area fraction (PAF) of the gas, water and oil. Calibration of the device is achieved at these 
settings by filling the line with gas, followed by water and then oil at the same pressures and 
temperatures expected during the test programme.

A typical result for a gas–oil–water test is shown in Fig. 2. The instantaneous processed 
data over a 5 min test period from the X-ray is shown in Fig. 2(a) where the colours green, 
red and blue represent gas, oil and water, respectively. The top and middle graphs from top to 
bottom represent the instantaneous calculated fraction of gas, oil and water from the top and 
side X-ray cameras, respectively. At each instant, a CT image is produced as illustrated in 
Fig. 2(c) where various slugs and other flow structures are also captured. The 3D image in 
Fig. 2(c) is constructed from each of the CT images. At each sample time, a PAF of the gas, 
oil and water fraction can be computed which is illustrated in the bottom graph of Fig. 2(a). 
The average PAF can then be computed over the sample period therefore giving information 

Figure 2: Typical output from X-ray device.
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on gas void fraction, liquid holdup and WLR. Additionally, information regarding the distri-
bution through the pipe can be extracted from the CT plots, as shown in Fig. 2(b) where the 
gas, oil and water fractions are shown with respect to pipe height. Clearly, in this situation gas 
is at the top of the pipe whilst in the liquid layer at the bottom of the pipe, the lighter density 
oil is separated from the water.

3  EXPERIMENTAL SETUP
The NEL Multiphase Facility is based around a three-phase separator which contains the 
working bulk liquid. The oil and water are re-circulated around the test facility using two 
variable speed pumps and nitrogen is used as the gas phase and can deliver up to 0.5 kg/s by 
evaporation of liquid nitrogen on demand. The delivery pressure of the nitrogen is up to 17 
bar at the reference measurement location and after passing through the test section, nitrogen 
is exhausted to atmosphere from the separator.

The test section can accommodate test set-ups of lengths up to 60 m horizontal and 12 m 
vertical. Piping and adaptors are available to allow testing of 2, 3, 4 and 6-inch pipework and 
flow metres. The facility is manufactured entirely from stainless steel and is therefore capable 
of flowing brine substitutes and dead crude oils as the working fluids in addition to de-ionised 
water and refined oils. Perspex visualisation sections are also available in 2, 4 and 6-inch pipe 
sizes to allow for visual analysis of flow patterns which can be equipped with high-speed 
cameras to record the flow.

The test section used for the experimental test campaign and the corresponding dimensions 
are shown in Fig. 3:. The multiphase mixtures were introduced into a 2-inch Schedule 40 pipe 
and passed through a jet mixer to provide a uniform mixture condition at the inlet of the test 
section. The pipework was then orientated in a vertical loop of approximately 2 m in height. 
On the vertical pipework where the flow would be flowing downwards, the pipe size was 
increased to a 4-inch schedule 40 pipe (inner diameter of 102.26 mm). After the vertical bend, 
a 2.75 m section of 4-inch schedule 40 pipe was positioned before a 1.05 m Perspex viewing 
section. A high-speed camera of 120 fps was positioned at this location to provide visual flow 
patterns. A further 2 m of 4-inch pipe was placed before a 1 m length section of 4-inch PEEK 
pipe and the X-ray device was installed.

The fluids used in the test were nitrogen, a synthetic oil (Paraflex HT9) and an aqueous 
solution of magnesium sulphate and were typically performed at 10 bar. Typical properties of 
the gas, oil and water are given in Table 1.

An extensive number of test points were recorded as part of research undertaken for the 
UK’s National Measurement System Flow Programme [7]. A selection of these test points 
examined in this paper is shown in Table 2. Tests 155, 158 and 159 are gas–water tests which 
correspond to gas volume fractions (GVFs) of 73%, 51% and 23%, respectively. Tests 208, 

Figure 3: Line build.
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205 and 218 correspond to gas–water–oil tests with GVF ratios of 83%, 51% and 23%, 
respectively with WLR of 49%, 50%, 30.6%.

4  EXPERIMENTAL RESULTS

4.1  Absolute error

To assess the absolute error of the X-ray tomography system, non-flowing (i.e. static) tests 
were performed. A known volume of fluid (VOF) was placed into a 3-inch sealed test section 
and placed into the X-ray system where a comparison between the absolute phase area aver-
age fractions of gas, oil and water was assessed. The absolute error of the system was shown 
by Black [7] to be within 3% and 5% for gas–liquid and gas–oil–water tests, respectively, 
which agrees with similar X-ray systems [6].

4.2  Two-phase results

Two-phase results of gas–water mixtures from the X-ray tomography system and snapshots 
from high speed videos are presented in Fig. 4 for tests 155, 158 and 159 which correspond 
to GVFs of 23%, 50%, 83%, respectively. The corresponding average PAFs over each 1 min 
test are shown in Table 3.

Fig. 4 clearly shows that the liquid holdup from the videos correlates well with the level 
predicted by the X-ray. For Test 155 (23% GVF), the video observation shows the flow is 
stratified-wavy (Fig. 4(a)) and this is captured by the small amplitude peaks in the X-ray 
output (Fig. 4(b)). The videos in Fig. 4(c)–(e) show that for higher GVF values of 52% and 
83%, the waves hit the top of the pipe, with this occurring more frequently for the higher 
GVF test (Test 159). The output from the X-ray shows a drop in the gas content around 25 s 

Table 1: NEL Fluid Properties (20°C, 10 bar(a)).

Gas Oil Water

Fluid Nitrogen Paraflex HT9 MgSO4 7H2O solution

Density (kg/m3) 12.7 830.0 1050.0

Viscosity (cP) 1.7710−2 16.00 1.30

Table 2: Test matrix.

Test Flow rate (m3/h) GVF WLR

Gas Oil Water % %

155 41.72 – 8.76 82.6 100

158 25.17 – 23.86 51.3 100

159 10.70 – 35.61 23.0 100

208 42.06 4.51 4.34 82.6 49.0

205 23.43 11.36 11.44 50.6 50.2

218 10.82 24.86 10.95 23.2 30.6

Multiphase Flow: Computational and Experimental Methods  5
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and 50 s for Test 158 (Fig. 4(d)), whereas this occurs regularly in Test 159 (Fig. 4(f)) due to 
the high VOF in the pipe.

The GVF in Table 2 is calculated from reference flow metres which are located approxi-
mately 600 pipe diameters upstream of the X-ray device. Experimental tests are run for a 
sufficient period to allow the flow to move completely through the system before flow rates 
are sampled. Due to the slip between the gas and the liquid, local liquid holdup can occur 
within the test section. Comparing the GVF in Table 2 with the gas void fraction measured by 
the X-ray in Table 3, the values from the X-ray are lower therefore giving a holdup of liquid 
within this section. To quantify the degree of slip, the slip ratio, S, can be used:

Figure 4: Two-phase gas water X-ray measurements and photographs for 
GVF of (a and b) 83%, (c and d) 50%, (e and f) 23%.

Table 3: PAF results for gas, oil and water for the multiphase tests.

Test X-ray PAF Superficial velocities (m/s)

Gas Oil Water Gas Oil Water

155 69.3 – 30.7 1.41 – 0.30

158 42.7 – 57.3 0.36 – 1.20

159 18.7 – 81.3 0.85 – 0.81

208 53.5 28.8 17.8 1.42 0.15 0.15

205 36.9 34.1 29.0 0.79 0.39 0.38

218 17.0 54.9 28.1 0.37 0.37 0.84

6  Multiphase Flow: Computational and Experimental Methods
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� (1)

where UG and UL are the superficial velocities of the gas and liquid based on a 4-inch pipe 
(I.D. 102.26 mm), respectively, as given in Table 3 and eG is the gas void fraction measured 
by the X-ray. The slip ratio is calculated as 2.1, 1.4 and 1.3 for Tests 155, 158 and 159 which 
correspond to decreasing liquid-hold ups for the corresponding tests, i.e. the difference 
between the GVF measured at the reference meters and the X-ray are 13%, 9% and 4% for 
Tests 155, 158 and 159, respectively.

The corresponding distribution of gas and liquid over the height of the pipe is shown in 
Fig. 5. An interesting observation is made where the liquid at the bottom of the pipe shows that 
some gas entrainment has occurred. As discussed by Hu et al. [6], gas entrainment is a strong 
function of liquid and gas flow rates. Upstream of the X-ray system, the gas enters at a 90° 
angle to the water which has passed through a jet-mixer before being carried through a vertical 
U-bend. During this period, it is likely that a high degree of turbulent mixing of the gas into 
the liquid would occur, more notable for higher gas flow rates which is evident in Fig. 5.

4.3  Gas–oil–water results

There is a significant volume of work related to two-phase slug flows. However only a limited 
number of publications on three-phase X-ray results [6,7] are available. Gas–oil–water results 
from the X-ray and snapshots from high-speed videos are presented in Fig. 6 for Tests 208, 
205 and 218 with GVF of 83%, 51% and 23%, respectively, with WLR of 49%, 50%, 30.6%. 
The corresponding average PAFs over each 1 min test are shown in Table 3.

Fig. 6 clearly shows similar trends compared to the two-phase results with similar GVF 
ratios where a stratified-wavy flow pattern is present in the videos and predicted by the X-ray. 
Small amplitude peaks are present which touch the top of the pipe more frequently as the 
GVF ratio is lowered. From the videos it is not clear if the water and oil are well mixed or 
have separated to some degree.

Comparing the GVF calculated from the reference flow metres in Table 2 against the gas 
PAF from the X-ray shows larger differences for higher GVF ratios of 29%, 14% and 6% for 
GVF of 83%, 51%, and 23% (i.e. Test 208, 205 and 218, respectively). Using the reference 
meter flow rates and assuming water and oil and uniformly mixed, the slip ratio is 4.1, 1.8 and 
1.5 which relates to the trend of liquid holdup observed by the X-ray.

The time-average phase linear fraction from the X-ray is shown in Fig. 7 and shows that 
the distribution of gas (green) oil (red) and water (blue). As the data are averaged over the test 
period, the gas fraction is not equal to 1 in Test 205 and 218 (Fig. 7(b) and (c)) due to waves 

Figure 5: Two-phase gas water X-ray measurements over the height 
of the pipe for (a) Test 155, (b) Test 158 and (c) Test 159.
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hitting the top of the pipe as shown by the small amplitude fluctuations in Fig. 6(d) and (f). 
The distribution of oil and water at the bottom of the pipe is only shown to be uniform in Test 
218 (Fig. 7(c)). Peaks of oil are shown near the centre of the pipe in Fig. 7(a) and (b) for Test 
208 and 205. This is due to the separation of the water and oil as the effects of gravity and 
surface tension dominate over the momentum of the flow. From the flow rates in Table 2, it is 
clear that Test 218 has the highest flow rates and therefore the X-ray results suggest sufficient 
turbulent mixing is still present, as shown by the uniform distribution in the liquid layer 
in Fig. 7(c).

Figure 6: Gas–oil–water X-ray measurements and photographs 
for (a) Test 208; (b) Test 205 and (c) Test 218.

Figure 7: Gas–oil–water X-ray measurements over the height of 
the pipe for (a) Test 208; (b) Test 205 and (c) Test 218.
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5  CFD MODEL

5.1  Set-up

The commercial CFD software, ANSYS Fluent 19.1 with the VOF approach [8] was used to 
model the interaction between the gas and the liquid with a sharp/dispersed interface scheme. 
The VOF method assumes that the fluids are immiscible and solves a single set of momentum 
equations where a volume fraction for each fluid is transported through the domain. The VOF 
method is a common approach for multiphase flow CFD and has been evaluated against flow 
pattern maps and various experimental measurements and observations [9,10]. Surface ten-
sion was also included with the continuum surface force model [11] and constant values of 
72 and 34 dynes/cm for gas–water/oil interfaces for oil–water mixtures was used, respectively. 
The effects of wall adhesion were not considered.

5.2  Geometry and mesh

A three-dimensional geometry was used which represented a segment of the test facility. The 
geometry consisted of two separate 2-inch inlets for the gas and liquid with a vertical ‘U’ 
bend which expands into a 4-inch section. The position of the X-ray on the model was the 
same as the experimental location. Initially, two fully structured meshes were evaluated for 
Test 155, namely mesh 1 and mesh 2 consisting of 1.6 million cells with an average cell size 
of 4.3 mm and 3.0 million cells with an average cell size of 3.5 mm, respectively. Mesh 1 and 
2 predicted a liquid hold-up 69.4% and 68.9%, respectively. As the liquid hold-up values are 
with 5%, which is the limit of the X-ray equipment, mesh 1 was used for the remaining 
simulations.

5.3  Solution procedure

An initial transient simulation was performed for Test 155 which showed transient effects in 
the vertical U-bend but these were dampened by the location of the X-ray device. Instead a 
steady-state solution was used. This is also preferred as this method can be applied more 
readily to the near industrial-scale simulations. The tracking of the interface was solved using 
an implicit time discretisation and a coupled algorithm with a first-order upwind scheme for 
momentum and compressive scheme for the volume fraction was used. The k–w SST model 
with turbulence damping coefficient of 10 was used for turbulence.

5.4  CFD results

5.4.1  Two-phase results
Fig. 8(a), (b), (c) shows Tests 155, 158 and 159, respectively. A comparison between the 
time-averaged X-ray CT image and the steady-state CFD analysis for all of the cases in Fig. 8 
compare well and the phase averaged values are within 4% as shown in Table 4. As discussed 
previously, Fig. 8 shows a degree of gas and liquid entrainment in each test which is not 
accounted for in the CFD model as the VOF method inherently assumes that the two fluids 
are immiscible. Despite this assumption, the liquid levels agree relatively well. The CFD 
analysis typically has a sharper gradient along the height of pipe which is due to the steady-
state approximation and will not replicate a wavy stratified flow.
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5.4.2  Three-phase results
Fig. 9 shows the comparison between the X-ray measurements and the CFD simulations for 
Tests 208, 205 and 218. The prediction from the VOF model matches the output from the 
X-ray relatively well as shown by comparing the X-ray CT image and cross-sectional from 
the CFD simulation in Fig. 9. Slight differences occur in the linear phase area gas fractions in 
Fig. 9 in the upper half of the pipe due to the wavy nature of the flow and the steady-state 
CFD analysis which only represents an ensemble of realisations (i.e. Reynolds averaging). It 
is important to reiterate that the inlet to the model is the exit of a jet mixer and it is assumed 
that the oil and water are well mixed. From the video evidence, it is suggested that at this 
point, the water and oil are well mixed; however, the X-ray shows otherwise. Relying on 
video evidence would lead to the choice of a steady-state implicit VOF approach. However, 
it is known to not be accurate when surface tension effects are important and is naturally 
diffusive. When the oil and water remain well mixed, this method is suitable for some gas–
oil–water flows such as Test 218 (Fig. 9(c)), however this is inappropriate when the phases 
separate further downstream of the inlet.

Figure 8: Results for Test case 155 showing (a and b) X-ray results and 
(b) CFD results.

Table 4: Absolute error between the X-ray and CFD simulations.

Test Absolute difference (%)

Gas Oil Water

155 0.1 −0.1

158 −3.7 3.7

159 1.3 −1.3

208 0.3 −5.2 4.8

205 −7.1 0.9 6.2

218 1.3 1.8 −3.1
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6  CONCLUSION
Performing more detailed measurements of complex multiphase flows are of vital importance 
in aiding the understanding of multiphase flow model development. This study shows that an 
X-ray system can be utilised to provide quantifiable validation data which is of value to mul-
tiphase models in CFD and provide insight that is not apparent during high-speed video 
analysis. Measurements using an X-ray system were conducted on a 4-inch horizontal sec-
tion of NEL’s multiphase flow facility for nitrogen–water and nitrogen–oil–water flows where 
values of liquid holdup and water liquid ratio were examined. This also included the analysis 
of phase linear fraction through the cross-section of the pipe to reveal areas of gas entrain-
ment in the liquid and the initial separation of oil and water within oil–water flows. The VOF 
was examined to compare against the X-ray measurement and adequately captured the gas 
void fraction for the test cases examined. The model was not capable of predicting regions of 
gas entrainment and oil and water separation as captured by the X-ray system. Further model 
investigations should include a transient VOF with a high-order mesh resolution to attempt to 
capture gas entrainment.

The analysis generated from the X-ray tomography device will help resolve the limitation 
in current CFD modelling techniques of multiphase flows and will be of considerable value 
to multiphase flow specialists and instrumentation developers.
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the wake of a bluff body NEAR A WALL
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Abstract
A numerical investigation is carried out to evaluate the influence of the gap between the bluff body 
and the bed on the wake characteristics generated in shallow flows. A sharp-edge bluff body with a 
fixed gap from the bed is employed in the study,  and the results are compared with the no gap case. 
A sharp-edged bluff body was chosen to minimize the effect of Reynolds number and ensure fixed flow 
separation points. The transient three-dimensional Navier–Stokes equations are numerically solved 
using a finite volume approach with the detached eddy simulation  turbulence model. The flow field in 
this study involves two different fluids, i.e. water and the air above it. The volume of fluid method is 
used for tracking the free surface separating the water and air. The fluid structures that are generated in 
the wake are identified using the λ2-criterion. The results reveal that the gap flow will develop a new 
structure near the bed, which enhances the upwash flow immediately after the submerged jet is about 
to turn upwards due to the weak hydraulic jump. This structure plays an important role in recovering 
the free surface to its original shape at a shorter downstream distance from the bluff body than when 
there is no gap.
Keywords: free surface, Navier–Stokes equation, numerical simulation, turbulent models, two-phase 
flow, viscous flow, wake flow, wall jet.

1  Introduction
In shallow flow, the clearance between the ground and obstacles can considerably influence 
the wake flow characteristics. Examples of this type of flow are often found in engineering 
applications, e.g. the airflow around solar panels, flow around vehicles and the cooling of 
electronic components. Many investigations have been carried out with circular and square 
cylinders as a bluff body to examine the influence of the gap on the wake characteristics 
[1–5]. All these studies agree that the gap alters the wake characteristics if it is introduced in 
the wake flow. Shinneeb and Balachandar [6–8] carried out an experimental investigation 
using PIV to determine the gap height effect on the turbulent shallow wake generated by a 
vertical sharp-edged flat plate suspended in a shallow channel flow. The study disclosed that 
the size of the wake in the near-bed locations increases with the increase of the gap height as 
the gap flow enhances the lateral entrainment. The results also revealed that if the gap flow is 
weak and there is insufficient momentum to overcome the influence of the recirculation, the 
flow is engulfed by the recirculation zone formed just behind the bluff body. If the gap flow 
is relatively strong, it penetrates in the downstream direction, and only a portion of it is 
deflected upwards to feed the recirculation zone.

The main objective of the current study is to numerically assess the effect of the gap flow 
between the base of the sharp-edge bluff body and the open channel bed on the fluid struc-
tures in the wake at near-bed locations. These structures define the downstream location 
where the free surface restores its original shape behind the bluff body. The final goal of the 
numerical study is to provide an enhanced analysis not yet possible from the recent experi-
mental studies. A three-dimensional time-dependent detached eddy simulation (DES) is used 
as the turbulence model in the study. Available data from previous PIV experiments [6–7] are 
used to validate the numerical results.
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2  model setup and computational method
Figure 1a is used as the computational domain to obtain an enhanced picture of the effect of 
the gap on the wake flow in this study. The incoming flow is a fully developed boundary layer 
type and is sheared in the vertical direction. This boundary layer type of flow can be destabi-
lized by a sudden change of topology, introduction of horizontal shear or deceleration of the 
flow. In the present study, the destabilizing (and as a result, the wake) is generated by inserting 
a vertical sharp-edged plate in the open channel as shown in Fig. 1. The plate of width 
D = 30 mm is adjusted vertically to create different clearances with the bed, namely, h/H = 0.0 
and 0.1, where h is the gap height between the base of the plate and the bed, and H is the 
height of the water in the channel. The wake flow simulations are performed using the finite 
volume method with the STAR-CCM+ commercial code [9].

In the current simulations, structured cells were used to mesh the computational domain. 
The mesh is clustered around the bluff body, near the bed and in the wake region to better 
capture the bed effect and the various flow features. Many grids were considered in the cur-
rent study, namely, 10, 15, 20 and 22 × 106 cells. In each case, many parameters were checked 
and compared with experimental results. Furthermore, successive grids were compared to 
determine whether or not there was a change in the mean characteristics, wake size and tur-
bulence structures. On this basis, the final computations were performed using 22 × 106 cells. 
Uniform cells (2 mm) have been used in the grid everywhere in the computational domain 
except at the wall locations. The homogeneous distribution of cells is employed to overcome 
difficulties faced in the earlier stage of the study in identifying the flow structures in the tran-
sitional regions. A minimum cell size of 0.05 mm appears adjacent to the wall and the bluff 
body. Ten layers of fine prism cells packed in a 1.0 mm width with a stretching factor of 1.5 

Figure 1: Computational model with appropriate boundary conditions.

1: Boundary layer velocity profile (inlet); 2: Sharp-edged bluff body; 
3 and 4: Channel ceiling and sides (slip walls); 5: Outlet boundary 
(atm. pressure); 6: Bed (no-slip wall).
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is employed to resolve the wall effect. First-order implicit time marching and second-order 
spatial differencing are used in the current study to discretize the governing equations. Cus-
tomarily, the value of y+ (y+ = 0.4 in current study) is calculated based on the distance of the 
centre of the first cell row from the wall.

The volume of fluid (VOF) method suggested by Hirt and Nichols [10] is a free surface 
modelling technique for tracking the free surface. The VOF model can model two or more 
immiscible fluids by solving a single set of momentum equations and tracking the volume 
fraction of each of the fluids throughout the domain. The major complication associated with 
the VOF method is the smearing of the free surface. This problem originates from extreme 
diffusion of the transport equation at the interfaces. This issue can be mitigated by using the 
high-resolution interface capturing (HRIC) scheme [11] to discretize the convective terms in 
the governing equations. The normalized variable diagram (NVD) [12] is very useful for 
analysing boundedness properties of convective discretization schemes and provides the 
methodology used in constructing high-resolution schemes. In high-resolution schemes the 
local Courant–Friedrichs–Lewy (CFL) condition (CFL ≤ 1.0) should be satisfied to ensure 
numerical stability. In the current study, different time steps were tested to satisfy the CFL 
condition and a final time step was set as 1 × 10−3 s. Twenty internal iterations were employed 
at each time step. The frequency of vortex shedding corresponds to a shedding period 
T = 0.51 s. The time of 60 s is used for data averaging, which yields tav/T > 100.

DES [13] is a modification of a RANS model which treats near-wall regions in a RANS-
like manner, and it treats the rest of the flow in an LES-like manner. The model was originally 
formulated by replacing the distance function in the Spalart–Allmaras model with a modified 
distance function. The k-w SST (shear stress transport) turbulence model is a two-equation 
eddy viscosity model [14–15] and has been selected as the RANS part of the DES turbulence 
model in this study. The k-w SST model solves additional transport equations for turbulent 
kinetic energy k and specific dissipation rate w, from which the turbulent kinematic viscosity 
(vt = k/w) can be derived. The transport equations of k and w are described in [16].

Validations are carried out with a no-gap case by comparing the numerical results from the 
simulations, i.e. mean and statistical features, with available data from previous PIV experi-
ments reported in [6–7]. Figures 2 and 3 show selected samples of the validation process; 
here U, W and Us represent the streamwise, transverse and the upstream approaching velocity 
at the given horizontal location from the bed, respectively. The comparisons between the 
experimental and computational results for the normalized mean quantities and for other 
statistical quantities (not shown here) reveal that the current model can produce results with 
adequate accuracy at different elevations from the bed. The model predicts the experimental 
data with less than 12% maximum difference occurring in the horizontal plane y/H = 0.1.

3  Results and discussion
Nasif et al. [18–20] numerically investigated the three-dimensional fluid structures in the 
shallow wake flow in the absence of the gap using the λ2-criterion. In the previous studies, the 
interactions between the fluid structures, bed, free surface and the bluff body in the mean and 
transient flow are analysed and addressed. At this point, to understand the effect of the gap 
flow on the turbulent structures and therefore on the free surface, it is worthwhile to briefly 
review the turbulent structures that are present in the mean flow from previous investigations 
for the case with no gap.

Figure 4 shows the three-dimensional fluid structures shaded by the normalized stream-
wise vorticity (wxD/U

∞
) for the case of no gap, where wx and U

∞
 represent the streamwise 

vorticity and the free-stream velocity, respectively. In this figure, fluid structures are extracted 
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using λ2 = −1.0. This scalar value is chosen based on the fact that it reveals the well-defined 
patterns in the wake flow. As shown in Figs. 4b and c, the structures are clipped at two differ-
ent elevations from the bed for better illustration of the fluid structures details. The horseshoe 
vortex structure is obvious in Fig. 4. It stretches downstream from the front of the bluff body 
and contributes to the three-dimensional characteristics in the wake flow. A collar vortex, 
embedded in a region of high vorticity in the near-bed location, emanates from the edges of 

Figure 3: Computational and experimental [6–7] normalized mean transverse 
velocity profiles at two different locations in the wake flow [17].

Figure 2: Computational and experimental [6–7] normalized mean streamwise 
velocity profiles at four different locations in the wake flow [17].
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the body. The sense of rotation of the collar vortex is similar to that of the horseshoe vortex 
[18]. At downstream locations (x/H > 2.0), two bed-parallel counter-rotating tubes (see 
Fig. 4c) are generated inwards next to the legs of the horseshoe vortex. These tubes reside 
near the bed and have the same sense of rotation as the horseshoe legs. The mechanism of 
formation and development of these tube structures in the mean flow is elaborated in [18–19]. 
The surface-normal tubes shown in Fig. 4b immediately after the bluff body represent the 

Figure 4: λ2 isosurface (λ2 = −1.0) for the mean flow coloured by 
streamwise vorticity vector component for the no-gap case.

(a) Structures zone: 0.0<y/H<1.0

(b) Structures zone: 0.0<y/H<0.8

(c) Structures zone: 0.0<y/H<0.25
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averaging of the structures that shed from the sides of the bluff body in the transient flow. 
These structures absorb the required energy from the outer accelerating flow to overcome the 
wall shear stress and maintain its existence in the near-wake location. As one moves farther 
downstream, the accelerating flow region turns to a decelerating flow region and the kinetic 
energy that feeds the wake region is not sufficient to overcome the wall shear stress. Conse-
quently, the interaction between the surface-normal tubes and the bed weakens as the kinetic 
energy of the accelerating flow is depleted downstream. This is the location where these 
structures start to detach from the bed and align with the mean flow, forming the mid-depth 
tubes as shown in Fig. 4b. One of the important signatures of shallow-wake flows is the exist-
ence of the surface-parallel tubes as shown in Fig. 4a. These structures are buried inside the 
surface layer [21] and act to transport the fluid particles from the wake core to the outer 
region. These structures are generated immediately underneath the free surface due to the 
impingement of moving fluid particles through the wake central plane with the free surface. 
Other minor structures, i.e. frontal structures and air–water interfacial structures were also 
captured at the water–air interface as shown in Fig. 4a.

Contrary to the no-gap case that is shown in Fig. 4, only traces of the horseshoe structure 
are sustained as the gap is introduced in the wake flow as shown in Fig. 5. The major portion 
of the horseshoe vortex appears to be shrunk and attenuated. This can be attributed to two 
different effects: on the one hand, the presence of the gap reduces the combined interaction 
between the approach flow, the bluff body and the bed, and therefore weakens the horseshoe 
structure. On the other hand, the gap flow enhances the lateral entrainment as will be explained 
later and acts to disintegrate and thus prevent the formation of the horseshoe structure. The 
effect of the gap flow is also apparent on the other turbulent structures in the wake flow as 
shown in Fig. 5. These structures become irregular and asymmetrical about the centre plane of 
the wake.

Another observation that can be drawn from Fig. 5 is that the recirculation region, imme-
diately behind the bluff body, becomes smaller compared to the case of no gap. This is 
because the gap flow will sustain this region with additional kinetic energy and consequently 
increases the momentum and reduces the volume of this region. A new structure can also be 
identified in Fig. 5c, which appears near the bed, immediately after the recirculation region 
at the centre of the wake (blue structure). This three-dimensional structure, which is absent in 
the case of no gap, is stretched upwards to the vertical location y ⁄ H = 0.2. The presence of 
this structure in the wake flow will enhance the wall normal velocity and accelerate the res-
toration of the free surface to its original level at the shorter downstream distance from the 
bluff body as will be investigated shortly.

Figure 6 shows the normalized wall-normal velocity (V ⁄ U
∞
) for the two cases that are used 

in the current study. In this figure, the data are extracted at the centre plane of the wake. The 
approaching free-stream velocity, U

∞
, was used as the velocity scale for normalizing the 

mean velocity. The thick dotted line, marked as “free surface” at location y/H ≈ 1.0, repre-
sents the air–water interface. A distinguishing feature of the shallow wakes is the 
three-dimensional roll-up structure [18–19, 22] between the bed and the free surface that has 
been observed immediately behind the bluff at the wake centre plane in Fig. 6a. This horizon-
tally oriented structure, which is a three-dimensional spiral structure and has a positive 
rotation sense, plays a role to bridge both parts of the surface-normal tube (shown in Fig. 4b) 
and acts to transport the fluid particles from the wake core to the outer surroundings [20]. 
This structure does not considerably enhance the wall-normal velocity and therefore the free 
surface restores its original shape at a downstream location of x ⁄ H = 2.2 from the bluff body 
as shown in Fig. 6a.
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As the gap flow is introduced in the wake, the wall jet turns upward at a downstream dis-
tance of about x ⁄ H = 1.0 due to the weak hydraulic jump (details are not shown here), pushing 
the three-dimensional roll-up structure towards the bluff body and raising it away from the bed 
by a dista nce equivalent to the gap height. A new structure, which has a counter rotation sense 
to the three-dimensional roll-up structure, will be generated near the bed at downstream 

Figure 5: λ2 isosurface (λ2 = −1.0) for the mean flow coloured by streamwise 
vorticity vector component for the gap size h/H = 0.

(a) Structures zone: 0.0<y/H<1.0

(b) Structures zone: 0.0<y/H<0.8

(c) Structures zone: 0.0<y/H<0.25
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location x ⁄ H = 1.35 as shown in Fig. 6b. This structure appears as a three-dimensional blue 
hump in Fig. 5c. The mechanism of formation of this structure is attributed to the high momen-
tum that is associated with the wall jet, which penetrates and overcomes the reverse flow 
region with negative stream velocity. The strong interaction between the counter-rotating 
structures near the bed for the case with the gap will enhance the wall-normal velocity as 
shown in Fig. 6b (red contour). The wall-normal velocity enhancement occurs in the region 
marked in Fig. 5c. The enhancement of the wall-normal velocity in the presence of the gap 
explains the restoration of the free surface at shorter distances downstream of the bluff body. 
The free surface restores its original position at x ⁄ H = 1.4 in the latter case as shown in Fig. 6b.

Figure 7 shows the contours of the normalized mean lateral velocity (W/U
∞
) extracted at 

downstream locations of x ⁄ H = 0.5 and 1.35, respectively, for the two cases that have been 
investigated in the current study. The downstream distance x ⁄ H = 1.35 has been chosen at the 
same location of the new structure that enhances the wall-normal velocity in the case of the 
gap. It is obvious from Figs. 7a and b that the concavity in the free surface in the lateral direc-
tion is comparable for either case at the downstream location x ⁄ H = 0.5. This indicates that 
the gap flow has no influence on the free surface at a short distance from the bluff body. 
However, the effect of the gap flow is apparent on the free surface at downstream location 
x ⁄ H = 1.35 as shown in Figs. 7c and d. The depression in the free surface spans in the lateral 
direction between −1.2 < z⁄H < 1.2 as shown in Fig. 7c, while the free surface approximately 
restored its origin position at y ⁄ H = 1.0 for the case with the gap as illustrated in Fig. 7d.

In light of the above discussion (see Figs. 5–7), one can conclude that the free surface starts 
to restore its original shape at approximately a downstream location x ⁄ H = 1.0, a location of the 
interaction between the new structure that is generated due to the gap flow and three-dimensional 
roll-up structure as shown in Fig. 6b. Another conclusion which can be drawn from Fig. 7 is that 

Figure 6: Vector plot of the mean velocity field superimposed by contours of the 
normalized vertical velocity (V ⁄ U

∞
 ) in the vertical plane z / H = 0.0.
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the gap flow enhances the entrainment at downstream location x ⁄ H = 1.35, i.e. beyond the loca-
tions where the enhancement of the wall-normal velocity occurs, as shown in Fig. 7d. The 
wall-normal velocity will increase the inward transverse flow since it entrains more fluid into 
the wake region at these regions. This observation agrees with the experimental investigations 
that were performed by Shinneeb and Balachandar [6]. The gap flow has a slight effect on the 
lateral entrainment at the vertical plane x ⁄ H = 0.5 as shown in Fig. 7b. However, the wall jet will 
affect and scramble the topological feature of the two spiral structures (two foci) on the sides of 
the wake centre plane and lifts them a bit from the bed in the near-wake region. The enhance-
ment in the wall-normal velocity and the lateral velocity for the case of the gap will also affect 
the topological feature of the structures in the far-wake region (details are not shown here). The 
degree of randomness of the structures increases as one moves further downstream.

4  Conclusion
The present study is oriented towards an investigation of the influence of the gap in a wake 
on the flow characteristics, fluid structures and the free surface restoration. The numerical 
study was carried out using the finite volume technique. The fluid structures were identified 
using the λ2-criterion which successfully distinguishes the rotational contribution of the vor-
ticity distribution. The following results are concluded from the current study:

•  A new structure at the near-bed location is generated when the gap is introduced in the 
wake flow. The interaction between this structure and the adjacent structures will enhance 
the wall-normal component velocity and restore the free surface to its original shape at a 
shorter downstream location in the presence of the gap case.

•• One of the consequences of the gap is to reduce the size of the wake. The gap flow will 
sustain this region with additional kinetic energy and consequently reduces the wake size.

•• The lateral entrainment from the surroundings to the wake region increases as the gap is 
introduced in the wake flow. This can be attributed to the increase of the magnitude of the 
positive wall-normal velocity component which is enhanced by the gap flow.

Figure 7: Vector plot of the mean velocity field superimposed by contours 
of the normalized transverse velocity (W⁄U

∞
) in the vertical plane.
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•• As the gap is introduced in the wake flow, the fluid structures become irregular and asym-
metrical about the centre plane of the wake. The degree of randomness increases in the 
far-wake region.

•  The major portion of the horseshoe vortex appears to be intermittent and attenuated as the 
gap is introduced in the wake.
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Abstract
Renewable energy sources have significant potential for limiting climate change and reducing green-
house gas emissions due to the increased global energy demand. Fluidized bed gasification of biomass 
is a substantial contribution to meeting the global energy demand in a sustainable way. However, ash-
related problems are the biggest challenge in fluidized bed gasification of biomass. Bed agglomeration 
is a result of interaction between the bed material and alkali metals present in the biomass ash. The 
agglomerates interfere with the fluidization process and might result in total de-fluidization of the bed. 
The study focuses on ash challenges related to the fluidization behavior in gasification of biomass. 
A model is developed and verified against results from previous performed experiments in a cold flow 
model of a bubbling fluidized bed. The commercial computational particle fluid dynamics (CPFD) 
software Barracuda Virtual Reactor is used for the computational study. The simulations show that the 
CPFD model can predict the fluidization process of an agglomerated fluidized bed gasifier.
Keywords: agglomeration, Barracuda VR, bubbling fluidized bed, CPFD simulation, flow behavior.

1  Introduction
Global warming is perhaps the most pressing environmental challenge in our time, and there 
is an urgent need to promote the use of renewable energy sources in order to ensure a sustain-
able future. The massive expansion in the use of fossil fuels and the rising fears over the 
effects of the increased CO2 emissions have forced the countries to search for climate-friendly 
alternatives to fossil fuels [1]. Biomass-based energy is presently the largest contributor of 
renewable energy, and according to World Bioenergy Association, biomass annually accounts 
for 10.3% of the global energy supply [2]. The leading energy conversion technology for 
utilization of biomass fuels is fluidized bed gasification, which converts biomass into a 
gaseous mixture in the presence of heat and a gasifying medium [3].

Fluidized beds are noted for their high heat transfer, uniform heating and high productiv-
ity. Despite being a promising technology for sustainable heat and power generation, 
biomass gasification has operational problems that can restrict its commercialization [1]. 
Interactions between the bed material and the molten ash components cause formation of 
agglomerates, resulting in the ash components adhering to each other to form larger entities 
[4]. Bed agglomeration is the main obstacle for successful applications of biomass gasifi-
cation [5]. Presence of agglomerates in the bed alters the flow behavior in the gasifier, 
causing changes in the fluidization properties and consequently loss of control of important 
operating parameters such as pressure drop, minimum fluidization velocity and bubble 
behavior. In the most severe cases, bed agglomeration can lead to total de-fluidization of 
the bed [6].

Due to the operational problems caused by bed agglomeration, extensive studies have been 
performed to gain more insight into the ash-related issues in biomass gasification. These 
research activities have provided important knowledge about ash from biomass, and the rela-
tion between ash composition and the ash melting temperatures. However, only few data are 
available on the ash melting and agglomeration, and its relation to the fluidization behavior 
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in a biomass gasification reactor. Understanding the phenomenon of agglomeration is crucial 
to optimizing the design and the operation conditions of a bubbling fluidized bed gasification 
reactor. The objective of this work is to develop a computational particle fluid dynamics 
(CPFD) model that describes how the agglomerates affect the fluidization process in a bub-
bling fluidized bed reactor.

The model is based on theoretical and experimental studies. The commercial CPFD soft-
ware package, Barracuda Virtual Reactor (VR) 17.1.0 is used for the computational study. 
The CPFD model is validated against previous performed experimental results carried out in 
a cold flow model of a bubbling fluidized bed [7].

2  bed agglomeration
Ash melting and subsequently formation of agglomerates is one of the major challenges in 
fluidized bed gasification of biomass [4]. Bed agglomeration occurs due to chemical reactions 
and physical collisions between the bed material and biomass ash with high content of alkali 
species. The phenomenon is illustrated in Fig. 1, which is based on [8]. Bed agglomeration 
happens as the inorganic alkali ash components interact with the bed material to form a sticky 
layer on the surface of the bed materials. As the ash particles and the bed material continue 
to collide, the ash coating grows thicker. Eventually, the bed particles grow towards larger 
agglomerates that will interfere with the fluidization process [4].

The main problem with ash melting and agglomeration in fluidized beds is the issue of 
de-fluidization. The agglomerated ash-particles (Fig. 2) differ considerably from the bed par-
ticles in shapes, sizes and densities, and are therefore difficult to fluidize adequately. At the 
time of de-fluidization, a sudden decrease in the pressure drop over the bed is observed as the 
sticky and cohesive agglomerated ash particles form small volumes in the bed. These volumes 
are not fully fluidized, leading to improper circulation of the biomass and thereby non-
uniform temperature distribution and decreased heat transfer in the bed. Inside the de-fluidized 
volumes, the temperatures will be increased, which in turn increases the stickiness of the 
particle surfaces resulting in enhanced agglomeration [7].

The poor mixing and the decreased heat transfer that occur due to bed agglomeration 
change the bubble behavior in the bed. While normal fluidization conditions give well-
distributed bubble frequency through all sections along the bed, the fluidization in the 
agglomerated bed is characterized by instabilities with frequent bubbling and channeling of 
fluid. Eventually, the bed takes a sluggish appearance. The unwanted collapse of the fluidized 
bed is rarely recognized until sudden de-fluidization occurs, and might lead to shutdown of 
the whole installation [4]. Figure 3 illustrates the bubble behavior in a normal fluidized bed 
compared to the bubble behavior in an agglomerated fluidized bed.

Figure 1: Formation of agglomerates.
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Figure 3: Bubble frequency in a fluidized bed [9].

Figure 2: Agglomeration of silica sand particles.
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3  model development

3.1  Model description

The CPFD software package Barracuda VR 17.1.0 was used to simulate the flow character-
istics in an agglomerated bubbling fluidized bed. Barracuda VR uses the Multiphase Particle 
In-Cell (MP-PIC) approach that is based on the Eulerian–Lagrangian approach, where the 
transport equations are solved for the continuous fluid phase and each of the discrete parti-
cles are tracked through the calculated fluid field. The fluid–particle interaction is considered 
as source terms in the transfer of mass, momentum and energy between the two systems. 
CPFD simulations are hybrid numerical methods where the Eulerian approach is used for 
solving the fluid phase, and the Lagrangian computational particle approaches for the mod-
eling of the particle phase [10]. Chladek et al. [11] and Jayarathna et al. [12] describe the 
transport equations in detail.

The Barracuda software package includes several drag models. In order to find the most 
suitable model for the simulations of flow characteristics in an agglomerated fluidized bed 
gasifier, different drag models were tested. The best fit between the numerical model (simu-
lation) and the experimental results was achieved with the Wen–Yu drag model. Wen–Yu drag 
model is based on a variety of experiments performed by Richardson and Zaki [13]. The 
correlation developed from the experimental data achieved by Richardson and Zaki [13] is 
valid when the internal forces are negligible, meaning that the viscous drag forces dominate 
the flow behaviour.

In general, the drag force caused by the fluid on the particles is calculated from:

	
F m D u up p f p= ⋅ ⋅ −( ) 	 (1)

where mp is the particle mass, D the drag function, uf the superficial velocity of the fluid and 
up the superficial velocity of the particles. The Wen–Yu drag function is dependent on the 
fluid and the particle properties and is expressed by the drag coefficient (Cd):

	

D C
u u

rd
f f p

p p

= ⋅ ⋅
⋅ −( )

⋅
3

8

r

r
	 (2)
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Reynolds number is determined by

	

Re
r u uf p f p

f

=
⋅ ⋅ ⋅ −( )2 r

m
	 (4)

where mf is the viscosity of the fluid. More detailed information of the Wen–Yu drag model 
are presented by Wen and Yu [14].

3.2  Computational setup

The cold flow model of the fluidized bed used in the experimental study is shown in Fig. 4.
A three-dimensional Cartesian coordinate system was used to describe the cylindrical 

column with a height of 140 cm and a diameter of 8.4 cm. In the present study, the static bed 
height was 21 cm. The computational grid is shown in Fig. 5. The mesh size was 0.01 m x 
0.01 m x 0.01 m and the number of control volumes was 13,284. Isothermal temperature at 
300 K was used, and the fluidizing gas was air at atmospheric pressure that was flowing 
through the gas distributor from the bottom of the column. The total pressure was monitored 
at positions 3.5 cm (P1) and 13.5 cm (P2) above the distributor. The simulation was run for 
50 s with a time step of 0.001 s. The simulation parameters are summarized in Table 1. The 
Wen–Yu drag model was selected, and the coefficient values c0, c1, c2, n0 and n1 were equal 
to 1.0, 0.15, 0.44, -2.65 and 0.687, respectively.

 Quartz sand with a Solid density of 2,650 kg/m3 was used as bed material. The particle 
size of the sand ranged from 150 µm to 340 µm with a mean diameter of 175 µm. The particle 
size distribution was determined by sieving analysis. The maximum close pack volume frac-
tion was set to 0.54, which was calculated based on the ratio of the bulk density and the 
particle density. The maximum momentum from the redirection of particles collision was 

Figure 4: Cold flow model of bubbling fluidized bed.
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assumed to be 40%, the normal-to-wall and tangential-to-wall momentum retention were 0.3 
and 0.99, respectively. The particle properties are listed in Table 2.

The flow behavior in an agglomerated fluidized bed was studied by comparing three differ-
ent CPFD simulations, where agglomerates were present in the bed. The different cases were 
defined with 5%, 10% and 15% of agglomerates. In order to simulate agglomerates, a coarser 

Figure 5: Computational grid.

Parameter Value

Number of grid cells 13,284

Static bed height 21 cm

Fluidizing agent Air

Type of flow Isothermal @ 300 k

Superficial gas velocity 0.02: 0.005: 0.15 m/s

Simulation time for each flowrate 50 s

Drag model Wen–Yu

Drag coefficients (c0, c1, c2, n0, n1) Default values

Table 1: Simulation parameters.

Table 2: Particle properties.

Particle

Property

Mean diameter 
(µm) Density (kg/m3) Sphericity

Close pack 
volume fraction

Bed material 175 2,650 0.86 0.54

Agglomerates N/A 1,506 0.6 N/A
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grid was used and the number of grid cells was reduced from 13,284 to 5,782. The size of the 
agglomerates was limited by the chosen grid, which allowed a maximum particle size of 
1.0 cm. The agglomerates ranged from 0.5 cm to 1.0 cm in diameter, with density equal to 
1,506 kg/m3. The density of the agglomerates was determined based on mass and volume [7].

4  results and discussion
The Wen–Yu drag model was used in the CPFD simulations. The model was validated by 
customizing it to the previous performed experimental results for sand particles with a mean 
diameter of 175 µm [7]. The pressure drop in the bed was plotted as a function of the super-
ficial air velocity. As the superficial velocity is steadily increased, the bed expands slightly. 
The drag caused by the fluid on the particles increases and at some point, the particles begin 
to move. At a certain velocity, the particles will be suspended by the upward-flowing fluid 
[15]. This state is referred to as the minimum fluidization and the corresponding superficial 
velocity is the minimum fluidization velocity (umf). Figure 6 compares the simulation with 
the experimental result. The simulated minimum fluidization velocity was 0.039 m/s, which 
is slightly higher than the experimental value of 0.035 m/s.

The deviation between the simulation and the experiment can be related to how the charac-
teristics of the particles influence on the fluidization processes, and how the numerical model 
accounts for the particle size distribution. Barracuda uses the MP-PIC-based Euler–Lagrangian 
approach, which means that instead of tracking each individual particle in the bed separately, 
particles with the same properties are grouped into parcels. Each parcel is represented by one 
computational particle, in which the equation for motion is solved as the discrete particle 
moves through the flow field [16]. Another explanation for the deviation might be erroneous 
assumptions for the drag model coefficients, c0, c1, n0 and n1. The value of c2 will not influence 
on the results as it only has significance when Re > 1,000. Which is not the case for the present 
work. In order to find the model that shows the best agreement with the experimental results, 
several simulations with different values for the coefficients were performed. Finally, the 
default values provided in Barracuda were chosen for all the coefficients. In Fig. 6, it is seen 
that the simulation has a significant peak in the pressure drop at the onset of fluidization. How-
ever, the pressure drop decreases quickly after fluidization and stabilizes at approximately the 
same value as in the experiment, corresponding to the weight of the particles [11].

Figure 6: Pressure drop as a function of increasing superficial 
air velocity. 
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The result shows that the validated CPFD model describes the fluidization of the sand 
particles with good agreement, and the model was used to simulate the fluidization conditions 
in an agglomerated fluidized bed. Figure 7 shows how bed agglomeration changes the fluid-
ization characteristics of the bed. Smooth fluidization is a result of hydrodynamic, gravitational 
and inter-particle forces. When agglomerates are present in the bed, the inter-particle forces 
take control over the bed behavior, and the agglomerates will interfere with the fluidization 
process. As the sticky particles grow into larger entities, the particles lose their original 
weight and are no longer able to be fluidized by the initial gas velocity. Under fluidized con-
ditions, the pressure drop through the bed is equal to the total hydrostatic pressure of the bed, 
but due to channeling and agglomerated zones, agglomerated fluidized beds are characterized 
by lower pressure drop than normal fluidized beds.

The decreased pressure drop in the agglomerated fluidized beds indicates that the beds are 
not completely fluidized, as the bubbles collapse at the bottom of the bed instead of passing 
through the entire bed. Figure 8 illustrates the distribution of the particle species in the agglom-
erated fluidized bed, initially (Fig. 8a) and after fluidization (Fig. 8b). Blue color indicates bed 

Figure 7: �Simulation of fluidization in normal and 
agglomerated fluidized bed.

Figure 8: (a) Initial particle species and (b) particle species 
after fluidization.
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particles, while red color indicates agglomerates. The bed material are in motion at the top of 
the bed, while the agglomerates remain at the bottom and one side of the column resulting in 
the gas flowing in channels. In biomass gasification, agglomeration causes improper circula-
tion of the biomass and non-uniform temperature distribution in the bed. The non-uniform 
temperature distribution forms zones with de-fluidized volumes and increased temperatures. 
Higher temperatures increase the stickiness of the particle surfaces and might result in 
enhanced formation of agglomerates. Eventually, the bed takes a sluggish appearance.

5  conclusion
The objective of this study was to develop a CPFD model for simulation of the flow behavior 
in an agglomerated fluidized bed gasifier. The simulations were performed using the com-
mercial CPFD software package Barracuda VR.

The agglomerates consist of a large amount of primary particles clustered together. They 
have irregular shapes, sizes and structures, and are therefore difficult to fluidize and handle 
adequately.

The simulations show that bed agglomeration influences the fluidization characteristics of 
a bubbling fluidized bed. The pressure drop decreases and the minimum fluidization velocity 
increases when agglomerates are present in the bed. Moreover, the formation of agglomerates 
cause large instabilities with uneven distribution of bubbles and channeling that lead to loss 
of fluidization. When channeling occurs in the bed, there is less contact between gas and 
particles and the heat and mass transfer operation is weakened. Consequently, de-fluidized 
zones occur, which in turn can lead to unscheduled shutdowns of the whole installation.
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Abstract
Dredge pumps are a complex engineering topic in comparison to water pumps. Mixtures of seawater 
with several types of soils do not behave as a homogenous fluid, and numerical simulations of these 
machines can be very challenging. Typical numerical approaches to simulations of dredge pumps are 
single-phase equivalent slurry and multi-phase liquid–solid, where the specification of the particle flow 
field can be Eulerian or Lagrangian. The single-phase slurry approach is not sufficient to describe the 
effects of particle size and concentration of the solid phase on pump performance; for this reason, this 
paper examines a multi-phase CFD model applied to a dredge pump. The solid phase is modelled with 
an Eulerian approach, in order to reduce the computational effort required by a Lagrangian method, 
mainly used for low solid-phase concentrations. The primary purpose of the presented model, devel-
oped using commercial software ANSYS CFX, is to predict head losses in a dredge pump working with 
several particle sizes, from 0.1 to 5 mm, and different volume concentrations of the solid phase, from 
20% to 30%. For numerical solid-phase calibration, the effect of the particle size on pump performance 
is associated with non-Newtonian rheology of the simulated Eulerian phase. The numerical model is 
validated via experimental tests on the dredge pump using seawater. The calibration of the particle size 
effect is obtained from scientific literature data about dredge pump losses in different conditions. The 
model presented could be a useful tool for the analysis of existing dredge pumps or for the design of 
new machines.
Keywords: centrifugal pumps, CFD, dredge pumps, Eulerian–Eulerian, multi-phase flow.

1  Introduction
Centrifugal pumps are often used to handle large amounts of solid-water slurries, with some 
decrease in performance due to differences in density and flow path with respect to water [1], 
similar to the effects of non-Newtonian fluids on the impeller [2–4]. Scientific literature on 
dredge pump design [5–7] provides many correlations and methods in order to predict and 
measure pump performance using different solid densities, particle sizes and concentrations, 
based on empirical studies. Empirical equations can provide a good preliminary study for any 
design concept of a dredge pump, but modern CAE techniques based on numerical simula-
tions may be a more useful tool, if they are calibrated well on the applications to simulate. For 
this reason, this paper investigates a CFD model in order to provide a calibration algorithm 
for a multi-phase dredge pump simulation, validated using experimental tests and litera-
ture-based equations.

Slurry centrifugal pumps are often studied with CFD techniques, using different approaches 
like the single-phase equivalent slurry [8], the Eulerian–Eulerian multi-phase [9] or the 
Eulerian–Lagrangian multi-phase [10]. Every approach has different pros and cons, depend-
ing on the spendable computational effort, the physics numerical calibration and the final 
goal to achieve. For water-sand slurries with high solid-phase concentrations (> 20%), the 
computational fluid dynamics is often studied with an Eulerian–Eulerian approach [11–14], 
that permits good results without over-demanding computational simulations (Fig. 1).
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2  AnalySed machine
The analysed machine is a centrifugal dredge pump. The impeller has four blades and the 
rotational speed available is normally around 1000 rpm (ω0). The pump mostly transports 
solid particles around 25% volume concentration, with particle diameter sizes in the 0.1–10 
mm range, depending on the dredging site. The best working efficient point with seawater is 
70 m hydraulic head (H0) at 1000 m3/s flow rate (Q0). The impeller geometry specifications 
are given in Fig. 2.

2.1  Experimental tests

Pump performance was tested on an existing dredging plant, using seawater at 20°C. The 
hydraulic head was measured with the outlet–inlet pressure difference with analogue 

Figure 2: Impeller geometric dimensions.

Figure 1: Examples of dredging machinery: (a) offshore dredger; 
(b) dredge pump. Courtesy of Italdraghe S.p.A.

(a)					     (b)
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pressure gauges, while the flow rate was measured using an ultrasonic flowmeter on the outlet 
duct. The rotational pump speed was set by regulating the attached diesel motor power. The 
measured hydraulic head versus flow rate, by varying the pump rotational speed is given 
in Table 1.

3  CFD MODEL
The simulations are carried out with the commercial CFD code ANSYS CFX, Release 19.2 
[15]. The code solves the 3D Cauchy momentum equation using an element-based finite-
volume method. The geometry is generated using the commercially available software 
SOLIDWORKS and then imported into the meshing software ANSYS ICEM, in order to 
mesh the domain. Then, boundary conditions are imposed on the volume, by defining the 
multiple frames of reference, the transient analysis parameters and the properties of the 
materials involved. The multiphase flow simulations largely use the Eulerian–Eulerian 
approach for the solutions. This approach is based on the principle of interpenetrating con-
tinua [16], where the phases share the same volume. The phases, each of which are 
described by its physical properties and its own velocity, pressure, concentration and tem-
perature field, share the same volume and penetrate each other in space exchanging mass, 
momentum and energy. For the issue being investigated, the “Volume of Fluid” model was 
applied, in order to simplify the multiphase simulations and reduce the computational time 
effort. The simplification performed makes it possible to solve the bulk transport equations 
that can be derived by summing the individual phasic transport equations for seawater (w) 
and solid (s):

r rm ir= ∑ .i � (1)

U Um
m

i i i= ∑ .
1

r
r r � (2)

m mm i ir= ∑ . � (3)

i w s= , .

The equations describing the mathematical model are mass continuity (4), momentum 
continuity (5) and volume conservation (6). The energy continuity is not simulated for the 
isothermal hypothesis applied.

∂
∂

( ) +∇⋅( ) =
t

r rUm i m i mr r .0 � (4)

∂
∂

( ) +∇⋅ ⊗( ) = −∇ +∇⋅ ∇ + ∇( )( )



t

U U U p U Um m m m m m m m
Tr r m . � (5)

Table 1: Experimental operating points with seawater.

w/w0 0.6 0.7 0.8

H/H0 0.31 0.29 0.27 0.38 0.36 0.31 0.52 0.49 0.44

Q/Q0 0.18 0.38 0.54 0.20 0.41 0.60 0.24 0.48 0.70
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∑ =ri 1. � (6)

These six nonlinear partial differential equations must be solved for the six dependent 
variables (Umx, Umy, Umz, rw, rs, p) [17].

3.1  Mesh and grid sensitivity

The pump volume is divided into two finite-volume domains in order to perform a multiple 
frame of reference simulation: the stationary domain of the volute and a rotational domain of 
the impeller (see Fig. 3). Between the domains, two interfaces are set with the Mixing Plane 
model applied as transition from rotor to stator. In this approach, the flow field data are aver-
aged circumferentially from both frames of reference at the interface and passed to the 
adjacent zone as boundary conditions.

The number of elements is defined after a grid sensitivity analysis, based on the monitoring 
of the pump hydraulic head. Three grids were generated: mesh 1, composed of 0.5∙106 elements, 
mesh 2, composed of 1.3∙106 elements and mesh 3, composed of 3∙106 elements. In CFD simu-
lations, the numerical results are dependent from the number of elements of the grid used for the 
simulations. So, as a first step, it is needed a grid sensitivity analysis on the numerical results, in 
order to find the minimum number of elements that doesn’t affect the numerical results. This 
permits to reach the independence of the numerical results on the number of elements. When 
CFD simulations involve turbulence, it is needed a very dense grid on the walls, in order to solve 
correctly the adhesion effect and solve the boundary layer. The inlet and outlet ducts in the 
volute domain were elongated in order to make the numerical simulations more stable.

3.2  Boundary conditions

All the simulations are carried out as steady-state analysis. The multi-phase model is set as 
homogeneous, calculating a unique flow field for the materials involved. The hydraulic head 
versus flow rate curves are calculated by varying the flow rate developed by the pump. The 
flow rate value is imposed on the outlet surface of the volute, while the inlet surface is set as 
a constant relative pressure condition. The solid-phase concentration inside the domains is set 
as the initial overall condition on the simulated volume and on the outlet flow rate. All the 
walls are set as smooth walls, with a No Slip condition applied (Table 2).

Figure 3: 3D mesh of the dredge pump domains: (a) volute and (b) impeller.
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3.3  Seawater simulation results

The validation of the numerical model is reached with single-phase simulations with seawa-
ter: once the numerical convergence is reached, with residual criteria set at 10−4, the hydraulic 
head, which varies with the flow rate and the rotational speed, is compared with the experi-
mental results. Figures 4 and 5 show a good match between the numerical and the experimental 
results; the numerical pump model is then validated.

Table 2: Simulation settings applied.

Setting Value Setting Value
Seawater density 1025 kg/m3 Solid density 2660 kg/m3

Advection scheme High Resolution Turbulence model κ-ω SST
Inlet rel. pressure 0 bar Outlet flow rate 0–3 Q0

Figure 4: Comparison between experimental and numerical data with seawater.
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4  NUMERICAL CALIBRATION
The rheological models that better describe the behaviour of a water–sand suspension like the 
one presented here are the non-Newtonian models, like the Bingham model [18], the Ostwald–
de Waele model [19] and the Herschel–Bulkley model [20–22]. The last one is the model 
used for the calibration of the Eulerian solid-phase rheology: t t g= +o

n .Κ   (7)
The Herschel–Bulkley model is set on the numerical viscosity properties of the solid 

phase, in order to match a hydraulic head reduction effect of the non-Newtonian viscosity 
[23] to the prediction of the head degradation due to the solid effect [24]. While the power 
index value can be related to the concentration of the solid phase [22], the effect of the 
particle size is related here to the yield stress value of the viscosity model. The calibration 
of the yield stress is performed through a sensitivity analysis of the expected head reduc-
tion at the fixed particle size with the numerical results by varying the yield stress value 
on the pump. The prediction of the effect of the particle size on the hydraulic head 
reduction is calculated with the K-factor value, taking into account the effect of the pump 
radius [3].

For the calibration analysis, the flow rate developed was set constant at Q0 value, while the 
solid concentration was set at 20% and 30%. For every particle size, the resulting yield 
stresses at different solid concentrations were mediated, in order to extract a unique value of 
the yield stress. The calibration curve of the yield stress versus particle size is provided in 
Fig. 6; the logarithmic trend is used as the formulation in the numerical yield stress setting, 
following eqn (8). t q0 931 8 7540= ( ) +. .ln  (8)

The plastic viscosity value, related to the solid concentration [7], is given by the Thomas 
eqn (9):

K r r rw s s s= + + + ( )( . . . . .m 1 2 5 10 05 0 00273 16 62 exp � (9)

Figure 5: YZ middle-plane contours with seawater: (a) velocity and 
(b) total pressure.
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5  RESULTS
The simulations were carried out at five values of particle size, between 0.1 and 5 mm, two 
values of solid concentrations, 20% and 30%, and seven values of flow rate at constant speed 
ω0 (Figs. 7 and 8). The performance curves of hydraulic head versus bulk flow rate were 
given with a cubic trend line on the resulting points. The hydraulic head was calculated with 
the following eqn:

H p gm= ∆ / .r � (10)

The results show a hydraulic head reduction, related to seawater, up to 30% developing 
5 mm solid size at 30% volume concentration (Fig. 9). The decreasing performance matches 
the predictions made with the empirical formulae used for calibration at the larger particle 

Figure 6: Logarithmic trend curve of yield stress versus particle size.

Figure 7: Numerical bi-phase curves with 20% of solid.
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Figure 8: Numerical bi-phase curves with 30% of solid.
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sizes. The greatest deviation from the hydraulic head reduction predictions is present at the 
lower particle sizes, where the numerical results show a 5–10% decrease, while the empirical 
formulae show 2–3%.

6  CONCLUSION
This paper presents a multi-phase CFD model applied to a dredge pump. The slurry is mod-
elled with a two-phase solid–water mixture using an Eulerian–Eulerian approach, in order to 
better compute the high solid-phase concentrations involved. The numerical model is devel-
oped in order to predict the hydraulic head losses at different particle sizes, from 0.1 to 5 mm, 
using a non-Newtonian viscosity model applied to the Eulerian solid phase. The validation is 
performed using experimental test performance levels with seawater, while the calibration of 
the rheology parameters was performed using scientific literature criteria. The results show a 
good agreement on the hydraulic losses at higher transported particle sizes, while the greatest 
deviation is reached at lower particle sizes. Using fast simulations, the presented model can 
analyse the performance levels of existing dredge pumps or predict losses in new dredge 
pump concepts. Further analysis and improvements on the presented model can be made, for 
example, by changing the geometry, empirical formulations for loss predictions or exploring 
other non-Newtonian models for the solid-phase numerical properties. 
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Figure 9: YZ middle-plane contours with 30% concentration of 5 mm solid 
particles: (a) velocity and (b) total pressure.
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Nomenclature

Variable Description Variable Description

w0 Reference rotational speed H0 Best efficiency point hydraulic head

Q0
Bulk volume flow rate at 
best efficiency point

b Axial length

d Diameter w Rotational speed

H Hydraulic head Q Bulk volume flow rate

r Density r Volume fraction

U Flow velocity m Dynamic viscosity

p Pressure t Shear stress

t0 Yield stress K Plastic viscosity

g Shear rate n Power index

q Particle size g Standard gravity
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ABSTRACT
A new defouling erosion model for Lagrangian particle tracking is used to predict defouling of amor-
phous, heterogeneous coatings such as those typically found in aircraft compressors. The main problem 
description, the mathematical formulation and the underpinning experiment of the model are presented 
in a previous communication by the authors. In this work, the Ansys CFX implementation of the model 
is described and an experiment is presented for the validation of the model. Air flows laden with a 
number of dry-ice particles are observed in an optically accessible stream channel containing a flat plate 
target. The defouling process of these particles is recorded with HSCs and the main parameters, such 
as indentation size in fouling layers, are processed and compared to corresponding numerical results. 
The model parameters considered are particle impact velocity and angle as well as particle and fouling 
material. Typical coatings which are relevant to commercial aircraft defouling processes are investi-
gated. The target plate angle and the air velocity are varied and dry-ice particles of random size and 
shape are injected into the flow. The experiment is set up in a wind-tunnel test-rig and all recordings are 
made using two HSCs, a digital camera and Prandtl probe measurement. Experimental and numerical 
defouling results show good overall agreement for steep target angles but significant deviations for low 
target angles. Potential improvement to the defouling erosion model is discussed based on these results. 
The model as presented is used in large-scale compressor defouling simulations in the development 
process of on-wing aircraft maintenance systems.
Keywords: aircraft engine defouling, CO2 dry-ice blasting, solid particle erosion, validation experiment.

1  INTRODUCTION
On-wing aircraft engine cleaning is a current topic of research for commercial aircraft oper-
ators. Engine maintenance cost represents approximately 35% to 40% of an airline’s total 
maintenance cost [1]. Periodic on-wing engine cleaning results in greater operating effi-
ciency and lower emission rates. In this work compressor defouling is addressed. Compressor 
fouling is mainly caused by in-service ingestion and deposition of various types of solid and 
fluid foulants from ambient air, such as unburned hydrocarbons, insects, soil, salt, etc. [2–4]. 
This leads to decreased engine efficiency and power output and higher fuel consumption, 
pollutant emission and increased operational cost [3, 5–10]. To counteract this, a number of 
aircraft engine compressor defouling systems have been developed in recent decades. These 
are mostly based on solid (e.g. coal-dust, nut-shells) or liquid (e.g. water droplets, solvents) 
particle injection into the engine core while the engine is dry cranked [10–13]. The most 
recent research at Hochschule Darmstadt (hda) and Dublin Institute of Technology (DIT) in 
cooperation with Lufthansa Technik AG (LHT) resulted in the new Cyclean 2.0 cleaning 
system which is based on pressurized air which carries dispersed CO2 dry-ice particles. The 
particles clean the compressor blades by erosive wear. The basic principles of the system are 
described in [14]. Further details of the system including particle laden in-engine flow inves-
tigations and simulations are described by the authors in [15, 16] and the entire study dealing 
with numerical simulations of the novel Cyclean 2.0 cleaning procedure is described in  
detail in [17].
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2  STATE OF THE ART
The numerical simulation of the new Cyclean 2.0 cleaning system operating with dry-ice was 
one of the key goals in the research mentioned above. The simulations must be carried out 
with the commercial numerical code ANSYS CFX and must incorporate an appropriate ero-
sion prediction formulation. The Ansys CFX code incorporates a number of erosion models 
which are typically used in turbomachinery, such as those from FINNIE [18] and GRANT 
and TABAKOFF [18]. However, an extensive literature review, most of which was presented 
in RUDEK et al. [15] by the authors, revealed that no erosion model is available at present, 
which is capable of predicting the erosion of amorphous and heterogeneous coating materi-
als, such as fouling layers typically found on aircraft engine blades.

To address this, the new energy-based erosion model introduced by the authors in Rudek 
et al. [15] was developed. It uses the experimental “Dynamic Indentation Testing” (DI) in 
order to determine the behavior of fouling material under erosion during engine cleaning. 
Several other researchers have taken a comparable approach to determine the erosion of tech-
nical coatings, such as paint, and their work is summarized in detail in Rudek et al. [15] and 
briefly described below.

The new defouling erosion model considered in this work is based on an energy balance 
comparable to the dynamic hardness definition by Sundararajan et al. [19]
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who introduced an energy-based model to predict crater volume VIMP and particle rebound 
characteristics (described by the particle mass mP and its velocity before vP,1 and after impact vP,2) 
in solid material erosion processes. They used the coefficient of restitution in eqn. (1)
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to assess the energy consumed by the particle–wall interaction.
The defouling erosion model presented is underpinned with data acquired by means of 

single particle experiments comparable to the DI testing procedure presented by Hutchings  
et al. [20, 21] and Sundararajan et al. [19, 22]. From this experiment, it is possible to deter-
mine the amount of energy necessary to penetrate and remove certain portions of typical 
foulants from aircraft compressor airfoils and to predict the amount removed. The experi-
ment is designed under the constraints of the main conditions for DI testing reported in  
[19, 22], which are

•  quasi-static impact behavior,

•• negligible stress-wave energy losses,

•• negligible particle rotation,

•• particle hardness must be greater than target (i.e. fouling) hardness,

•  superposition of erosion from normal and tangential forces is possible.

Following [20, 21, 23, 24] it is assumed that the defouling process is independent of parti-
cle material and therefore reference material particles, which do not disintegrate on impact, 
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are used for rebound testing. The results are adapted to dry-ice particles using empirical 
defouling functions. A procedure comparable to this was reported and extensively examined 
by PAPINI and SPELT in their decoating studies [23, 25, 26].

Gondret et al. [27, 28] investigated various material pairings in a range of particle impact 
tests and reported similarity in their restitution behavior if the coefficient of restitution is 
described as a function of the near-wall Stokes number
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which was derived from the particles ODE of motion in near wall formulation only consider-
ing viscous forces (index: c for coating) and which incorporates the influence of particle size 
(radius r and diameter d), mass ρ, and velocity v.

A similar procedure is used in the underpinning experiment of the erosion model used in 
this work to measure foulant properties with non-disintegrating particles made from refer-
ence material and to adapt these findings to dry-ice particles. Comparable normalization 
approaches have been reported in [29, 30].

Based on the findings reported in [25, 29–31] it was expected that the energetic proper-
ties of the defouling process are measurable only in a certain range of normal impact 
velocities, which was demonstrated in [17]. Furthermore, there various angular dependen-
cies of the defouling rates are considered for various fouling materials following [32]. 
Brittle and ductile material behavior was taken into account when the impact angles were 
chosen for the new experiment (i.e. 90° and 30° measured parallel to the wall), following 
for example [33, 34].

3  MODEL DESCRIPTION
The following model description represents a modified formulation of what was reported in 
[15] by the authors and it is adapted from RUDEK [17]. The model calculates particle energy 
dissipation during fouling erosion and measures defouling.

Basically following Gondret et al. [27, 28], the process is assumed to be dependent on the 
near-wall Stokes number, eqn. (3) but it utilizes the viscosity of ambient air instead of the 
viscosity of the coating. The formulation
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2
0

1
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(4)

is used to describe the energy dissipation δε{  fou,0} of a certain particle on impact upon a fouled 
target and to assess the proportion of defouling energy δe{part,fou,α}, which is necessary  
to indent and to remove a proportion of fouling. It is adapted from the dynamic hardness 
definition, eqn. (1).

Defouling energy δe is related to empirical restitution data from reference particle 
material impacts (index: ref ) and, if necessary, is scaled with a defouling relation FIMP to 
any particle material. The superscript is important to this formulation and it reads as 
follows:

•  part = particle material (i.e. ref EQ = reference material at equivalent velocity),

•• fou = fouling material,

•  α = impact angle (i.e. 0 = normal to the wall).
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The product of the first three contributors to the right-hand side of eqn. (4) describes refer-
ence material dissipation at dry-ice equivalent velocity. It is used to consider the difference in 
dissipated energy from impacts of non-disintegrating reference material particles in the nor-
mal direction on clean and fouled targets

	
de e e{ , } { } { , }:fou fou0 0 2 0 2

= ( ) − ( )



 	

(5)

and δε is defined to be the impact dissipation factor. It is derived from experimental data of 
reference particle rebounds measured in the normal direction to the wall’s surface (super-
script: 0). Therefore the normal component of reference material particle impact velocity, 
which is normalized to a dry-ice equivalent (superscript: ref EQ) is used in eqn. (4). This 
dry-ice equivalence is derived from Stokes-number comparison of the investigated particles 
(here dry-ice) to those made from reference material. The variable δε is assumed to be 
dependent on fouling material (superscript: fou) only.

The fourth contributor to the right-hand side of eqn. (4) represents the scale function
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and its superscript indicates that it is a function of particle material (part), fouling material 
(fou) and impact angle (α). The purpose of this function is to scale the proportion of 
defouling energy calculated by means of the dissipation factor. This dissipation factor is 
assumed to be dependent on the proportion of fouling removed from reference material 
indentations and the function above is used to account for actual proportions of defouling 
energy consumed to indent the same fouling material by any particle material at any  
impact angle.

Both areas (i.e. that defouled by reference material and that defouled by the actual mate-
rial investigated) are calculated by means of the experimentally correlated indentation 
diameter
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with the correlation coefficients K1 and K2. The onset of erosion for the particle-fouling com-
bination under consideration is described by the critical Stokes number Stcrit.

The quotient described from eqn. (6) is used to scale the dissipated portion of energy con-
sumed by the defouling from reference material (ref ) values to actual material (part) values. 
The defouled area AIMP from one single particle impact is consequently calculated:
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(8)

4  EXPERIMENTAL SET-UP
A wind-tunnel experiment is designed in order to create an optically accessible validation 
scenario towards the new defouling erosion model and this set-up is shown in Fig. 1 with the 
main dimensions. This testing section is directly flanged to the nozzle of the wind-tunnel, 
which delivers the air flow (a) at various air velocities.
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Probe bars (b) and (c) are used for the positioning of Prandtl probes with integrated ther-
mocouples (type K) and these are located at the inlet and the outlet of the rectangular shaped 
main part of the testing section. These probes are used to measure flow properties such as 
pressure, velocity and temperature. Flow profiles can be recorded in both horizontal and ver-
tical directions, as indicated by the red arrows in the figure. A number of particles can be 
introduced into the air-flow via the tubular injection system (d) and these are transported by 
the flow and impact upon the target plate (e).

The vertical and angular positions of the injection tube as well as the angle of the target 
plate can be varied, as indicated by the red arrows in Fig. 1, right. The testing section is opti-
cally accessible through transparent upper and side walls (f) which make the utilization of 
HSCs possible for tracking and sizing of primary and secondary dry-ice particles. An 
exchangeable target plate is used for defouling tests (not shown) with which defouling action 
is measured after a number of particle impacts. To achieve this, images of the target plate 
surfaces are recorded before and after particle impacts outside the testing section and these 
are compared by image post-processing.

5  MAIN RESULTS
Initially a pure air-flow run-up study is carried out and a representative selection of results is 
presented here. Furthermore, the most important findings of the final particle laden flow sim-
ulations are highlighted. The whole study presented in [17] comprises a systematic grid 
study, the discussion of a symmetry assumption and the extensive comparison of numerical 
to experimental results for air flow properties. Based on this, the numerical set-up for the 
main validation case investigations of the newly developed models is chosen. A parameter 
discussion is presented to determine the predictive capabilities of the models in conjunction 
with Ansys CFX simulations. Experimental data are recorded for defouling erosion and 
numerical results are compared to experimental data.

It is assumed that the behaviour of the validation experiment can be numerically pre-
dicted by considering a mid-plane cut through the rectangular part of the experimental 
set-up, assuming periodical symmetry at its sides. This assumption is based on preliminary 
experimental observations of POM and dry-ice particle tracks and flow field measure-
ments. The particles are injected at the mid-channel and in all cases considered they impact 
the target in the central 33% of the channel. In order to show that side wall effects do not 
significantly influence the mid-plane flow, flow parameters were measured at a grid of 
locations across a number of vertical and horizontal positions across the section at the inlet 
and at the outlet planes of the channel and the results from this study are presented in detail 
in Rudek [17].

Figure 1: �Experiment for numerical validation: schematic (left) and section 
view (right).
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5.1  Pure air flow validation

In this section, results from steady-state RANS air flow simulations are compared to experi-
mental data recorded in the mid plane of the channel at all vertical positions. Figure 2 shows 
simulation results of the two most extreme flow conditions (i.e. case 1 with lowest velocity 
and lowest target angle and case 4 with highest velocity and highest target angle).

Contours of static pressure are projected to the rear symmetry plane of the numerical  
volume and velocity streamlines are drawn from the inlet to the outlet plane. A wake region 
is clearly visible for both cases and the target influence upon the pressure field is also clearly 
visible. A high forebody and low afterbody pressure field is found to establish and it is mainly 
influenced by the air velocity and the target plate angle.

Inlet Air Velocity = 20 m/s
Target Angle = 30°

Inlet Air Velocity = 45 m/s
Target Angle = 60°

Figure 2: Numerical results for pure air flow in mid-plane symmetry volume for case 1 (left) 
and case 4 (right) - velocity streamlines and contours of static pressure are shown 
(Note: steady state RANS simulations cannot capture possible velocity fluctuations 
downstream the target plate, only the mean flow pattern is predicted).
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Figure 3: �Case 4: air flow pressure (left) and velocity (right) profiles at the 
outlet plane - comparison of numerical to experimental data.

A typical comparison of pressure and velocity profiles at the afterbody measurement plane 
(both forebody and afterbody measurement positions are indicated by the red vertical lines in 
Fig. 2 is shown in Fig. 3 for case 4. The predicted pressure and velocity trends are comparable 
to the experimental data and the mean deviations between predicted and experimental data 
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are 12% for the pressure profile and 16% for the velocity profile. A more detailed discussion 
of this air-flow validation study is presented in Rudek [17]. Based on these results the set-up 
is assumed to be valid for the later particle model validation simulations.

5.2  Particle tracking validation

In the second step of the run-up study, experiments and simulations using polyoxymethylene 
(POM, i.e. used as reference material) particles are compared to assess the ability of the sim-
ulation to predict particle transportation and impact behavior. Particle injection is implemented 
in the numerical set-up by setting the initial particle velocity vector and its position in vertical 
direction at the inlet boundary corresponding to data measured in the experiment.

Whilst the continuous air flow is simulated by means of the Euler approach using the 
energy equation and Newtons material law, the dispersed particle phase is simulated by means 
of Lagrangian particle tracking. Therefore, the particle ODE of motion
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is solved in the area of interest. It relates particle inertia forces (represented by its mass mP 
and its acceleration) to the sum of n external forces Fi acting on this particle.

Figure 4, left, shows a montage of typical experimental recordings of a POM particle 
with a diameter of 3.0 mm at various instants of time pre- and post-impact. The corre-
sponding pre- and post impact angles of the particles are measured with respect to the 
horizontal plane of the set-up (indicated in the figure). Hence, negative angle values 
indicate negative vertical particle velocity components. The particle velocity is post- 
processed with the recordings using in-house developed procedures such as those  
presented in [17, 35, 36].

The comparison of the data from the run-up study with various POM particles is displayed 
in Fig. 4, right. The diagram shows the pre- and post-impact flight path angles of the particles 
(i.e. measured to the horizontal as explained in the discussion above) and the absolute 

Figure 4: Montage of typical HSC POM particle track recordings at various 
pre- and post- impact instants of time (left) and comparison of 
numerical and experimental POM particle tracking results - particle 
impact behavior (right).
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pre- and post-impact velocity values from both numerical and experimental results. Satisfac-
tory agreement between numerical and experimental data is achieved with the simulation 
set-up chosen.

Particle velocities prior to and after the instant of collision with the target plate are found 
to be precisely predicted. The impact angles are underpredicted and, as a consequence, the 
outbound angles are overpredicted. These deviations are more significant for larger particles 
at lower velocities. Possible causes for the deviations are the simplifications of the simulation 
assuming constant coefficients of restitution, such as given in eqn. (2), and neglecting  
rotation of the particles.

The overall agreement of all numerical data compared to experimental results is satisfac-
tory. The mean deviations of the particle velocities range from 1% to 5% and these of the 
angles range from 5% to 12%. Parts of the study were carried out with the opening boundary 
condition at the outlet of the numerical control volume and this leads to more significant 
deviations in the pressure profiles predicted at this position which is discussed in detail in 
[17]. However, the particle tracks seem to be independent of these deviations and it can there-
fore be concluded that the set-up chosen is adequate for all validation cases considered.

5.3  Defouling erosion validation

The set-up presented above is assumed to be valid for the prediction of the main validation 
situations presented here and it is used to assess the predictive capabilities of the CFX imple-
mentation of the new defouling erosion model. A grid is used which gives results independent 
from spatial discretization and the mid plane cut is applied because the above study showed 
no influence of the side walls upon the particle tracks in the middle of the experimental 
set-up. In addition, the boundary conditions applied showed no negative influence upon the 
predicted particle tracks.

If the dry-ice particles collide with solid walls they disintegrate into smaller fragments and a 
proportion of the fouling is removed from the airfoil. To account for this breakup process in 
the simulations, an experimentally based particle breakup model and the new defouling ero-
sion model for dry-ice particles have been developed and the basic assumption of both models 
is an energy balance. Mass
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and kinetic energy (index kin)
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of the impacting particle (index P) are conserved by balancing the impacting particle varia-
bles with those of the k secondary particles in the new numerical breakup procedure.

All dispersed secondary particles and the sublimated proportion of primary particle mass 
(index sub) are considered in the mass balance, eqn. (10). The energy balance, eqn. (11), 
accounts for the kinetic energy, the breakup energy (index bu), the sublimated energy propor-
tion and the energy proportion used for the defouling erosion (index er) on its right-hand side. 
The last contribution is derived directly from the dissipated energy portion, eqn. (4), of the 
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new erosion model. More detailed descriptions of the new particle breakup model can be 
found in [16, 17] and will be reported by the authors in an additional future communication.

In the validation experiment a HSC is used to record the primary particles impacting the 
target plate. An exchangeable target surface is used, which is coated with either PTFE or 
SALT and photographed before starting the experiment. After a certain number of primary 
particle impingements (i.e. 30–50 per parameter) the target plate is removed and its partially 
defouled surface is photographed again. A before-after comparison, comparable to what is 
described in RUDEK et al. [15], delivers the desired defouling statistics.

Numerical simulations are carried out of this validation situation and the primary particle 
injection position, velocity, direction and size distribution are derived from experimental 
measurements. The experimental parameters used for the defouling tests are approximately 
25 and 50 m/s nominal air velocity as well as 30◦ and 60◦ nominal target angle. The two 
artificial fouling materials, PTFE and SALT, are used for each parameter.

This results in a total of 8 tests, each of which was experimentally carried out twice. In the 
corresponding numerical simulations a total of 30 primary particles was considered for each 
parameter. Typical results from numerical defouling predictions are presented in Fig. 5: the 
left-hand image shows little defouling of the SALT layer in the case of 25 m/s nominal air 
velocity and 30° target angle compared to significant defouling of PTFE with 45 m/s nominal 
air velocity and 60° target angle.

Much defouling: PTFE
• Nominal air velocity = 45 m/s
• Target angle  = 60°

Little defouling: SALT
• Nominal air velocity = 25 m/s
• Target angle  = 30° PTFE

EXP NUM

Figure 5: �Typical indentation pattern from defouling simulations - little 
defouling of SALT coating and significant defouling of PTFE coating 
(both left); qualitative comparison of typical indentation pattern 
from predicted and experimental defouling of PTFE with the color 
map inverted (right).

A qualitative comparison of predicted defouling to experimental results is shown in Fig. 5, 
right, and a typical pattern from PTFE coating is displayed. The comparability of the defoul-
ing pattern can be seen. From this comparison it becomes clear that secondary particle 
indentations play a key role in PTFE defouling. This is not the case for SALT (here without 
display). For this reason the first comparison of numerical to experimental data deals with the 
number of indentations per primary particle and this is presented in Fig. 6.

The left-hand display shows results from PTFE testing and the right-hand display those 
from SALT layer investigations. Both diagrams show mean values from 8 experiments and 4 
corresponding simulations. Increasing the primary particle Stokes numbers increases the 
number of indentations per particle and this can be seen for both PTFE and SALT layers. The 
mean values for PTFE are higher compared to those for SALT, which indicates that secondary 
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particle impacts only partially defoul the PTFE layers. The numerical predictions are compa-
rable to the experimental results and it is therefore concluded that the primary particle 
indentation behavior as well as secondary particle indentations are generally captured by the 
model set-up presented.

The next comparison deals with the indentation sizes after the defouling tests and it is 
presented for PTFE in Fig. 7 and for SALT in Fig. 8. The left-hand display of Fig. 7 shows 
the mean values and scattering bars for low target angle (i.e. 30°) and both nominal air 
velocities and the right-hand graph shows comparable results from steep target angles 
(i.e. 60°).

In both cases the mean numerical values tend to overpredict the mean experimental out-
comes. Good agreement can be seen when comparing the overlapping of the scattering 
ranges. However, the lower range of indentation diameters is not captured by the simulations. 
This can be attributed to the actual contribution of very small secondary particles defouling, 
of which thousands actually exist but just a number is simulated (for details see Rudek [17]). 
The predictions for steep target angles are closer to the experimental data compared to these 
for low target angles.

Figure 6: Number of indentations per primary particle from tests with PTFE 
(left) and SALT (right) - numerical (blue markers) and experimental 
data (red markers).
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Figure 7: �Indentation sizes from tests with PTFE at low (left) and steep target 
angles (right) - comparison of numerical (blue markers) to 
experimental data (red markers).
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Results from SALT defouling investigations are shown in Fig. 8 in a comparable rep-
resentation. The mean numerical results for low target angles clearly underpredict the 
experimental results. In case of the low nominal velocity there is almost no defouling pre-
dicted but there are significant indentations detected in the experiment. The predictions for 
the higher nominal velocity also underestimate the reality, however these are found to be 
located in the lower scattering bound of the experimental data. In contrast, the comparison of 
numerical to experimental data for steeper target angle indentations, Fig. 8, right, shows good 
agreement of the mean values. The predicted scattering bars of the indentation sizes are much 
narrower compared to the experimental data. A possible cause for this may be natural scatter-
ing experimentally encountered for salt layer defouling, which is not accounted for in the 
model at the moment (for details see Rudek [17]).

6  CONCLUSION AND OUTLOOK
Based on the above results it is concluded that the CFX implementation of the new defouling 
erosion model, if it is used in conjunction with the new particle breakup model which is not 
discussed in this communication, adequately predicts actual defouling of PTFE and SALT 
layers. However, it must be noted that it failed to predict the defouling of SALT in the valida-
tion study at low nominal air velocity and low target angle. The lower bounds of the 
experimental scattering of the PTFE defouling are not captured by the model. In addition the 
model underpredicts the scatter for SALT defouling. The mean values predicted are in satis-
factory agreement with the experimental data for high target angles (mean deviations ca. 15%) 
but show significant differences for low target angles (mean deviations ca. 40%).

The major differences between the PTFE and SALT layer defouling are well predicted for 
high target angles and those for the low target angle are found to be within the range of exper-
imental scatter, despite the case where the model failed to predict defouling. Furthermore, the 
particle breakup model used can be seen to be valid in conjunction with the defouling erosion 
model because secondary particle indentations are predicted when investigating PTFE 
defouling.

Potential improvement to the defouling erosion model presented can be achieved by the 
consideration of scattering in the defouling functions. This can be done by introduction of an 
additional random parameter which must be derived from statistical data processing of the 
underpinning experiments. Such an additional variable may improve the range of the scatter 
predicted as well as the prediction of the onset of erosion, which is a constant threshold at the 
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Figure 8: �Indentation sizes from tests with SALT at low (left) and steep target 
angles (right) - comparison of numerical to experimental data.
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moment. This caused the failed SALT layer defouling prediction at low nominal air velocity 
and low target angle.

In conclusion, both models are considered to be valid for the prediction of axial aircraft 
compressor defouling simulations and this final application case has been recently addressed 
in Rudek et al. [16] and in more detail in Rudek [17]. The mean deviations encountered in the 
validation case study must be kept in mind when discussing results from application case 
simulations.

Four typical coatings which are relevant to commercial aircraft defouling processes were 
investigated in the framework of the new model development. It is possible to enlarge this 
statistical database to numerous coating and particle materials in the future using the basic 
experiment underpinning the model. Some additional experiments with dry-ice and water-ice 
particles in conjunction with various additional fouling materials are currently investigated 
at Hochschule Darmstadt by the authors. It is also planned to enlarge the model to further 
defouling effects such as thermal and chemical and this is currently addressed in another 
research project at Hochschule Darmstadt in collaboration with Lufthansa Technik.
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Abstract
In multiphase fluid flow, the formation of dispersed patterns, where one of the phases is completely 
dispersed in the other (continuous medium) is common, for example, in crude oil extraction, during the 
transport of water/oil mixture.

In this work, experimental and numerical studies were carried out for the flow of an oil/water mixture 
in a horizontal pipe, the dispersed liquid being a paraffin (oil with density 843 kg m−3 and viscosity 
0.025 Pa s) and the continuous medium a water solution doped with NaCl (1000 µS. cm−1). The tests 
were made for oil concentrations of 0.01, 0.13 and 0.22 v/v and velocities between 0.9 and 2.6 ms−1 

of the mixture. Experimental work was performed in a pilot rig equipped with an electrical imped-
ance tomography (EIT) system. Information on pressure drop, EIT maps, volumetric concentrations 
in the vertical diameter of the pipe and flow images were obtained. Simulations were performed in 
2-dimensional geometry using the Eulerian–Eulerian approach and the k-ε model for turbulence mod-
elling. The model was implemented in a computational fluid dynamics platform with the programme 
COMSOL Multiphysics version 5.3. The simulations were carried out using the Schiller–Neumann cor-
relation for the drag coefficient and two equations for the viscosity calculation: Guth and Simba (1936) 
and Pal (2000). For the validation of the simulations, the pressure drop was the main control parameter.

The simulations predicted the fully dispersed flow patterns and the pressure drop calculated when 
using the Pal (2000) equation for the viscosity calculation showed the best fit. The results of the images 
of the flows obtained by the photographs and simulations were in good agreement.
Keywords: dispersed flow pattern, Euler–Euler model, oil/water flows, pressure drop.

1  Introduction
Multiphase flows in pipe occur in many industrial sectors and are most important in the petro-
leum industry. In petroleum extraction and production processes, oil transport occurs along 
with other materials (water, air and solid particles) [1]. Thus, depending on the materials 
transported, the flow can be biphasic (oil/water, water/air, air/solids, etc.), three-phase (air/
water/solid, air/oil/solid, etc.) or multiphasic (more than three phases) [1–4]. The interaction 
between the fluids, when transported, leads to the formation of flow patterns, being the main 
ones classified as dispersed, stratified and intermittent [5]. In addition, the long distances that 
the fluids travel until reaching their destination demand very high energy costs [6]. Studies 
have been developed in the search for optimization and creation of fluid pumping systems 
that lead to the reduction of energy consumption. In the literature, experimental studies have 
been carried out to characterize the different types of flow [2], the presence of the waves at 
the interface [7, 8], the transition between flow patterns [9], among others. These studies 
involve filming of the flow, sampling techniques [5] and non-invasive techniques, such as 
some tomographic techniques. In the latter case, these techniques obtain information about 
the system through measurement of the electromagnetic, acoustic or electrical properties of 
the fluids [10–15]. In addition to the experimental studies, flow simulations have also been 
extensively developed. Numerical simulations have been performed using methods based on 
the solution of the transport equations for the fluids through the direct simulation of local and 
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instantaneous equations, such as level-set method [16–18], phase-field method [19, 20] or 
volume of fluids method [20, 21], or through the solution of the average equations. In the 
latter case, the systems can be modelled using a homogeneous model, where the phases are 
treated as pseudofluids with average properties, and in this approach, the flow pattern is 
treated in a less detailed way [22], through a Lagrangian–Eulerian approach, where one of the 
phases is treated from an Eulerian perspective (as in the single phase flow) and the other 
phase receives a Lagrangian treatment [23, 24], or using an Eulerian–Eulerian approach, 
where each phase is treated continuously and the coupling between the phases occurs through 
interfacial terms [25–27].

In this work, a numerical simulation study was developed to describe the dispersed oil/
water flow in a horizontal pipe (length of 11.5 m and an internal diameter of 0.11 m) and 
another experimental study to validate the simulations. For the simulation, a Eulerian–
Eulerian approach was used in conjunction with the Reynolds-averaged Navier–Stokes 
(RANS) equations and the k-ε turbulence model implemented in COMSOL Multiphysics 5.3. 
In the experimental study, electrical impedance tomography (EIT) was used to identify the 
flow pattern and to determine the distribution of the phases within the pipe. Simulation 
validation was performed by comparing the pressure drop data.

2  Experimental setup
The experimental tests for the oil/water dispersed flow were performed in a pilot plant rig 
(see Fig. 1).

The test fluids were liquid paraffin (density of 843±1 kg m-3 and viscosity of 
0.025±0.0002 Pa s) and water saline solution doped with NaCl (to allow a higher contrast 
between the phases in the EIT images), the interfacial tension is 46.0±0.1 mN m. The tests 
were performed for mixtures with oil concentrations of 0.01, 0.13 and 0.22 v/v and velocities 
between 0.9 and 2.6 m s-1, in a straight section of the rig with length of 11.5 m and internal 
diameter of 0.11 m. The experiments were carried out at constant temperature. Data on 

Figure 1: Scheme of the closed-loop pipeline.
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pressure drop, flow rate, temperature, samples of the mixture along the vertical radius of the 
pipe and crude data of the EIT were collected.

For the EIT system, a ring with 32 titanium electrodes, 5 mm in diameter, circumferentially 
and equally spaced, inserted in the acrylic tube, was used (a more comprehensive description 
can be found in [13, 28]). Tests were done with an excitation frequency of 60 kHz, with 2 V 
peak-to-peak amplitude, and acquiring 1000 frames per second. In this manuscript, the oppo-
site injection and measuring protocols were used. For the reconstruction of the images, the 
open software EIDORS was used off-line [29].

3  mathematical model description
In this work a Euler–Euler strategy was considered. Assuming that there is no mass transfer 
and that both phases are incompressible, the continuity equations for the continuous phase, 
eqn (1), and dispersed, eqn (2), are

	

∂( )
∂

+ ∇ ( ) =
r a

r ac c
c c ct

u. 0 	 (1)

	

∂( )
∂

+ ∇ ( ) =
r a

r ad d
d d dt

u. 0
	

(2)

The volume fractions are assumed to be continuous functions and their sum is equal to one 
a ac d= −1 , where r  is the density, a is the volumetric fraction, t is the time, u is the velocity 
and the subscripts c and d correspond, respectively, to the continuous and the dispersed phases.

The equations for the momentum balance for the continuous phase, eqn (3), and dispersed, 
eqn (4), are presented below [17]:

	
r a a a t a rc c c c c c c c c c m ct

u u u P g F
∂
∂

( ) + ∇ ( )





= − ∇ + ∇ ( ) + +. . , 	 (3)

	
r a a a t a rd d d d d d d d d d m dt

u u u P g F
∂
∂

( ) + ∇ ( )





= − ∇ + ∇ ( ) + +. . , 	 (4)

where Fm.  is the term for the interfacial momentum transfer, P is the pressure, g is gravity 
and t  is the viscous stress tensor.

In this model, the fluid phases are considered Newtonian in both equations and the viscous 
tensors for each phase can be written as

	
t mc c c c

T
c

I
u u u= ∇ + ∇( ) − ∇( )





2

3
.

	
(5)

	
t md c d d

T
d

I
u u u= ∇ + ∇( ) − ∇( )





2

3
. 	 (6)

In this work, two viscosity models were used to predict thrheological behaviour of dis-
persed system:

Guth and Simba (1936) model—this model considers the interaction between droplets and 
can be used for a wider range of dispersed phase concentrations [30, 31].
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	 nr d d= + +1 2 5 14 1 2. .a a 	 (7)

where nr. is the relative viscosity given by

	
nr

d

=
m
m 	 (8)

Pal (2000) model—proposes an empirical equation based on experimental data for the 
viscosity of different emulsion systems, covering a wide range of the viscosity ratio between 
dispersed phase and continuous phase, 4.1 × 10-3 to 1.17 × 103 [32]:

	
n

n b
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br
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−+

+
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= −2 5
2 5

0
2 5

2 5
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.

a 	 (9)

where b is the viscosity ratio between the continuous and the dispersed phases. Regarding b0, 
if no experimental data is available, the parameter becomes equal to 1.35.

The drag force for the dispersed flow can be defined as

	
F F udrag c drag d s, ,= = b 	 (10)

	
b

a r
=

∅
3

4
d c d

d
s

C
u

.
	 (11)

where Fdrag c,  is the drag force for the continuous phase, Fdrag d,   the drag force for the dis-
persed phase, b  is the sliding force coefficient, ∅d is the droplet diameter, Cd. is the drag 
coefficient for the diluted flow and us is the slip velocity between phases and is given by

	 u u us d c= − 	 (12)

The drag coefficient was calculated by the Schiller–Neumann correlation [33]:
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where Rep is the Reynolds of the particle and can be defined as

	
Re

u
p

d c s

c

=
∅ r

m 	 (14)

Turbulence model
In this work, the RANS method was used to model turbulent flows. So, in this approach all 
time-dependent functions are expressed as the sum of a temporal mean and a floating compo-
nent. The closing equation for the turbulent viscosity is given by [27]

	
m r

emT C
k

=
2

	 (15)

where Cm  is an experimentally obtained constant.
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4  results and discussion
For the simulations, the following hypotheses were applied: steady state, turbulent flow, 
incompressible, isothermal and without mass transfer between phases. The following input 
values were required: the tube wall roughness (10−4 m), the fluid inlet velocities, the volumet-
ric oil concentration, the fluid properties and the droplet diameter (120 μm). The boundary 
conditions used for the simulations were the velocities of the mixture at the inlet, zero pres-
sure at the outlet and no slip at the wall.

4.1  Geometry and mesh

The geometry and meshes were implemented using the COMSOL Multiphysics® program. 
Mesh independency studies were conducted for a volumetric oil concentration of 0.01 and 
velocity of the mixture of 0.9 ms−1. The best mesh (pressure drop independent of further 
refinement) corresponded to 91371 elements. So, the number of elements of the mesh used in 
the simulations for a 2D geometry was 91371.

In this study, the simulations compare the results of the tests obtained using two different 
equations for the viscosity calculation: Guth and Simba (1936) and Pal (2000).

4.2  Pressure drop

In Fig. 2, graphs of pressure drop versus velocity of the mixture for the oil concentrations of 
0.01, 0.13 and 0.22 v/v and for simulations performed using the equations of Guth and Simba 
(1936) (a) and Pal (2000) (b), for the calculation of viscosity are presented.

It is observed that for the lower velocities of the mixture, the two equations presented close 
values, similar to the experimental ones. However, the increase in velocity led the Guth and 
Simba equation (1936) to obtain values of pressure drop that are further away from the exper-
imental ones, what was not observed for the equation of Pal (2000). In Tables 1–3, we find 
the experimental and simulated pressure drop values. Pressure drop was obtained for 
volumetric concentrations of 0.01 (Table 1), 0.13 (Table 2) and 0.22 (Table 3), and for mixing 
velocities between 0.9 and 2.6 m s−1. The results show that the viscosity equation for the 
mixture has relevant influence on the values of pressure drop.

Figure 2: �Pressure drop versus velocity of the mixture. Viscosity 
calculated by (a) the Guth and Simba (1936) equation and (b) 
the Pal (2000) equation.
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Table 1: �Experimental and simulated pressure drop values (∆P) for oil/water dispersed 
flow. For the simulations, the viscosity is calculated by the Guth and Simba 
(1936) and Pal (2000) equations. Oil concentration of 0.01 v/v.

Vm

(ms−1) 

∆PExp 

(Pa m−1)

Schiller–Neumann

Guth and Simba (1936) (Pa s) Pal (2000) (Pa s)

∆PSim (Pa m−1) Error (%) ∆PSim (Pa m−1) Error (%)

0.9 83.3 75.7 9.7 97.7 16.6

1.2 143.9 129.1 10.3 - -

1.5 210.1 187.3 10.6 - -

1.8 307.6 260.6 15.2 332.2 8.1

2.1 414.1 343.3 17.1 - -

2.3 536.9 427.8 20.3 - -

2.6 671.1 513.9 23.4 676.0 0.7

Table 2: �Experimental and simulated pressure drop values (∆P) for oil/water 
dispersed flow. For the simulations, the viscosity is calculated by the Guth 
and Simba (1936) and Pal (2000) equations. Oil concentration of 0.13 v/v.

Vm

(ms−1)

∆PExp

(Pa m−1)

Schiller-Neumann

Guth and Simba (1936) (Pa s) Pal (2000) (Pa s)

∆PSim (Pa m−1) Error (%) ∆PSim (Pa m−1) Error (%)

0.9 77.3 77.7 0.5 97.0 25.4

1.2 141 132.3 6.2 - -

1.5 206.8 192.5 6.9 - -

1.8 293.2 267 8.9 328.0 11.8

2.1 393.2 352 10.4 - -

2.3 516.3 441.3 14.5 - -

2.6 664.5 543.8 18.1 670.1 0.8

Table 3: �Experimental and simulated pressure drop values (∆P) for oil/water dis-
persed flow for the simulations, the viscosity is calculated by the Guth and 
Simba (1936) and Pal (2000) equations. Oil concentration of 0.22 v/v.

Vm

(m s-1) 

∆PExp

(Pa m-1)

Schiller–Neumann

Guth and Simba (1936) (Pa s) Pal (2000) (Pa s)

∆PSim (Pa m-1) Error (%) ∆PSim (Pa m-1) Error (%)

0.9 83.6 83.8 0.2 97.0 16.0

1.2 142.7 135.5 5.3 - -
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1.5 214.5 196.5 8.4 - -

1.8 301.6 273.1 9.4 328.5 8.9

2.1 400.8 360.4 10.1 - -

2.3 523.9 451.4 13.8 - -

2.6 654.6 556 15.1 670.1 2.4

4.3  Concentration profiles

In Figs. 3–5 the reconstructed images for oil concentrations of 0.01, 0.13 and 0.22 v/v, and 
mixture velocities of 0.9, 1.5, 2.1 and 2.6 ms−1 are presented. For the representation of the 
variation of the normalized conductivity, a colour system was used, where the red and blue 
colours indicate the normalized conductivity values for the pure oil and aqueous phases, 
respectively, and the variation between both colours, corresponds to the mixtures between the 
two phases. The normalization is done using the reference measurements for the 1000 
µS. cm−1 NaCl solution without oil. η is the normalized conductivity, σm is the conductivity 
of the mixture and σo is the reference conductivity:

	
η =

−s s
s

m o

0
	 (16)

In the EIT images, it was not possible to distinguish the oil droplets because of their small 
size, but a homogeneous pattern was observed for all situations tested, confirming the exist-
ence of a dispersed flow pattern. However, as the oil concentration increased, the patterns 

Figure 3: EIT images for oil/water dispersed flow. Oil concentration 
of 0.01 v/v and velocities of the mixture: (a) 0.9 ms−1, 
(b) 1.5 ms−1, (c) 2.1 ms−1 and (d) 2.6 ms−1.

a η η

ηη

b

dc
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Figure 4: EIT images for oil/water dispersed flow. Oil concentration 
of 0.13 v/v and velocities of the mixture (a) 0.9 ms−1, 
(b) 1.5 ms−1, (c) 2.1 ms−1 and  (d) 2.6 ms−1.

a b

dc

η η

ηη

Figure 5: �EIT images for oil/water dispersed flow. Oil concentration 
of 0.22 v/v and velocities of the mixture: (a) 0.9 ms−1, 
(b) 1.5 ms−1, (c) 2.1 ms−1 and (d) 2.6 ms−1.

a b

dc η η

ηη

became more heterogeneous (Figs. 4 and 5), with a higher predominance of the light blue 
colour (oil/water mixture) when the oil concentration increased.
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Figure 6: �Radial profile of the oil volumetric concentration (1D) for oil/
water dispersed flow. Velocity of the mixture of 0.9 m s−1 and oil 
concentration of (a) 0.01 v/v, (b) 0.13 v/v and (c) 0.22 v/v. In the 
simulations, (S1) corresponds to the Guth and Simba (1936) 
equation and (S2) to the Pal (2000) equation.
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Figure 7: �Radial profile of the oil volumetric concentration (1D) for oil/water dispersed 
flow. Velocity of the mixture of 2.6 m s−1 and oil concentration of (a) 0.01 v/v, 
(b) 0.13 v/v and (c) 0.22 v/v. In the simulations, (S1) corresponds to the Guth 
and Simba (1936) equation and (S2) to the Pal (2000) equation.
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In Figs. 6 and 7, the volumetric oil concentration radial profiles (1D) obtained by the sam-
pling/pycnometry and EIT and through the simulations are presented. Those profiles 
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correspond to oil concentrations of 0.01, 0.13 and 0.22 v/v and to the velocities of the mixture 
of 0.9m s−1 (Fig. 6) and 2.6 ms−1 (Fig. 7). In the case of the EIT technique, the normalized 
conductivity profiles were converted to volumetric concentrations of the oil using a method-
ology that calculates the oil concentration (α(z)) through the ratio of the volumetric 
concentration of the oil (a0) to a control area along the radius (Aσ) multiplied by the normalized 
conductivity (h) eqn (16) [13]:

	
a

a
s

hz
A

( ) = 0

	
(17)

The concentration profiles of the oil (EIT) show, for the oil concentration of 0.01 v/v, 
agreement with the profiles obtained through pycnometry. For the oil concentration of 
0.13 v/v, the EIT profiles presented also reasonable agreement. Finally, for the oil concentra-
tion of 0.22 v/v, the concentration profiles presented overestimated results, comparing with 
the data obtained by the probe, for the highest velocity. As for the simulated profiles, (S1) 
corresponding to the Guth and Simba (1936) equation and (S2) to the Pal (2000) equation, 
the profiles are identical independently of the equation used, and were able to predict the 
experimental results satisfactorily.

5  CONCLUSIONS
In this work, the experimental tests were able to reproduce the dispersed flow pattern for 
three volumetric oil concentrations and for a range of velocities of the mixture, in a horizontal 
pipe, from 0.9 to 2.6 ms−1, while using liquid paraffin to mimic the crude oil. The dispersed 
flow regime was confirmed using the EIT technique.

The best fit between the simulated and experimental values of pressure drop was obtained 
using the equation of Pal (2000) for the mixture viscosity and the Schiller–Neumann 
correlation for drag coefficient.

Regarding the 1D radial profiles, EIT agreed reasonably well with the data obtained 
through sampling/pycnometry, except for the highest concentration and velocity. In general, 
the 1D simulated oil concentration profiles agreed well with the experimental radial volumet-
ric oil concentration profiles, obtained by sampling and pycnometry.
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ABSTRACT
Falling particle curtains are important in many engineering applications, including receivers for con-
centrating solar power facilities. During the formation of such a curtain, we observe a multiphase 
analog of Rayleigh–Taylor instability (RTI). It was originally described in 2011 for a situation when air 
sparsely seeded with glycol droplets was placed above a volume of unseeded air, producing an unstably 
stratified average density distribution that was characterized by an effective Atwood number 0.03. In 
that case, the evolution of the instability was indistinguishable from single-phase RTI with the same 
Atwood number, as the presence of the droplets largely acted as an additional contribution to the mean 
density of the gaseous medium. Here, we present experiments where the volume (and mass) fraction 
of the seeding particles in gas is considerably higher, and the gravity-driven flow is dominated by the 
particle movement. In this case, the evolution of the observed instability appears significantly different.
Keywords: experiment, hydrodynamic instabilities, multiphase flow, Rayleigh–Taylor instability.

1  INTRODUCTION
In classical hydrodynamics, several important instabilities can be described using the same 
idealized formulation [1]. Consider an inviscid, incompressible two-dimensional flow with a 
density interface in the x – y plane near y = 0 separating fluids characterized by densities ρ1 
in the lower and ρ2 in the upper half-plane. If the y-velocity is initially uniformly zero, and 
the uniform x-velocities U1 (lower half-plane) and U2 (upper half-plane) are not equal, the 
case of ρ1 = ρ2 will produce pure Kelvin–Kelmholtz instability (KHI). If both fluids are ini-
tially at rest, with ρ2 > ρ1, and are subject to constant acceleration g directed down the y axis, 
Rayleigh–Taylor instability (RTI) will develop, amplifying any interfacial perturbations. 
Finally, in the case when sustained acceleration is replaced with an impulsive acceleration 
(either in the positive or in the negative y-direction), Richtmyer–Meshkov instability (RMI) 
will manifest [2], [3]. KHI, RTI, and RMI play an important role in a wide variety of liquid, 
gas, and plasma flows and have been extensively studied. For RTI and RMI, the necessary 
condition for the instability is ρ1 ≠ ρ2 on the interface. The dimensionless parameter essential 
for the characterization of both RMI and RTI is the Atwood number

	
A =

−
+

r r
r r

2 1

2 1
	 (1)

Now consider multiphase flow where the embedding phase (gas or liquid) has a constant 
density, but the embedded phase (particles, droplets, etc.) is distributed non-uniformly, 
leading to the existence of gradients of average density. Recently, it was demonstrated 
[4]–[6] that analogues of RMI and RTI exist in such flows subjected either to gravity or to 
impulsive (shock) acceleration. The analogue of RMI [4] is known as shock-driven mul-
tiphase instability (SDMI) [6], [7]. As in the case of classical RMI, a dimensionless number 
similar to the Atwood number (eqn (1)) plays a key role in SDMI: the multiphase Atwood 
number [8]
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Here, the subscript s characterizes the volume-averaged properties of the seeded flow 
(embedding phase together with embedded phase), and the subscript u the properties of the 
unseeded embedding phase.

Two limit cases can be considered: Am→0 and Am→1. Presently, the former case is some-
what better studied [4], [8]–[10], with investigations mostly focusing on SDMI. For Am→0, 
gaseous embedding phase, and liquid or solid embedded phase (small micron or submi-
cron-sized droplets or particles), it was shown that the SDMI growth can be (at least in first 
order) approximated with expressions originally derived for RMI, replacing A (eqn (1)) with 
Am (eqn. (2)) [4]. Likewise, in this case shock-accelerated multiphase flow can be modeled 
(credibly but not perfectly) with models developed for the single-phase variable-density case 
(RMI) [11]. Differences between SDMI and RMI are nevertheless considerable: while 
shock-induced RMI is baroclinically driven (vortex formation is precipitated by misalign-
ment between density and pressure gradients), in SDMI, vortex formation is driven by shear 
(similar to KHI), while shear is produced by massive particles or droplets interacting with the 
surrounding shock-accelerated gas and slowing it down.

One earlier study was also conducted for the multiphase analogue of RTI [5] for Am ~ 0.03. 
For the flow under investigation (air with a small volume fraction of micron-sized glycol 
droplets), it was concluded that morphologically and in terms of instability growth, the results 
were indistinguishable from classical single-phase RTI, with droplet seeding effectively 
contributing only to local average density.

But what happens for the other limit case (Am→1)? For the studies summarized in the 
preceding paragraphs, the flow was dominated by hydrodynamic effects. As Am increases, 
particle interactions, particle inertia, etc. begin to play a more prominent role. In the following 
sections, we describe an experiment where a falling particle curtain forms with particle seed-
ing density leading to Am ≈ 0.98. During the formation of this curtain, perturbations on its 
leading edge grow, similarly to what happens with an RTI-unstable interface. However, the 
growth rate appears very different from what is observed for classical RTI, and this can be 
explained by profound differences in the physics of the corresponding flows.

2  EXPERIMENTAL SETUP
The motivation for particle-curtain studies described here was twofold. First, we wanted to 
produce an average density interface characterized by a sufficiently high Am for studies of its 
evolution under shock acceleration. Second, we were conducting a study on a related subject, 
operation of a falling particle curtain receiver used to store heat produced by a concentrating 
solar power facility [12]. Both the formation and the steady-state condition of the curtain 
proved much more interesting than anticipated.

Figure 1 shows the schematic (top) and the actual view of the experimental arrangement. 
In the top view, the particle–curtain setup is shown mounted on the UNM shock tube, which 
is described in detail elsewhere [8]. The arrangement is comprised of a modular extrud-
ed-metal frame used to mount the components, the horizontal element of which is the hopper 
rail. To the hopper rail, we attach the particle hopper. At the bottom of the hopper, a sliding 
plate is placed to keep the particles in prior to the beginning of the experiment. The same 
element serves to mount an electric motor that provides a small-amplitude vibration to the 
hopper. These components are vibration-isolated from the rest of the setup, the latter 
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including the particle curtain-forming nozzle attached directly to the test section of the shock 
tube. In the experiments described here, the horizontal dimensions of the nozzle opening 
were 72 × 2 mm.

In the experiments described below, a typical run proceeded as follows. The hopper (slid-
ing plate closed) was loaded with soda lime particles. The nominal particle diameter ranged 
between 30 and 50 µm, and the particle density was 1.44 g/cc. Then the vibration motor was 
turned on, and the sliding plate removed from the bottom of the hopper, releasing the parti-
cles into the nozzle below, then into the test section, then into the particle flow channel, and 
into the particle collector, from which the particles could be extracted for reuse. For experi-
ments with shocked curtain, the location of the camera visualizing the curtain must be chosen 
outside the shock tube, as shown in Fig. 1, top, however, in the data presented here, the runoff 

Figure 1: Top: schematic of the side view of the experimental 
arrangement, including the UNM shock tube and the particle-
curtain setup. Bottom: close-up photo of the test section of 
the shock tube, the hopper rail, and the particle-curtain setup.
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section of the setup connecting the test section of the shock tube with the baffle box was 
removed, making it possible to visualize the falling curtain so that the optical axis of the 
camera lens was at 90° to the plane of the curtain.

A Sony RX IV camera was used to capture images at 960 frames per second in full HD 
resolution. The camera was turned on shortly prior to the opening of the sliding plate, with 
data acquisition runs limited to 2 s by hardware. The curtain was illuminated through the 
transparent sides of the test section with two LED panels.

3  OBSERVATIONS AND ANALYSIS
Figure 2 shows (in false color) a sequence of four cropped images tracking the leading edge 
of the falling curtain. It takes about 60 ms for the edge of the curtain to reach the bottom of 
the test section and disappear into the particle flow channel. It is important to note that the 
distance between the bottom of the hopper with the sliding plate and the point where the 
particle curtain becomes visible is about 12 cm, so the particles are entering the field of view 
of the camera some time (about 200 ms) after the sliding plate is opened, giving any interfa-
cial perturbations some time to develop. Another important aspect of the observed flow 
evolution that must be mentioned is that the centerline of the curtain edge in the vertical 
direction moves downward and accelerates. This necessitates a deviation from the way inter-
facial perturbations are usually measured in classical RTI studies, where after gravity-driven 
instability growth commences, bubbles of lighter gas or fluid go up, and spikes of heavier gas 
or fluid go down, and local instability amplitude can be measured in a stationary reference 
frame, from top of bubble to bottom of adjacent spike. Here, we have to track the leading 

Figure 2: Four images (false-color) tracking the leading edge of the 
falling particle curtain. Time t = 0 corresponds to the moment 
the leading edge of the curtain clears the nozzle and becomes 
fully visible in the test section. The width of the field of view 
is 76 mm. Arrows in the first image show two examples of 
perturbation amplitude measurements.
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edge of the curtain, and make the same measurements (perturbation amplitude bubble-to-
spike) in a moving reference frame.

With these caveats, it is still apparent that the leading edge of the curtain is perturbed, and 
the perturbation is growing.

Three data sequences with identical initial conditions were acquired and analyzed to meas-
ure peak-to-peak amplitudes at seven timings, from 0 to 50 ms after the falling curtain enters 
the field of view of the camera. From each sequence, a single frame at seven timings (0, 8.3, 
16.6, 24.9, 33.3, 41.6, and 50 ms) was analyzed, yielding up to 12 bubble-to-spike amplitude 
measurements. Figure 3 shows the analysis results. Both the images and the plot show con-
siderable variance in the perturbation amplitude, but the overall trend in perturbation growth 
with time is quite close to linear: the coefficient of determination r2 = 0.97 for the fit shown 
in the plot.

Additional characterization of the curtain in terms of velocity field and mass flow rate 
was also undertaken [13]. The mass flow rate was measured directly, by monitoring the 
initial and transient weight of the particle collector (44.16, 0.12 g/s). Velocity-field meas-
urements of a curtain that reached steady-state [14] reveal that the average vertical velocity 
grows linearly with downstream distance (and thus with time). With the known average 
velocity and mass flow rate, the volume fraction of the particles can also be found from 
simple conservation-of-mass considerations. For the steady-state curtain, it varied from 
8.4% at the top of the test section to 2.5% at the bottom. In terms of the multiphase 
Atwood number (eqn (2)), this translates to 0.98 > Am > 0.95. The curtain is indeed in the 
Am→1 regime.

Figure 3: Time history of the perturbation amplitude on the leading edge of 
the falling curtain. Error bars show the standard deviation at each 
timing. Straight line: linear fit.
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What can account for the stark difference between the interfacial perturbation evolution in 
classical RTI (quadratic) and what we observe for the falling particle curtain? Two explana-
tions are possible. One possibility is that the observation window used in our experiment is 
insufficient to track the quadratic growth. The other possibility is that the growth is both 
dominated by physics somewhat different from the classical RTI and observed in a different 
(accelerating) reference frame. Based on both mass-conservation considerations and direct 
measurements [13], as the curtain accelerates downward, its local particle seeding concentra-
tion decreases, leading to a small but noticeable and highly repeatable decrease in Am. Now 
consider the classical quadratic-growth instability amplitude h growth formula for RTI

Figure 4: Top: front and side images of the falling curtain showing the 
entire field of view, top to bottom. Bottom: Multiphase Atwood 
number in the curtain as a function of time. Time t = 0 corresponds 
to the moment when the flow enters the field of view at the top of 
the test section. The line is the best fit to the data using eqn (3) 
with parameters described in the text.
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h = αAgt2

where α is a constant (on the order of 0.05). Now let us replace A with Am slowly (at a rate ε) 
decreasing in time to an equilibrium terminal-velocity value Am,t.v., with a time offset te (time 
to account for curtain development as it leaves the nozzle)

	
A

t t
Am m t v=

+
+

e

µ
, . . 	 (3)

Then let us transition into a reference frame accelerating at a rate

hm,t.v. = αAm,t.v.gt2

This reference frame to first order will correspond to the frame following the falling-cur-
tain edge, and the perturbation growth in that frame will be

d ah =
+
e

t t
gt

e

2

For sufficiently late t, t >>  te, and δh ~ t, manifesting linear growth.
For a more realistic consideration, local particle seeding density variability, leading to 

local fluctuations of Am, should be taken into account, as it likely produces the velocity dif-
ferences along the edge of the falling curtain. The relevant physics at Am→1 are dominated 
by particle inertia, unlike Am→0 or classical RTI. For Am→1, the baroclinic vorticity produc-
tion mechanism in fluid (vorticity generation proportional to the cross-product of density and 
pressure gradients) is less relevant, and the most likely key hydrodynamic characteristic is the 
local terminal velocity of a particle-seeded volume, which would vary with Am.

Figure 4 shows front and side snapshots of the curtain over the entire 7.6 cm vertical extent 
of the test section, and the plot of the time evolution of Am based on the data collected earlier 
[13], [14] for the average velocity and mass-discharge rate of a curtain that achieved a steady 
state. The fit to the data uses eqn (3), with the parameters as follows: ε = 4.9 × 10−4, te = 0.011, 
Am,t.v. = 0.939, time in s. The coefficient of determination for this best fit is r2 = 0.991. Note 
that these values are largely consistent with the assumptions we made above regarding the 
order of magnitude of the parameters: ε <<1 , te << t, and Am,t.v. ~ 1.

4  CONCLUSIONS
Similar to SDMI, a multiphase gravity-driven instability (MGDI) also appears to exist. As 
SDMI can be regarded as a multiphase analogue of RMI, so the MGDI corresponds to RTI. 
Two limit cases exist for MGDI. In terms of multiphase Atwood number Am, the first limit 
case is Am << 1. For this case, behavior similar to RTI was observed, with flow dominated by 
hydrodynamic effects, and the embedded phase following the flow. We show the second case, 
Am→1, to manifest behaviors distinct from RTI. The Am→1 flow is likely to be dominated by 
particle effects, although fluid mechanics still must play a role. We observe linear growth of 
perturbations along the leading edge of the curtain and offer a simple explanation based on 
the flow phenomenology and theory for the linear trend, which is distinct from quadratic 
growth for classical RTI and consistent with earlier experiment.

Future studies are required to elucidate some features observed in the Am→1 falling-curtain 
flow. Flow visualization shows persistent formation of perturbations with features at similar 
wavelengths (Fig. 2). The wavelength selection mechanism is presently unclear. A longer 
observation interval will help determine how long the linear perturbation amplitude growth 
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persists. It would also be very instructive to study the same falling-curtain formation in vac-
uum, to determine the actual contribution of hydrodynamic effects. The parameter range for 
Am should also be extended through the entirety of the possible values (0 < Am < 1): now we 
know something about the limit cases (very high and very low values), but a very important 
special case remains to be studied: flow with both gaseous density gradients (A ≠ 0) and seed-
ing (Am ≠ 0) where neither feature is clearly dominant.

We also seek to understand growth rates by conducting numerical analysis using an 
approach similar to the Eulerian–Lagrangian study of the particle-laden RMI [6].
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Abstract
Mass balance models in wastewater treatment may overpredict the organic matter degradation in 
aerated basins, because the simulation tools apply simplified reactor models, which could not repre-
sent the actual hydrodynamic and mixing conditions in the reactors. Ineffective reactor zones, short 
hydraulic circuits could have an effect on the actual performance of treatment process. In this paper, a 
wastewater treatment plant with a capacity of 10 MLD was investigated, where residence time distri-
bution (RTD) analysis performed with computational fluid dynamics tools determined the actual time 
for biodegradation, and the biokinetic model could be updated. For the numerical RTD analysis 3D 
transient multiphase flow with turbulence closure was applied, whereas mass balance modelling used 
GPS-X simulation tool calibrated by field data. The model results were in good agreement with the 
measured chemical oxygen demand, total suspended solid values in treated effluent, and this method 
highlighted the importance of extension of mass balance modelling with hydrodynamic calculations.
Keywords: mass balance modelling, organic matter, reactor models, wastewater treatment.

1  Introduction
The majority (90%) of water supply in Hungary is based on subsurface water sources. In 
order to protect these resources, used water shall undergo a treatment process before releasing 
it to receiving water bodies. Medium or large size municipalities apply centralized solution 
with large channel systems, which collect and transport the wastewater to treatment plants, 
where biodegradation processes reduce the organic matter and nutrient content of wastewa-
ter. Nowadays decentralized solutions are again in focus in Hungary aiming to treat the 
wastewater locally [1], where it is produced by applying the same biochemical processes as 
in large scale plants.

Wastewater treatment is a combination of various processes which could be separated into 
mechanical, biological, chemical and post-treatment stages. The mechanical stage applies 
screens, grit chamber, in some cases primary sedimentation tanks, the biological stage equips 
various environments (e.g. anoxic, aerobic, etc.) for microorganisms each responsible for 
different processes (e.g. nitrification, denitrification, enhanced biological removal, etc). 
Chemical treatment is basically responsible for phosphorous removal and enhance the phase 
separation [2]. The 4th stage of wastewater treatment is applied for removal of micro pollut-
ants or polishing the effluent in order to close the urban water cycle.

Wastewater treatment modelling is a complex system with numerous sub-models which 
are interconnected. Each element has its own significance and purpose. The International 
Water Association Good Modelling Practice Task Group developed a model structure, its 
key parts were the mass balance, hydrodynamic, aeration and clarifier models, the sub-
models were the controller, sensor and influent/effluent models. Mass balance modelling 
takes into account the wastewater constituents as scalars and transport equations describe 
bio-chemical processes. Activated sludge modelling family (ASM1, ASM2d and ASM3) 
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describes the suspended growth and decay of biomass, oxygen consumption, organic matter 
and nutrient degradation [3]. In these models, the hydraulic conditions are simplified, and 
reactor models are built using the simulation tools to determine the mixing conditions 
(completely stirred tank reactor, plug flow reactor or any combination of the two idealized 
reactor model). Calibration of the mass balance model is based on direct measurement of 
kinetic parameters or following reversed engineering by the knowledge of the actual plant 
effluent data.

Efficiency of wastewater treatment processes is highly dependent on the flow behaviour 
and mixing regimes. Wastewater treatment requires oxygenation, which is generally supplied 
by a diffuser network that provides the required oxygen in aerobic tanks. The aim of aeration 
is twofold: it provides the necessary oxygen for the biomass and gives movement to the water 
phase, and it creates appropriate mixing conditions. Mixing is sufficient only if the substrate 
could be transported to the biomass and side products from the biological activity can be 
transported out of the system. For understanding these complex features of fluid flow, numer-
ical analysis of fluid flow is required with which the turbulent velocity field can be fully 
resolved over the simulation domain.

Computational fluid dynamics (CFD) simulation tools are popular in wastewater treat-
ment, numerous research have been done regarding hydraulic aspects of treatment process 
units, but many processes are not addressed to date [4]. CFD models have primarily been 
used for design analysis and troubleshooting, but they can be coupled with mass balance 
(biokinetic) models in which the tank-in-series (TIS) approach is applied widely [5]. It has 
also been reported that biokinetic models are calibrated by forcing a TIS model to match 
available data to model parameters, in spite of the fact that TIS neglects the hydrodynamic 
details of the system [6], especially the small-scale phenomena such as short circuiting and 
possible dead-zone formation. Applying compartmental models based on CFD calculations 
[7], the mixing is more detailed compared to TIS, but constructing each compartment zone 
and connectivity is case-specific.

Biokinetic calculations can theoretically be performed by the extension of the governing 
equations of fluid flow with scalar equations for biomass, substrate and dissolved oxygen [8], 
but the processes taken into account are limited. Meister and Rauch [9] were able to couple 
smoothed particle hydrodynamic approach to ASM1 model, but Reynolds Averaged Navier 
Stokes (RANS) based models are also proved to be efficient to model an oxidation ditch [10], 
however more detailed biochemical processes like nitrification/denitrification in ASM2D or 
Anammox in Mantis model [11] are not effectively coupled with CFD to date.

Based on the literature review, it can be stated that there should be an agreement between 
the resolution of flow field and the number of biokinetic parameters. Even in simple geome-
tries, transient turbulent multiphase 3D flows have increased the computational capacity 
need. The aim of this research is to demonstrate the applicability of residence time distribution 
(RTD) analysis in mass balance modelling.

2  Material and methods
An aerated basin designed for 10,000 m3/d treatment capacity was investigated. The basin 
geometry is rectangular, and it has a length of 25 m, width of 7.7 m and a depth of 5 m. Disc 
diffusers with 9” diameter were installed 20 cm from the bottom to prevent fouling from 
undesired particle settling. Primary-treated wastewater enters the basin 1.5 m above the 
bottom in a submerged pipe with a diameter of 30 cm, and the effluent leaves the system on 
the right-hand side as shown in Fig. 1.
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The analysis could be divided into the following steps:

• determination of the flow field in aerated basin applying CFD simulation,

• RTD analysis by Lagrangian particle tracking,

• adjustment of TIS model and

• performing mass balance simulations.

2.1 Determination of flow field

Flow field simulation procedure includes the following: drawing the geometry, mesh genera-
tion (spatial discretization), boundary and initial condition setup, numerical solver selection, 
iteration and convergence criteria and evaluation of the flow field.

The discretized domain consisted of 383 780 tetrahedral sub-volumes and 779 495 nodes, 
applying size function at the inlet, outlet section and around the diffusers. Inlet boundary was 
a constant mass flow neglecting the effect of diurnal pattern of wastewater loading. From the 
diffuser surface 2 m3/h air is introduced to the system. The surface of the basin lets the gas 
out from the system (degassing) and the outflow zone was pressure outlet. Steady-state 
RANS model with k–ɛ turbulence closure was applied. Despite the fact that this approach 
assumes isotrophic turbulence [12], it is well tested and widely accepted in wastewater appli-
cations [4]. SIMPLE (Semi-Implicit Method for Pressure Linked Equations) scheme was 
applied for velocity–pressure coupling and second-order upwind techniques was applied for 
spatial discretization [13]. Convergence criteria were the stability of iteration residuals and 
the quasipermanent flow field.

Simulation of air-induced flow and the moment of exchange between the gas–liquid phase 
were modelled by Eulerian–Eulerian approach [14]. Volume fraction of air as a scalar was 
additionally solved during the entire calculation process.

2.2 RTD analysis and TIS model

The objective of introducing a tracer to the system is to gain information of the fluid path 
lines and the time required to go through the basin. In field experiments the tracer is mainly 
a conservative material which is not present in the background flow, has no intention for 
decay or react and relatively easy to detect. In a numerical model, the tracer can have the 
same properties as the primary fluid. Injecting the tracer to the pre-calculated steady-state 
flow field could reveal the difference in travel times of the various particles. E(t) is the distri-
bution function of the normalized tracer concentration calculated by the ratio of the exiting 

Figure 1: Aerated basin geometry (top view).
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particles at a given time and the total particles. If some tracer particles are present at the efflu-
ent shortly after the injection, it indicates the hydraulic shortcuts in the basin, whereas long 
travel time means that some particles are trapped in a stagnant zone (see Fig. 2).

The first-order moment of E(t) is the average residence time, and the second-order moment 
is the standard deviation [15]. From these two variables the Peclet (Pe) number can be calcu-
lated that indicates a convective transport rate to diffusion rate. High Pe number means plug 
flow mixing behaviour without axial dispersion, whereas low Pe indicates completely mixed 
conditions. In wastewater treatment reactors or basins Pe is normally between 1 and 50 [16], 
meaning that the actual mixing condition is somewhere between the two idealized approaches. 
By applying Pe number, the cascading of the completely stirred tank reactors can be deter-
mined and then used in mass balance modelling.

2.3 Mass balance model

Mathematical formulation of the main scalar variables based on the transport equation, where 
the kinetic term can be decomposed to process rates and stoichiometric constants. The growth 
of the heterotrophic biomass can be described as follows:

dX

dt

DO

K DO

SS
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XH

H
H O H SS

H= + ⋅ ⋅
+

⋅ ⋅( )
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1
2
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where μH is the maximum specific growth rate (1/d), DO the dissolved oxygen concentration 
(g/L), KH O, 2

 the half-saturation coefficient of oxygen (g/L), SS the soluble substrate concen-

tration (g/L), KH,SS the half-saturation coefficient of soluble substrate (g/L) and XH the 
heterotrophic biomass concentration (g/L).

Calibration of the biokinetic model can be a step-wise procedure by changing the lowest 
number of parameters. Steady-state calibration follows the logic of adjusting the selected 
parameters in order to match the effluent composite or state variables describing the organic 
content: total suspended solid (TSS) and chemical oxygen demand (COD) and COD fractions. 

Figure 2: RTD curve.
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Data for calibration was taken from a system, where the biomass amount was stable over time. 
24-h composite COD and TSS measurements were performed for a week. Samples were taken 
from the influent and effluent. After the sampling and laboratory measurements, plausibility 
check and reconciliation were performed. Dissolved oxygen concentration was 2.5 mg/L, and 
thus oxygenation is not a limiting factor in organic matter degradation, therefore it is enough 
to adjust the heterotrophic biomass yield and decay rate in the calibration process.

Only organic matter degradation was aimed in this system, therefore the process scheme 
could have been simplified (Fig. 3). In order to increase the solid retention in aerated basin, 
part of the recirculated sludge (RAS: recirculated activated sludge) is reverted to the aeration 
basin. Wasted activated sludge (WAS) is a portion of sludge sent to the sludge line for stabi-
lization and dewatering. Basically RAS is responsible for maintaining the elevated activated 
sludge concentration (in other words: mixed liquor concentration, MLSS) in the aerated 
basin, and WAS controls the solid retention time.

3  RESULTS AND DISCUSSION
Steady-state CFD simulations were performed in order to determine the flow field. Average 
dry weather flow of Q = 10 MLD plus RAS flow of 0.8Q was set at the inlet boundary, result-
ing in a relatively high inlet velocity of 2.1 m/s. The integral averaged velocity in the entire 
basin was 0.11 m/s, from which the vertical component was only 0.7 cm/s primarily causing 
the aeration. Horizontal velocity was more than one order of magnitude higher compared to 
vertical velocity. Figure 4 shows that the influent flow momentum governs the entire flow 
field, which may cause short circuiting. It will be advisable to apply distributed inlet instead 
of a point-like influent source.

RTD analysis was performed by releasing 1000 particles through the inlet section at vari-
ous integration step and time, and in each case the incomplete and existing particles were 
calculated. The theoretical residence time calculated by the ratio of the basin volume of the 
incoming flow was 1.28 h. In a tracer study, the first particle appeared at the effluent section 
only spent 950 s in the reactor, whereas little more than 10% of the particles remained in the 
system for more than 2 h. The cumulative function of the numerical RTD can be seen in 
Fig. 5. The average residence time from the curve is 0.83 h, which is lower than the theoreti-
cal value. The cause of the difference is in the non-ideal flow field, the presence of turbulent 
jet caused by the inlet geometry. This result leads to the hypothesis that the mass balance 
model, which assumes the higher residence time, overpredicts the biodegradation performance 
of this system.

Figure 3: Simplified process scheme of the activated sludge treatment.
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Standard deviation of the residence time is 915 s. The Peclet number is 21.15, the number 
of cascaded reactors is approximately 11. The diffusivity is 0.047; a value close to the plug 
flow reactor’s mixing condition [17].

In the following mass balance model was developed as described in Section 2. Firstly, 
influent characterization was done, various COD fractions were calculated. The incoming 
820 mg/L total COD can be fractionated as follows: slowly biodegradable particulate: 425 mg/L, 
non-biodegradable particulate 102 mg/L, soluble biodegradable 249 mg/L, inert soluble 
44 mg/L, reflecting a typical raw communal wastewater quality. The soluble biodegradable 
fraction is ready for the instant use of heterotrophic microorganisms, thus it projects an effec-
tive denitrification process. TSS in the raw influent was 432 mg/L, from which 80% was the 
organic content. Table 1 shows the detailed influent variables as well as the effluent data. Plant 
effluent is the measured average treated water quality comes from laboratory measurements.

ASM2d model was applied in GPS-X 6.5 simulation environment, the plant layout was 
constructed and fed with dimensional and operational data. MLSS concentration in the 

Figure 4: Velocity vectors at sections (m/s).

Figure 5: Cumulative function of tracer at the outflow section.
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aerated basin was 3.5 g/L, the aerobic sludge retention time was 2.4 d which is sufficient for 
organic removal at temperature of 20°C. Wasted sludge flow was 200 m3/d at dry solid con-
centration of 7 g/L. The dissolved oxygen concentration was 2.5 mg/L.

Applying calibration process described in Section 2, the aerobic heterotrophic yield and aero-
bic heterotrophic decay rate was adjusted. The previous one had a value of 0.75 gCOD/gCOD, 
the latter one was 0.6 1/d.

Two modelling scenarios were calculated. One with a compartment reactor, which is 
completely mixed, and the other one is a cascaded reactor system, in which the cascade 
element number came from CFD simulation—adjusted model, assuming 11 reactors in cas-
cade. Table 1 contains the model effluent data showing that one element cascade overpredicted 
the performance of organic matter degradation. However, there is a discrepancy between the 
adjusted model and plant effluent COD data. The reasons could be the lack of data on the 
model variables (fractions). Besides this fact, the clarifier model might have overpredicted 
thickening, resulting lower TSS value modelled compared to experimental result.

Neglecting these effects a simple sensitivity analysis revealed that if the cascade element 
number is increased or decreased by 1, 2 or 3 elements, the modelled effluent COD concen-
trations differed only 2%, 3.5% and 6%, respectively. It should be noted that although there 
is no significant effect of compartment number at these relatively high reactor numbers, but 
if one or two reactor number is changed to three or four, the impact would be higher. Other 
aspect of cascading reactors is the sludge production, which can be reduced in case of plug 
flow; different substrate concentrations are favoured by the microorganisms, and a so-called 
food chain could be presented if there is no high axial dispersion. In food chain reactors 
higher order microorganisms consume the protozoa or simple organisms reduce the TSS.

4  Conclusions
The efficiency of wastewater treatment processes is determined by biological as well as 
hydrodynamic conditions. Mass balance (biokinetic) modelling often simplifies the mixing 
conditions in reactors and may cause discrepancies in the estimation of treated effluent waste-
water quality. The capacity of wastewater treatment plants can be overestimated that may 
lead to violation of effluent quality requirement. CFD simulations could reveal the actual 
mixing conditions within the aeration basin. Multiphase modelling was performed in a bio-
logical reactor, in which aeration induced flow creates a vertical flow, the influent discharge 
is responsible for horizontal movement of the substrate and biomass. Mixing zones were 
separated and cascade element number was determined by numerical RTD analysis. Reactor 
compartment number was adjusted in mass balance modelling, the environment and organic 

Raw influent Plant effluent
Model effluent 

(1 basin)
Model effluent 

(adjusted model)

COD 820 102 75 86

BOD5 320 20 14 17

TSS 432 23 16 22

TN 85 22 20 25

NH4-N 59 2.3 1.0 1.2

Table 1: Wastewater quality in influent and treated effluent.
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removal was investigated and compared with field data. It could be stated that applying 
adjusted model is in close agreement with field data, but there are still discrepancies. 
Furthermore, it can be added that assuming idealized reactor models it may overpredict pro-
cess performances, therefore the real flow and mixing conditions shall be explored prior mass 
balance modelling. In the future, process parameters shall also be calibrated against actual 
flow conditions.
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Abstract
In this seminal contribution, the world’s first wholly-analytical gas volume fraction multiphase flow model 
is formulated and demonstrated in virtual flow meter and production allocation field applications for its 
differentiated ability to achieve improved reliability of phase flow rate calculations given pressure and 
temperature measurements at two different locations along multiphase production systems. The presented 
simple gas volume fraction equation is explicit in form and is validated against both lab data and oilfield 
flowline data. A crucial requirement for differential pressure flow meters for multiphase production sys-
tems, particularly wet gas systems in annular and annular-mist flows, is the calculation of the averaged 
gas volume fraction. Additional calculations include multidirectional entrainment calculations, which 
strongly affect the simultaneous entrainment of liquids in the gas phase and the gas in the liquid phases. 
Historically, prior published gas volume fraction two-phase flow models had closure relations and artifi-
cial adjustment (fitting) factors linked to controlled lab-scale conditions involving immiscible fluids that 
bear no resemblance to the complex petroleum mixtures undergoing phase change in uncontrolled long 
wellbore and flowline environments. Thus, ambiguous extrapolations were necessary leading to increased 
uncertainties. Using an asymptotic approximation analysis approach, an analytical gas volume fraction 
equation is derived that overcomes this empirical-based restriction. In terms of comprehensive validation, 
the presented analytical gas volume fraction equation is demonstrated first for its ability to reliably repro-
duce over 2600 two-phase annular and annular-mist flow experimental datasets inclusive of circular and 
non-circular conduits. Secondly, readily available published experimental data of both constant-diameter 
as well as variable-diameter sub-critical to critical choke two-phase flows are used for model validation 
in scenarios involving different flow obstructions. Lastly, an offshore subsea flowline dataset is used to 
demonstrate the improved reliability of the new equation at field-scale operational conditions.
Keywords: Multiphase Flow Metering, Oil Production Allocation, Offshore Flowline and Onshore Pro-
duction Systems, Volume Fractions and Flow Rates Prediction, Wet Gas Virtual Flow Metering.

1  Introduction
The well-recognized needs for consistently accurate multiphase flow metering (MPFM) in 
the petroleum industry stem from the fact that a reliable determination of the in-line flow 
rates of the unprocessed oil, gas and water phases, is necessary for allocating the production 
from oil and gas assets, for well testing and for continuous monitoring and optimization of 
production. In contrast to partially and fully separated multiphase flow meters such as test 
separators on petroleum production systems, in-line MPFM measurements and calculations 
are meant to determine the oil, water and gas flow rates without any processing or condition-
ing. Such in-line MPFM technologies and applications have been in wide-spread use since 
the early 1990’s [1]. A good review and description of various available in-line MPFM tech-
nologies and devices can be found in [2]. Furthermore, detailed descriptions of prior theories 
and algorithms used in either the inferred measurements of physical flow meters or in 
physics-based flow metering models (i.e. virtual flow meters, VFM), can be found in [3] and 
[2]. In a more recent application of MPFM, an example of using physics-based flow metering 
models in combination with automatic calibration using artificial data-fitting factors derived 
from Data Analytics (i.e. ‘smart’ virtual flow meters, SVFM), can be found in [4].
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Among the various approaches used to measure or calculate the three-phase flow rates of a 
production system, it is well-recognized that those approaches involving the calculation of gas 
volume fraction will lead to a more consistently reliable prediction of phase flow rates due to the 
inherent relationship between phase volume fractions, velocities and pressure gradient [2]. This 
is no surprise since this relationship is merely a manifestation of the law of conservation of total 
momentum of the flowing multiphase mixture. In particular, MPFM calculation algorithms uti-
lize different forms of this relationship in combination with a viscous loss coefficient and the 
discernible pressure drop across restricted multiphase flows (such as through nozzles, orifices 
and critical/sub-critical chokes) to obtain more reasonable estimates of flow rates. The question 
then arises as to which gas volume fraction model to use in a MPFM calculation algorithm for 
the best reliably predictive results? The answer to this question is the scope of this work.

We emphasize here that our aim is to avoid empirical lab-based correlations for gas volume 
fraction (i.e. avoid the numerous scaling problems from lab to field) and to avoid calibration 
in any form since all calibration involving data-fitting decreases predictability since they 
increase unknowns (increased fitting factors) and lock in the predictive path of models. The 
practical benefit of a reliably accurate calculation of gas volume fraction for use in VFM or 
MPFM applications will be to enhance the predictive capability of such devices/algorithms. 
Additionally, reliable multiphase flow metering calculations present a cost-effective solution 
for monitoring production at any point along the production system, either standalone or as 
back-up to installed multiphase flow metering equipment, even in environments where 
pressure and temperature sensors in wells or flowlines can fail over time.

Last, although the emphasis of this work is on the gas volume fraction analytical model 
development, other important multiphase calculations that must necessarily go into VFM or 
MPFM algorithm routines, such as multidirectional entrainment and the thermodynamic con-
version of volumetric phase flow rates at standard conditions to in-situ mass flow rates can be 
found in [5] and [6], respectively. For the generation of all simulation results in this paper, we 
utilize the analytical multiphase flow methods found in [6].

2  DERIVATION OF THE ANALYTICAL GAS VOLUME FRACTION MODEL
Considering above, a correlation-free and mathematically consistent model for gas volume 
fraction (or gas void fraction) will significantly improve the predictive accuracy and stability 
of multiphase flow meter calculation algorithms. Firstly, such a model will avoid the large, 
ambiguous inaccuracies that arise from scaling lab-based low pressure and temperature 
experiments with immiscible (irrelevant) fluids to field scale environments at high pressure 
and temperature with complex miscible (petroleum) fluids. Secondly, such a model will avoid 
artificial data-fitting factors of automated or manual calibration routines, regardless of whether 
the fitting factors come from tuning/training datasets or not. Indeed, more calibration increases 
unknowns (more fitting factors) and decreases model predictability in scenarios outside of 
tuning datasets. Thirdly, such a model must be smooth, continuous and differentiable to ena-
ble its use in inverse differential pressure flow meter algorithms that utilize pressure drops to 
arrive at unique solutions to the in-situ mass flow rates. To this end, an asymptotic approxima-
tion analysis is invoked below to derive such an analytical gas volume fraction model.

In continuation of the specific terminology and pipe fractional flow language of [7], for a 
generic heavier phase 1 (e.g. a liquid) and a generic lighter phase 2 (e.g. a gas), similar to the 
slip ratio between phase 2 and phase 1, H2,1, we can define another dimensionless velocity 
ratio which we call the relative velocity slip ratio, Ω2,1, which is the ratio of the relative veloc-
ity to the mixture velocity of the flowing two-phase mixture:
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In eqn. (1), v2  is the averaged in-situ velocity of phase 2, v1  is the averaged in-situ 

velocity of phase 1, and umix  is the mixture velocity = v s v s2 2 1 21+ −( ) where 
s2  is the averaged phase 2 volume fraction or averaged gas volume fraction in a gas-liquid 

flow. Therefore, we see with this simple definition, all the in-situ velocities and volume 
fractions are captured. This is not the case with the slip ratio definition, H2,1, which only 
captures the slip of one phase relative to the other. As noted in [7], from a transport phe-
nomena perspective, the objectively measurable changes in the in-situ phase velocities and 
volume fractions associated with each flow pattern are the fundamental physical quantities 
that govern the transport processes of the multiphase flow. It is these transport processes 
that drive the different mass, momentum and energy exchanges occurring during flow. This 
is why flow patterns matter because they represent the visual (spatio-temporal) manifesta-
tions of the measurable changes in the in-situ velocities and volume fractions during the 
multiphase flow.

Now, let’s start our derivation by postulating what the upper limit (the upper asymptote) of 
eqn. (1) would look like. In this limit, in terms of the physical mechanisms at play, phase 1 
(the liquid phase in the case of gas-liquid flow) is entraining fully into phase 2 (the gas) and 

therefore, regardless of the other velocities in the multiphase flow, v1  will tend to 0, s2  
will tend to 1 and thus v2  will tend to u2 , the superficial velocity of phase 2. This can be 
expressed as:
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In eqn. (2) above, f2 is the flowing fraction of phase 2 = u umix2 / . Now, if we re-express 
eqn. (1) in the dimensionless terms of f2 and s2 , we get:

	
f s s2 2 2 1 21 1= + −( )( )Ω , 	

(3)

It is noteworthy at this juncture to point out that eqn. (3) above is the same as eqn. (5) of 
[7] but this time expressed in terms of the dimensionless relative velocity ratio form. Substi-
tuting eqn. (2) in eqn. (3), we will then arrive at:

	

f
s

s s
2

2

2 21 1
=

− −( )
	

(4)

And equivalently, solving for s2  (i.e. the gas volume fraction in a gas-liquid flow) in eqn. 
(4), we arrive at the analytical expression for s2  in terms of the flowing fraction, f2, as:
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Equations (4) and (5) above are the main results of this paper – the wholly-analytical, corre-
lation-free equation for gas (phase 2) volume fraction in a two-phase flow. Equation (4) is 
referred to as ‘ANSLIP’ (meaning analytical slip) in [6]. In terms of dependencies, it is impor-
tant to note that although the gas volume fraction, s2 , in eqn. (5) is given as a direct function 
of gas flowing fraction, f2, all the other parameters and dependent variables in a multiphase 
pipe flow such as pipe inclination, diameter, flowing area, densities, viscosities, etc. will be 
found in the calculation of the gas flowing fraction, f2, when eqn. (5) is used in a multiphase 
flow computational simulator environment (e.g. as in [6]). Therefore, the same variables and 
parameters involved in the calculation of superficial and mixture velocities of the gas flowing 
fraction (which are functions of pressure and temperature) contribute implicitly to the 
calculation of the gas volume fraction.

In terms of mathematical form, although from the derivation above one might initially 
expect eqn. (4) to be best applicable to high gas volume fraction flows (i.e. churn-annular, 
annular, annular-mist, wet-gas flows), a plot of f2 versus s2  reveals a broader, 
behaviour-capturing nature of this equation, as seen in Fig. 1 below. It is notable that the 
major multiphase flow pattern regions of bubbly (or dispersed) flows at about s2  < 0.3, 
transitional (or slug/churn) flows at about 0.3 < s2  < 0.75, and annular (or separated) flows 

Figure 1: Graphical representation of eqn. (4), the main result of this work.
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at about s2  > 0.75 are captured in terms of their relationships to the amount of slip these 
flow patterns display. The amount of slip in the fractional flow plot of Fig. 1 is depicted by 
the distance of the model from the no slip line. As can be seen, slug and churn flows will 
typically have the highest slip followed by annular flows and then bubbly flows. Therefore, 
by analysing the form of eqn. (4), which is graphically depicted by Fig. 1, we can expect that 
eqn. (4) will find applicability to a wide range of vertical-up, up-inclined and horizontal mul-
tiphase flows, and will have its highest accuracy for high gas volume fraction (or high gas 
rate) flows.

In terms of the limiting applicability of eqn. (4), we note that the lower gas volume fraction 
predictions for down-inclined flows are not generally expected to follow eqn. (4) since Fig. 1 
shows that the equation does not functional represent the portion of the fractional flow plot 
below the no slip line at lower gas volume fractions, which indicates regions where phase 1 
flows faster than phase 2. Also, for specific types of gas-liquid flows where the bubbly flows 
will not exhibit a low-slip (or dispersed bubbly flow) behaviour, such as heavy oil and gas 
flow or flows with high slip at low gas volume fractions, eqn. (4) is not expected to accurately 
describe such gas volume fraction behaviours. In this latter case, a gas volume fraction model 
that allows for high slip at low gas volume fractions should be used (e.g. as found in [8]).

3  MODEL VALIDATION AGAINST PUBLISHED LAB and FIELD DATASETS
For the remainder of this work, we compare the performance of eqn. (4) in both validation 
tests (below) and in new VFM algorithms for calculating three-phase flow rates (next section).

3.1  Non-obstructed lab multiphase flows – constant-diameter closed conduit

In the first validation lab dataset for constant-diameter closed conduits, we select the large 
database of published experiments given in [9]. In this reference for annular flows, inclusive 
of churn-annular to annular mist flows, an empirical correlation for gas volume fraction is 
obtained through the traditional means of non-linear parametric regression. The datasets 
over which the regressed correlation is drawn spans a gas (phase 2) volume fraction range of 
0.7 < s2  < 1, and includes 2,633 datapoints for circular tubes covering macroscale to 
microscale flow conditions and 40 additional datapoints for non-circular channels.

In order to compare the predictive reliability of eqn. (4) against this database, we plot the 
empirical correlation of [9] against eqn. (4) for the common experimental flow loop condi-
tions of air density = 1.2 kg/m3 and water density = 1000 kg/m3. As is evident from Fig. 2, 
the very close match of eqn. (4) with this large experimental database (captured by the empir-
ical correlation) demonstrates the accuracy of eqn. (4) and signifies that the time-consuming 
approach of gathering large amounts of data and regressing upon adjustable parameters of a 
model can be overcome by simple and mathematically consistent physical arguments (i.e. 
careful reasoning rather than ‘brute force’).

3.2  Obstructed (restricted) lab multiphase flows – variable-diameter chokes & nozzles

In the second validation lab dataset for constant-diameter closed conduits, we select the large 
database of published experiments given in [10]. The datasets of this reference include the 
full range of flow patterns. In Fig. 3 above, one gas volume fraction and total pressure gradi-
ent dataset corresponding to run names of ‘WR4.01’ to ‘WR4.15’ in the reference, are selected 
to show how eqn. (4) is used to first predict the gas volume fraction (Fig. 3a), and then the 
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predicted gas volume fraction is used within the total pressure gradient model for predicting 
the total pressure gradient dataset at a liquids superficial flow rate of 1.042 m/s (Fig. 3b). It 
should be noted how eqn. (4) smoothly transitions through each flow pattern and integrates 
the different slip velocity transitions as the flow pattern changes. Finally, for comparison, 
other predictions of pressure gradients using eqn. (4) for the gas volume fraction calculation 
at different liquid superficial flow rates are additionally shown in Fig. 3b.

Figure 2: Comparison of the wholly analytical eqn. (4) against a vapor (phase 2) and 
liquid (phase 1) annular flow empirical correlation [9] inclusive of churn-
annular to annular-mist boundaries. The underlying experimental database 
for the correlation contains 2,633 datapoints for circular tubes covering 
macroscale to microscale flow conditions and 40 additional datapoints for 
non-circular channels.

Figure 3: Demonstrating how eqn. (4) can be used to predict both the air volume fraction (in 
b) and pressure drops (in a) of three different sub-critical to critical horizontal air-
water choke flow datasets of [11]. Lines are calculations (outlet specified) and 
points are data.

98  Multiphase Flow: Computational and Experimental Methods

 EBSCOhost - printed on 2/13/2023 4:08 PM via . All use subject to https://www.ebsco.com/terms-of-use



3.3  Obstructed (restricted) lab multiphase flows – variable-diameter choke

In addition to the constant diameter lab datasets above, we now validate eqn. (4) against three 
restricted, variable diameter two-phase flow lab datasets sourced from the horizontal multiphase 
choke flow datasets in [11]. In the reference, we select datasets transitioning the boundary from 
sub-critical choke flow (runs ‘21171’ and ‘21170’) to critical choke flow (run ‘21169’). This valida-
tion serves an important application of the use of eqn. (4) for gas volume fraction calculations in 
applications involving critical to sub-critical choke multiphase flows. Note that for the datasets in this 
section (as well for the remainder of this paper), eqn. (4) is used within the analytical simulator in [6] 
in which the variable-diameter flow path is carefully discretized into a multi-segmented pipe system 
that conforms to the flow path. This discretization can be similarly applied to sharp, short obstruc-
tions (such as plate orifices or small constrictions) in addition to smooth, long obstructions as given 
in this choke example and nozzles. Clearly, the character and magnitude of the pressure gradients 
and phase volume fractions will change in accordance with both the varying segment axial length 
and varying segment cross-sectional areas along the profile of each differently discretized system.

In Fig. 4 above, each run starts at the specified outlet pressure (varying from low to high 
pressure) and the gas volume fraction and total pressure gradient calculations are performed 

Figure 4: Demonstrating how eqn. (4) can be used to predict both the air volume fraction (in 
b) and pressure drops (in a) of three different sub-critical to critical horizontal air-
water choke flow datasets of [11]. Lines are calculations (outlet specified) and 
points are data.
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along the segmented choke system denoted by a dotted line profile shown by the right axis of 
Fig. 4a. Note that all subcritical and critical choke multiphase flows are accurately predicted 
using eqn. (4). It is also important to highlight that in varying diameter flows, as depicted in 
Fig. 4 above, the convective acceleration/deceleration pressure gradient term will dominate 
during the contraction and expansion parts of the choke device, where the flow will accelerate 
(positive pressure gradient) during contractions and decelerate (negative pressure gradient) 
during expansions. Additionally, the frictional pressure gradient will dominate along the 
constant small-diameter section of the choke.

3.4  Validation against published offshore (subsea) flowline field dataset

Next, in addition to validation comparisons of eqn. (4) against the lab-scale datasets above, 
we now shift attention to a published, field-scale gas-condensate subsea flowline dataset with 
real petroleum fluids exhibiting gas dew point mass exchange behaviours (e.g. gas coming 
out of condensate and condensate dropping out of gas) found in [12]. These tests examine the 
validity of eqn. (4) in scenarios of changing flowing fractions along the system flow path 
representing the always-changing superficial gas velocities and mixture velocities during the 
multiphase flow as pressure and temperature drops.

For this validation, we select the published offshore North Sea Frigg to St. Fergus gas-
condensate subsea flowline dataset of [12], in which both surface pressure and temperature 
measurements and pigged flowline condensate volumes measurements are readily available 
for comparisons against both total pressure gradient and gas volume fraction simulations 
using eqn. (4). Additionally, this is a very long 226 miles, 32-inch diameter subsea flowline 
that flows gas and condensate from the Frigg offshore platform to an intermediate ‘MCP01’ 
platform and then on to the St, Fergus onshore complex as shown in the elevation (seabed) 
profile Fig. 5a. The prevailing flow pattern is annular flow with a very high gas-to-condensate 
ratio (GCR) of 1 MMscf/BBL at various condensate rates as shown in Fig. 5b. Pressure and 
temperature data are available on surface at the Frigg platform and the St. Fergus complex 
and sometimes available at the intermediate platform for each for the condensate flow rates 
shown in Fig. 5b.

Figure 5: Demonstrating how eqn. (4) can be used to predict both the condensate holdup (or 
condensate volume fraction) and total pressure drops in b, for the elevation profile 
of the 226 miles long, 32-inch diameter North Sea subsea Frigg flowline [12] in (a). 
In (b), lines are our analytical simulations and points are pressure gauge data.
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As is clear from the results of Fig. 5b, eqn. (4) is ideally suited for this annular flow dataset 
and yields a high accuracy for all the reported pressure gauge data within +/- 5 % error. For 
these data, all simulations started with the fixed outlet pressure and the pressure profiles and 
inlet flowline pressures were predicted using eqn. (4).

4  NEW ALGORITHM FOR CALCULATING FLOWLINE FLOW RATES USING 
KNOWN SURFACE PRESSURE AND TEMPERATURE DIFFERENCES

In this final validation section, we will utilize eqn. (4) in a new algorithm for field-scale virtual 
multiphase flow metering calculations presented below by utilizing the pressure and tempera-
ture differences along a subsea pipeline to calculate its producing condensate and gas flow rates. 
For this calculation, we select one of the flow rates of the North Sea Frigg subsea flowline 
dataset from the previous section, i.e. the dataset at condensate rate of 1144 BBL/d. The corre-
sponding outlet MCP01 platform pressure of 10.92 MPa and temperature of 5.5ºC will be used 
as the starting point in our simulations. For the given inlet Frigg platform pressure of 15 MPa 
and temperature of 47ºC, our goal then is to find the flow rates that yield the minimum absolute 
difference between the calculated pressure drop between the Frigg and MCP01 platforms 
(∆Pcalc) using eqn. (4) and the measured pressure drop between these platforms of 15 MPa – 
10.92 MPa = 4.08 MPa (∆Pmeas). This absolute difference is shown on the y-axis of Fig. 6 below.

In setting up this dataset for VFM simulations, we note the total pipeline measured dis-
tance (MD) from the Frigg platform to the MCP01 platform = 188,400 m, a horizontal 
pipeline profile assumption is used, a linear flowing temperature gradient assumption is used, 
condensate gravity = 70ºAPI, gas gravity = 0.68 (Air = 1.0) and the internal pipeline 
diameter = 0.7747 m. For our VFM algorithm, we first specify increasing condensate rates in 
50-BBL/d increments from 100 to 2000 BBL/d at GCR = 0.5 MMscf/BBL (simulation run # 
1 to 39 of Fig. 6), then at the same condensate increments at GCR = 1 MMscf/BBL (simulation 
run # 40 to 78 of Fig. 6), and finally at the same condensate increments at GCR = 1.5 MMscf/
BBL (simulation run # 79 to 117 of Fig. 6).

As clearly seen in Fig. 6, the unknown flow rates can be uniquely found for the presented 
dataset. Simulation number 61 represents the condition of 1150 BBL/d and GCR of 1 MMscf/

Figure 6: Demonstrating how eqn. (4) can be used to predict the condensate and gas flow 
rates of one published dataset of the North Sea Frigg subsea flowline in [12].
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BBL, which is very close to the actual rates. This procedure of specifying the flow rate combi-
nations and determining the minimum value of ∆ ∆P Pcalc meas−  can be applied to any flowline.

Last, it should be noted that a similar VFM algorithm to that described above can be 
applied to oilfield wellbores for predicting three-phase flow rates at the wellhead. In such 
applications, the calculations of flowing bottom hole pressure (FBHP) from the outlet speci-
fied conditions at the wellhead using eqn. (4), i.e. Pwf calc, , will be compared to the FBHP 
specified from an inflow performance relationship (IPR) that relates the FBHP to the gas-to-
oil ratio (GOR), water cut, total fluids productivity index (PI) and an averaged reservoir 
pressure, i.e. Pwf IPR, . The absolute difference to be minimized in this scenario will be 

P Pwf calc wf IPR, ,− . Additionally, in contrast to the flowline VFM application above, in the 
wellbore VFM application, only the gas rate needs to be specified in increments from a cho-
sen low value to high value since the corresponding oil rates will be provided from the given 
GOR and the corresponding water rates will be provided from the given water cut.

5  CONCLUSIONS
The validation results of the lab and field case studies given in this work clearly show the 
predictive value of using the presented correlation-free, wholly-analytical gas volume frac-
tion model (eqn. 4) that is smooth, continuous and differentiable, in that unique phase flow 
rate combinations result when used in conjunction with analytical multiphase flow modelling 
methods. This is a practically significant finding that is useful for both forward models (using 
phase flow rates to calculate pressure gradient) as well as inverse models (VFM optimization 
algorithms using pressure gradient to calculate phase flow rates). The presented model will 
find ideal use in virtual multiphase flow meter and production allocation field applications in 
the petroleum industry for its differentiated ability to achieve improved reliability of flow 
rate predictions.
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Abstract
Since the revision of the requirements to consider the effect of fuel burnup on emergency core cooling 
system performance was proposed, flow blockage in reactor core has been one of the important issues 
in the thermal-hydraulic analysis of loss-of-coolant accident (LOCA). The present paper describes how 
much flow blockage would be expected following a large break LOCA based on the actual nuclear design 
data including the power and burnup of the fuel rods. A system thermal-hydraulic code, MARS-KS, is 
used for calculation where the burnup specific data of the fuel rods is supported by a fuel performance 
code, FRACON3. To recover the weakness of the system code in which the flow blockage under mul-
tiple rods configuration cannot be automatically simulated in hydraulic calculation, a special modelling 
scheme is developed and applied to the calculation. The effect of flow blockage on the thermal-hydraulic 
response of the reactor core is also discussed. To compensate for the uncertainty of the present flow 
blockage model, additional calculations are attempted for a wide range of the level of blockage.
Keywords: Effect of Fuel Burnup, Flow Blockage in Reactor Core, Hydraulic Modelling of Swelling 
and Rupture of Cladding, Large Break LOCA, MARS-KS Code.

1  Introduction
Flow blockage of the reactor core can occur due to swelling and rupture of the cladding of 
fuel rods following a large break loss-of-coolant accident (LBLOCA) in nuclear power plants 
(NPPs) and has been required to consider for the analysis of Emergency Core Cooling Sys-
tem (ECCS) performance [1]. Swelling of the cladding is reasoned for the pressure difference 
between gap and the fluid outside the cladding induced by a significant depressurization 
following a LOCA, and the degradation of heat transfer to the fluid outside the cladding. 
Swelling can lead to an excessive plastic deformation and eventually to rupture of cladding 
when exceeding a certain level of deformation [2]. Accordingly, the level of blockage is 
dependent on the swelling and rupture over the core.

As the requirement of the consideration of the effect of fuel burnup on ECCS performance 
was recently proposed [3], the flow blockage has been one of the important issues in the 
thermal-hydraulic analysis, because it can be severe for the high burnup fuel, and it would 
cause an unexpected change in thermal-hydraulic response of the core following a LOCA.

The present paper describes firstly how much flow blockage would be expected following a 
LBLOCA based on the actual nuclear design data including the distributions of power and bur-
nup. For this purpose, a system thermal-hydraulic code, MARS-KS [4], was used and the burnup 
dependent data of the fuel rods was supported by a fuel performance code, FRACON3 [5]. Since 
the flow blockage occurred during the transient is not directly simulated in hydraulic calculations 
of the current system codes, such as MARS-KS and RELAP5 [6], when adopting multiple fuel 
rods, a special modelling scheme to address this problem was developed in the present study. Use 
of multiple fuel rods modelling was found in some researches [7], however, the specific treat-
ment of the flow blockage using the system thermal-hydraulic code was not clearly discussed.

Secondly the effect of flow blockage on the thermal-hydraulic response of the reactor core 
was discussed. Generally, it has been known that the blockage is to improve heat transfer both 
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upstream and downstream of the blocked region and that a blockage up to 60% has an insig-
nificant effect on core heat transfer [2]. However, it is still questionable whether those results 
are valid for an actual LBLOCA due to several differences including flow bypass in the core 
between the experiments [2] and the actual NPP. Accordingly, the uncertainties of the code 
and calculation of the swelling and rupture in the actual reactor core should be considered to 
cover sufficiently the effect of those differences. For this aspect, additional calculations were 
attempted for a wide range of level of flow blockage to cover such uncertainties. 

2  ModelLing scheme 

2.1  Hydraulic modelling

Figure 1 shows one of the four quadrants that make up the reactor core, which is composed 
of several fuel assemblies (FAs) having fuel rods. Each FA and each fuel rod have a different 
power and different burnup from the neighbouring FAs and fuel rods. 

In the existing safety analysis of the NPP, LBLOCA has been calculated using a lumped 
system model, in which the core was modelled by one average channel and one hot channel. 
The former simulated all the FAs except one hot FA and the latter simulating one hot FA with 
one hottest rod. Moreover, all the inputs were prepared for the condition of the begin-of-life 
(BOL) of the first cycle, in which burnup of all the fuel rods were less than 5 Giga-Watts Days 
per Metric Tons of Uranium (GWD/MTU). Accordingly, the results of the calculation did not 
properly address the actual fuel rod behaviour at higher burnup conditions. As the burnup 
increases, the thermal conductivity of the pellet degrades, accordingly, the fuel stored energy 
increased at the same fuel power, and the peak cladding temperature (PCT) following a LOCA 
may increase. Therefore, the calculation considering the higher burnup has been strongly 
requested since other performance parameters might also be affected by the burnup.

To establish a regulatory position on these issues, a modelling scheme of multiple channels 
with multiple fuel rods reflecting the actual core design was developed by the author in their 
previous study [8]. As shown in the lumped system model of Fig. 1, several hydraulic chan-
nels can be used. The number of hydraulic average channel is determined by grouping of the 
FAs. An FA power ratio or an FA burnup level can be a grouping criterion. Each group has 

Figure 1: Reactor core modelling scheme.
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one average channel with/without a hot channel and it is inter-connected with crossflow junc-
tions. Several heat structures simulating the fuel rods within the group and the FA and special 
rods to be investigated can be allocated.

2.2  Flow blockage modelling

Figure 2 shows a concept of the flow blockage model. Consider the fuel rods in the FA k was 
geometrically changed by swelling and rupture following an accident. Then the flow area 
change of the FA k can be as follows:

	
F A A a a r rk k k k i k ii

n
k i k ii

nk k= − = −( ) = −
= =∑ ∑0 01 0

2 2
1, , , ,( ),p

�
(1)

where nk denotes number of fuel rod per FA and subscript 0 mea initial state. If the rod was 
ruptured, then ak,i = 0 is applied. The radius of the fuel rod cladding is calculated by the clad-
ding deformation and rupture model [9] of the MARS-KS code. 

Since eqn (1) is a sum of changes of area of all the rods in an FA and this equation will 
be applied to all the FA, tens of thousands of calculations on cladding deformation are 
needed. For convenience, it is assumed that the range of radial power peaking factor (Fxy) 
and burnup of the fuel rods can be subdivided into M and N sections, respectively, and the 
number of fuel rods corresponding to each section can be counted. Generally, the hydraulic 
channel i has several fuel rods, thus, the change of flow area of the channel i is as follows:

	
G A A D fi i i i m n m nm n

m M n N= − =
= =
= =∑0 1 1 , , ,,

,
.
�

(2)

where, m, n denote the section number of power and burnup and their maximums are M and 
N, respectively. Di, m, n means a matrix of the number of fuel rod at the m-th burnup interval 
and the n-th peaking factor interval, and belonging to i channel. And the area change of the 
fuel rod, fm, n, can be calculated as follows:

	
f a a r rm n m n m n m n m n, , , , , ,= − = −( )0 0

2 2p ,	 (3)

Therefore, one can calculate the level of flow blockage due to swelling and rupture by (1) 
the information of initial cladding radius, power, and burnup for the entire fuel rods, (2) 

Figure 2: Concept of fuel rod swell and rupture model.
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number of fuel rods at each section of power and burnup, and (3) cladding outer radius fol-
lowing an accident calculated by MARS-KS code. The level of the flow blockage can be 
implemented into the area change of the hydraulic channel using a SERVO valve model [4] 
of the MARS-KS code. The normalized value of Gi of eqn (3) is used for that model.

3  plant core modeling
The flow blockage modelling described above was applied to the core at the end-of-life 
(EOL) of Cycle 2 of Shinkori Unit 3 [10], the first plant of the advanced power reactor (APR) 
1400. The multiple fuel rod modelling scheme was also applied. Based on the information 
provided by the fuel vendor [11], the reactor core was modelled by two groups (one average 
channel and one hot channel per each group) as shown in Fig. 3.

In total, 30 heat structures were used to represent the fuel rods as shown in Table 1 and 
Fig. 4. Some of the rods were for the flow blockage calculation (representative rods). Ranges 

Figure 3: MARS-KS model for Reactor Core and Heat Structures.

Table 1: Radial peaking factors and burnup of heat structures.

HS 
number Description

Radial peaking 
factor, Fxy

Burnup (GWD/
MTU)

2200 Average rods in Group 1 1.1239 21.4

2201~2207 Representative rods to Fxy/
Burnup sections

1.1, 1.2, 1.3, 1.2
1.3, 1.4, 1.45

25, 25, 25, 35, 
35, 35, 35

2210 Average rods in G-2 0.8846 34.06

2211~2215 Representative rods 1.1, 1.2, 1.1, 1,2, 1,1 35, 35, 45, 45, 
55

2300 Average rods in hot FA, G-1 1.3577 22.97

2301~2307 Representative rods and hot rods 1.1, 1.4, 1.45, 1.54, 
1.54, 1.54, 1.4

15, 25, 25, 10, 
20, 30, 40

2310 Average rods in hot FA, G-2 1.0381 30.5

2311~2317 Representative rods and hot rods 1.1, 1.1, 1.2, 1.48, 
1.28, 1.25, 1.18

25, 35, 35, 35, 
40, 45, 50
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Figure 4: �Burnup, radial peaking factors and number of 
rods for each heat structure.

of burnup and Fxy were 10–55 GWD/MTU and 0.1–1.45 and discretized with intervals of 
10 GWD/MTU and 0.1, respectively.

4  result and discussion 

4.1  Base case

Figure 5 shows the calculated cladding radii of all the simulated fuel rods. As shown in the 
figure, the rods having Fxy less than 1.1 even did not swell while others swelled and/or 
ruptured. From the results, one can find the high powered rods in the Group 1 were 
ruptured while the hot rods in Group 2 remained non-ruptured. This was due to the differ-
ence in fluid temperature outside the fuel rods, which was caused by the difference of Fxy 
of hot FA. 

The calculated flow blockage at all the hydraulic channels using those results is shown in 
Fig. 6. As shown in the figure, flow area reductions were 10% and 86% at the average channel 
and the hot channel of Group 1, respectively, while both were less than 1% in Group 2. Such 
a high blockage at the hot channel of Group 1 was due to the conservatism in the assumption 
of complete blockage of the flow area belonging to the ruptured rod, the division of the Fxy 
and burnup sections, the estimation of the number of rods for each section, and the use of 
conservative core decay model, ANS73 model [12], built-in the MARS-KS code.

Figure 7 shows a comparison of the cladding temperatures at 17 fuel rods of interest. The 
presented calculation shows a significant difference in cladding heatup behaviour between 
the fuel rods in the average channel and the rods in the hot channel, and also difference 
between Group 1 and Group 2. Also the decrease of cladding temperature by return to nucle-
ate boiling during blowdown period was found in Group 2, which is due to the relatively 
lower power. At the time of significant increase of blockage during 50–75 seconds (in Fig. 6), 
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one can find the decrease and re-increase in cladding temperature for the fuel rods at the hot 
channel. This can be regarded as an effect of flow blockage, i.e. a cooling by flow accelera-
tion and a restriction of reflooding. One can find the effect of high blockage at the hot channel 
of Group 1, i.e. the heating up behaviour and delay in quenching time.

Figure 8 shows comparison of the calculated PCTs during blowdown phase and reflood 
phase versus Fxy, respectively. It is shown that PCTs increased as the Fxy increased and the 
burnup has a tendency to expand this increase. This trend is valid in PCT during the reflood 
phase with the exception of fuel rods in the hot FA of Group 2. The fuel rods have experienced 
the return to nucleate boiling, as shown in Fig. 7, which led to a quietly low reflood PCT.

Figure 5: Calculated cladding radius. 

Figure 6: Calculated flow area.
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Figure 9 shows the calculated oxide thickness of all the fuel rods. Similar to PCT, the 
transient oxide thickness increases as the Fxy and the burnup increase, and the maximum was 
less than 6 mm.

4.2  Sensitivity case

In the base case, the calculated change of cladding outer radius was directly implemented 
into the flow area change. As discussed, the estimate of blockage may involve uncertainties 
in several parameters such as the swell and rupture model of the code, the discretization of 
power and burnup, and the determination of the number of the fuel rods at each section. To 
compensate for those uncertainties, a sensitivity study was attempted regarding the several 
levels of blockage from 0% to 86 % of the flow area of hot channel. 

Figure 7: Calculated cladding temperatures.
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Figure 10 shows a comparison of cladding temperature for seven cases of flow blockage. 
The blockage level was adjusted by decreasing the multiplier to the number of fuel rods. As 
shown in the figure, the PCT during blowdown was the same for all the cases, while the PCT 
during reflood was tended to increase by the blockage level with the exception of the interval 
around 40% (see Fig. 10b). Moreover, a significant increase in PCT was found at around 80% 
blockage. The unexpected result in the reflood PCT at 43% blockage was considered due to 
the interaction of several code models and needs a further study. Based on the above findings, 
the effect of flow blockage due to swelling and rupture from the no blockage to 86% blockage 
can be 40 K in reflood PCT.

As discussed above, the use of conservative core decay heat model was considered as one 
of the reasons for such a high blockage. To confirm it, a calculation was conducted with 

Figure 9: Calculated oxide thickness.
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Figure 10: Cladding temperatures versus flow blockages.
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adopting ANS79 core decay heat model [4]. Figure 11 shows a comparison of cladding 
temperatures for two cases. As shown in the figure, a significantly low reflood PCT was 
predicted by the ANS79 model. The predicted flow blockage was shown in Fig. 11(b), which 
indicated only 45% blockage due to swelling and rupture. This means that the flow blockage 
due to the swelling and rupture is sensitive to the core decay power.

5  SUmmary and conclusion
In the present study, a flow blockage modelling scheme was developed suitable for the calcu-
lation of large break LOCA using the system thermal-hydraulic code, MARS-KS. The 
modelling was setup such that the data of radial peaking factor and burnup of all the rods 
supplied by the core designer are divided into several sections. Moreover, the number of fuel 
rods corresponding to each section is determined with the combination of these two varia-
bles. The calculated cladding outer radii of the fuel rods in each section were used to calculate 
the level of flow blockage by introducing the servo valve model of the MARS-KS code. The 
present modelling scheme was applied to an analysis of a LBLOCA of an actual APR1400 
NPP. The followings can be concluded:

1.	 Swelling and rupture were predicted for the fuel rods having a higher radial peaking 
factor and its magnitude was expanded by the level of fuel burnup. The level of the 
swelling and rupture was significant at the hot channel having a higher fluid temperature 
outside the fuel rods, i.e. higher hot channel peaking factor. 

2.	 Flow blockage was predicted to be higher than 80% at the hot channel and the reflood 
PCT increased, in overall sense, by that level of blockage. The maximum impact on PCT 
increase was expected to be about 40 K for the range up to 86% blockage.
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Figure 11: �Cladding temperatures and flow blockage for two decay 
heat models.
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Abstract
The world’s energy consumption is increasing, and research regarding utilization of renewable energy 
sources is crucial. Biomass for direct heating has been used for thousands of years, while in the last 
decades alternative ways to exploit biomass have emerged. In order to increase the efficiency and to 
produce more applicable products, gasification of biomass is becoming a more and more promising 
technology. For the gasification technology to be competitive, the understanding of the various aspects 
regarding the gasifier operation, which in turn influences the quality of the product gas, is of utmost 
importance. The main objective of this work is to investigate the effect of the air to biomass ratio on the 
produced gas composition in terms of the high-energy components H2, CH4 and CO. Experiments were 
performed with wood chips in a pilot scale gasification reactor. The results show that an air-to-biomass 
ratio less than one gives the most applicable gas composition. Biomass, like wood chips, has a peculiar 
shape, has a large particle size, is cohesive, and is therefore difficult to fluidize. In a fluidized bed gas-
ifier, a bed material is used to improve the fluidization quality. Experiments were carried out in a cold 
bed model to study the fluidization properties of the bed material. Minimum fluidization velocities were 
predicted based on pressure drop in the bed.
Keywords: Baracuda, biomass, bubbling fluidized bed, CPFD, gasification, multiphase flow.

1  Introduction
The world’s energy consumption is increasing, and research regarding competitive renewable 
energy sources is constantly crucial. The utilization of biomass for direct heating reaches back 
to thousands of years, while in the last decades alternative ways to exploit biomass have 
emerged. Burning biomass directly for producing steam, which in turn operates steam turbines, 
is frequently utilized. However, combustion of biomass gives limited efficiencies and field of 
application. In order to increase the efficiencies along with producing a more applicable prod-
uct, gasification of biomass is becoming a more and more promising technology. For the 
gasification technology to be competitive, the understanding of the various aspects regarding 
the gasifier operation, which in turn influence the product quality, is of utmost importance. 
Different types of reactors can be used for biomass gasification, and this article focuses on 
bubbling fluidized bed gasifiers. Biomass, like wood chips, has a peculiar shape, has a large 
particle size, is cohesive, and is therefore difficult to fluidize. In a fluidized bed gasifier, a bed 
material (inert sand or particles with catalytic effect) is used to improve the fluidization qual-
ity. Fluidized bed gasifiers are used to achieve uniform material and heat distribution, and 
thereby enhancing the reaction rates and conversion efficiency of the biomass [1], [2], [3].

Gasification is a process where different types of biomass are converted into a combustible 
gas mixture, which has a variety of applications depending on the composition. The reaction 
temperature is typically 700–1100°C, and the supplied amount of oxygen should be kept 
relatively low to avoid combustion of the biomass. The biomass is converted into a product 
gas containing CO, CO2, H2, CH4, H2O and tars. Tars are heavy hydrocarbons that usually 
condense at temperatures around 300°C, and ideally should be broken down into lighter 
components [4].
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When fluidized beds are used for gasification of biomass, it is important to ensure that all 
the zones of the bed are kept in the fluidized regime during the entire operation time. It is 
therefore crucial to study the fluidization properties of the bed material. The aim of this work 
is to collect and analyze data from the operation of a gasifier. Special attention is put towards 
air flow to biomass ratio and the quality of mixing in the gasifier.

2  Material and method
Experiments are performed both in a cold fluidized bed and in a fluidized biomass gasifier.

2.1  Cold fluidized bed

Experiments are performed in a cold bed to study the fluidization properties. It is important 
to know at which velocity different types of bed materials start to fluidize, and the range of 
velocities that will keep the bed in the bubbling fluidized regime. Therefore, a cold bed can 
be used to study the fluidization behavior of the bed material used in a gasification reactor. 
The results can further be scaled to satisfy the conditions in the gasifier, or the gasifier condi-
tions can be scaled to give the actual cold bed conditions. The results from the cold bed can 
also be used to verify a computational particle fluid dynamics (CPFD) model, which can be 
further used to simulate the flow behavior in the biomass gasifier.

The cold bed setup is presented in Fig. 1. The setup consists of transparent cylinder with a 
height of 1.63 m and a diameter of 0.084 m. Pressure sensors are installed along the height of 
the cylinder, and the distance between the sensors is 0.1 m. The cylinder is open to atmos-
phere at top. Desired amount of bed material is poured down from top to form an initially 
fixed bed. The air distributor is a porous plate and the location is indicated in the figure. The 
pressure sensor, P2, is located 0.035 m above the gas distributor. The pressure sensors are 
connected to a LabVIEW program, where the pressure data are logged and stored. The 
program also controls and registers the air flow rates.

Sand particles with mean diameter of 296 µm and 636 µm were used in the experiments. 
The mean diameter is determined from sieving analysis, and is based on mass. The density of 

Figure 1: Experimental setup for the cold fluidized bed.
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the sand particles is 2,650 kg/m3. Air at ambient pressure and temperature was used as the 
fluidizing gas. The bed height was 0.21 m, which corresponds to an aspect ratio (bed height/
diameter) of 2.5. The gas flow rate was varied stepwise to determine the transition from fixed 
to fluidized and bubbling bed. The bulk density was measured to be 1,398 kg/m3 for the 
smaller particles and 1,388 kg/m3 for the larger particles. The properties of air and sand are 
summarized in Table 1.

2.2  Gasifier

Experiments were also carried out in a pilot fluidized bed gasifier. The purpose of the exper-
iments was to study the operation of a biomass gasifier and how the composition of the 
product gas was affected by different operational parameters. Special considerations for these 
experiments were put towards the air flow to biomass ratio. The experiments also aim to 
investigate whether proper mixing of biomass, bed material and air takes place in the reactor 
during the gasification process. The degree of mixing is evaluated based on the temperature 
in the reactor.

The experimental setup consists of a cylindrical column with a height of 1.0 m and an 
internal diameter of 0.10 m. To minimize heat loss, the inner wall of the bed reactor is coated 
with a refractory material. Electrical heaters are installed at the reactor wall to supply the 
heat needed during operation. The biomass, in this case wood chips, was fed to the reactor 
via screw conveyors. The conveyors were calibrated for the actual type of biomass before the 
tests. The flow rate of biomass is controlled from a programmable logic controller. Air was 
preheated and fed to the gasifier at a desired flow rate. The gasifier was preheated up to 
300°C to avoid cold spots [5]. Samples of the product gas were taken regularly at intervals 
of 10 min. A gas chromatograph was used to analyze the samples with respect to the gas 
composition. Figure 2 shows a schematic illustration of the biomass gasification reactor. 
Specification of the gasification reactor and the operating conditions are summarized 
in Table 2.

Table 1: Properties of sand particles and air.

Particle density 2,650 kg/m3

Particle sphericity (round sand) 0.85

Mean particle size (smaller particles) 296 µm

Range of particle sizes (smaller particles) 200–425 µm

Mean particle size (larger particles) 636 µm

Range of particle sizes (larger particles) 425–800 µm

Bulk density (smaller particles) 1,398 kg/m3

Bulk density (larger particles) 1,388 kg/m3

Air density 1.225 kg/m3

Air viscosity 1.78·10–5 Pa s

Bed height 0.21 m
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Figure 2: A schematic illustration of the biomass gasification reactor. P/T 
indicate pressure and temperature sensor probes and h0 is the 
initial bed height above the air introduction points [6].

Operational properties

Bed height 26.5 cm

Biomass feeding 2 cm below top of the bed

Air feeding 2 cm above bottom of the bed

Bed material: Sand

Density (sand) 2,650 kg/m3

Range of particle sizes (sand) 400–750 µm

Mean particle size (sand) 610 µm

Biomass: Wood chips

Density 411 kg/m3

Length 5–12 mm

Width 5–12 mm

Thickness 1–5 mm

Shape Rectangular

Mean diameter dp = 6.87 mm

Shape factor 0.75

Table 2: Operational properties.
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Fluidizing agent: Air

Air density (800°C) kg/m3

Air viscosity (800°C) Pa s

Air density (900°C) kg/m3

Air viscosity (900°C) Pa s

3  Results
This chapter presents results obtained from experiments in a cold fluidized bed and in a bio-
mass gasifier. In addition, results from modelling and simulation of the cold bed and the 
gasifier are also presented.

3.1  Cold bed experiments

The experiments were performed with sand with a mean diameter of 296 μm and 636 μm to 
determine the minimum fluidization velocities and the range of velocities that can be used to 
keep the fluidization in the bubbling regime. The results are shown in Figs. 3 and 4 for the 
small and large particles, respectively. The results are presented as pressure drop per meter 
height of the particle bed versus superficial velocity. The minimum fluidization velocity is 
determined as the velocity when the pressure drop is at the maximum value. The minimum 
fluidization velocity is 0.09 m/s for the small particles and 0.33 m/s for the larger particles, 
which means that the minimum fluidization velocity increases significantly with increase in 
particle size. This is important to take into consideration when choosing bed material for the 
biomass gassifier. The bed containing small particles can be run in the bubbling regime at 
least up to a superficial velocity of 0.18 m/s. The tests with the larger particles were run with 
velocities up to 0.62 m/s, and the plot indicates that the bed will stay in the bubbling regime 
in the range of velocities from 0.33 m/s to 0.62 m/s.

3.2  CPFD modelling and simulation

The results from the cold bed experiments were further used to validate a CPFD model using 
the commercial software Barracuda VR 17.1.0. In Barracuda, the Eulerian approach is used 

Figure 3: Pressure drop and minimum fluidization velocity 
from fluidization experiments using 296 μ m 
sand, with aspect ratio of 2.5.

Multiphase Flow: Computational and Experimental Methods  119

 EBSCOhost - printed on 2/13/2023 4:08 PM via . All use subject to https://www.ebsco.com/terms-of-use



	

for solving the fluid phase and the Lagrangian approach for the modelling of the particle phase 
[7]. The Wen and Yu drag model is used in the simulations [8]. The sphericity was set to 0.84 
and the close pack volume fraction was set to 0.54. Detailed information about transport equa-
tions, solvers and model development in Barracuda is presented in [9], [10], [11]. The 
validation of the model is performed with particles with a mean diameter of 293 μm. The 
computational and experimental plots are compared in Fig. 5. The simulations agree very well 
with the experimental data regarding the minimum fluidization velocity and the pressure drop 
in the bubbling regime. Deviations are observed in pressure drop through the fixed bed, which 
may be due to variations in particle size distribution in the simulation compared to the exper-
imental study. The deviation can also be due to the value of the maximum packing used in the 
simulated fixed bed. However, the model will be used to predict flow behavior in the bubbling 

Figure 4: �Pressure drop and minimum fluidization velocity 
from fluidization experiments using 636 μ m sand, 
with an aspect ratio of 2.5.

Figure 5: Comparison of experimental and simulated results; 
sand particles with a mean particle size of 293 μm.
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fluidized bed gasifier, and it is most crucial that the model is capable of predicting the bubble 
regime well.

The gasifier operates at temperatures between 800˚C and 900˚C. If small particles are used 
in the gasifier, entrainment of bed material may occur at the required gas flow rates. It was 
therefore decided to run the gasifier with sand particles with mean diameter of 610 μm as the 
bed material. Simulations based on the validated model were performed to find an acceptable 
range of gas velocities that could be used to keep the bed in the bubbling regime. The results 
are presented in Fig. 6. The minimum fluidization velocity is 0.144 m/s at 800˚C and 
0.138 m/s at 900°C. This indicates that it is necessary to run the gasifier at velocities well 
above 0.144 m/s to ensure that the bed is fluidized.

3.3  Gasification of biomass

Three different air-to-biomass ratios were used to study the effect on the composition of the 
product gas. The biomass flow rate was kept constant at 2.03 kg/h, whereas the air flow rates 
were 1.70 kg/h, 2.30 kg/h and 3.00 kg/h. The corresponding air to biomass ratios were 0.84, 
1.13 and 1.48. The superficial velocities at 800°C and 900°C are presented in Table 3.

The total chemical reaction that occurs during the gasification process is an endothermic 
reaction, which implies that the process need heat supply. It is important to keep the oxygen 
supply low to obtain gasification and produce a high energy gas containing mainly CO, H2 
and some CH4. If the air flow rate is too high, combustion or partly combustion will occur, 
and the product gas will contain more CO2 and H2O and less of the gas components with high 
calorific value.

If cellulose (C6H10O5) is assumed to be the organic molecule in wood-chips, the 
stoichiometric air to biomass ratio can be calculated from:

	
C H O O N CO H O N6 10 5 2 2 2 2 26

10

4

5

2
3 76 6 5 3 76 6+ + −





+( ) → + + ⋅( ). . 	 (1)

Figure 6: �Pressure drop and minimum fluidization 
velocities from simulations using 610 μm sand 
particles, aspect ratio of 2.5 and temperatures 
800°C and 900°C.
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According to the balanced equation, the stoichiometric air to biomass ratio (mass of bio-
mass/mass of air) is 5.08. The equivalence ratio, f, is the actual air to biomass ratio divided 
by the stoichiometric air to biomass ratio:

	

f =
( )
( )
air

biomass
air

biomass

actual

stoich

	 (2)

The equivalence ratios for the gasification experiments are given in Table 3, and are low in 
all the experiments. Figure 7 shows the composition of the product gas for the three different 
air-to-biomass ratios. When the air-to-biomass ratio is low, the equivalence ratio is also low, 
and gasification is promoted. At air-to-biomass ratio of 0.84, the superficial gas velocity is 
about 20% above the minimum fluidization velocity at 800°C, and this velocity was consid-
ered as the lowest velocity that could be used to ensure fluidization. The results show that the 
content of H2 and CO and CH4 in the product gas decreases with increasing equivalence ratio, 
which is in agreement with the theory. However, the superficial gas velocity, and thereby the 
equivalence ratio has to be kept high enough to avoid defluidization. The temperature in the 
gasifier may vary with time, and it has to be taken into consideration that the minimum 
fluidization velocity increases with decreasing temperature.

The biomass gasification reactor is operated in the bubbling fluidized bed regime to achieve 
proper mixing in the gasifier. The degree of mixing in the gasifier influences on the quality of 
the product gas and proper mixing entails that the biomass is not accumulated in a part of the 
gasifier, but is evenly distributed in the reactor together with the bed material and the gas. 
Figure 8 shows the time averaged temperatures for different zones in the reactor, for the three 
different air-to-biomass ratios used in the experiments. The positions of the temperature sen-
sors are shown in Fig. 2.

A good indication of the degree of mixing is the deviation in temperature over the gasifier. 
If a good mixing is achieved, the temperature will be rather constant over the entire bed. The 
highest air-to-biomass ratio (1.48) gives the lowest temperature deviation and hence the best 
mixing. The air-to-biomass ratio of 1.13 gives a constant value over the bed, but the temper-
ature increases a little in the freeboard. The lowest air-to-biomass ratio (0.84) gives the largest 
temperature deviation in the reactor, which indicates that the mixing is not good enough. 

Table 3: Gasification parameters.

Air to biomass ratio (kg air/kg biomass) 0.84 1.13 1.48

Mass flow rate of air (kg/s) 1.7 2.3 3.0

Mass flow rate of biomass (kg/s) 2.03 2.03 2.03

Superficial gas velocity (m/s), T = 800°C 0.170 0.230 0.300

Superficial gas velocity (m/s), T = 900°C 0.186 0.252 0.328

Minimum fluidization velocity sand 
(m/s), T = 800°C

0.144 0.144 0.144

Minimum fluidization velocity sand 
(m/s), T = 900°C

0.138 0.138 0.138

Equivalence ratio 0.17 0.22 0.29
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However, the lowest air-to-biomass ratio yields the product gas with the highest calorific 
value. More experiments are needed to study the degree of mixing in the gasifier.

4  Conclusion
The main objective of this work was to investigate the effect of the air to biomass ratio on the 
produced gas composition in terms of the high-energy components H2, CH4 and CO. Biomass, 
like wood chips, has a peculiar shape, has a large particle size, is cohesive, and is therefore 
difficult to fluidize. In a fluidized bed gasifier, a bed material is used to improve the fluidiza-
tion quality. Experiments were carried out in a cold bed model to study the fluidization 
properties of the bed material. Minimum fluidization velocities were predicted based on pres-
sure drop in the bed. The experimental results were used to validate a CPFD model using 
Barracuda. The validated model was used to predict the minimum fluidization velociy and the 
transition to the bubbling regime in a gasifier run at temperatures 800˚C and 900˚C. The data 
were used for gasification tests to ensure that the gasifier was operated in the bubbling 

Figure 7: Comparison of product gas composition for different 
air to biomass ratios.

Figure 8: �Average temperature over bed height for varied 
air flow rate.
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fluidization regime. The experiments were performed with wood chips in a pilot scale gasifi-
cation reactor. The results show that a rather low air-to-biomass ratio of 0.84 gives the most 
applicable gas composition. More experiments are needed to study the degree of mixing at 
low air to biomass ratios.
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