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Conventions

The following conventions are used consistently in the following thesis:

Cross-sectional figures are plotted looking in the downstream direction.

Velocity figures display the velocity magnitude or norm, calculated as the square root
of the three spatial components of the velocity elevated to the power of 2.

Angle plots refer to the direction of the velocity vector in the horizontal plane, with
respect to the normal to the cross-section (which represents the 0°). Positive angles are
measured when the velocity direction is heading towards the left with respect to the
normal (0°), and the value of the angle is that between the velocity direction and the
normal. When the velocity is heading towards the right hand side, this is considered u
negative angle and measured using the same convention. These were the conventions
used by the FCF experimentalists.

All units are SI units unless stated otherwise.
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Chapter 4:
Grids, Boundary Conditions, Solution
Techniques and other Numerical Issues

Figures for Chapter




Storage

ﬂ Fields (e.g. Velocity)

R E:J Scalars (e.g. Pressure)
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(b)

Fig. 4.1 - Finite Volume Grids: (a) Staggered Grid, (b) Non-Staggered Grid



Fig. 4.2 — Shape Functions: Linear, Parabolic and Cubic
(After Quarteroni and Valli, 1994)
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Fig. 4.3 — Illustration of A Finite Element Approximation
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Fig. 4.4 - Multiblock Geometry and Meshing
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Fig. 4.5 - Three-Dimensional Geometrical Representation of a Channel:
(a) Two-Solid Representation,
(b)Five-Solid Representation.



Fig. 4.6 - Severn Plan View Multi-Block Structure
for CFX Mesh Generation
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() (b)

Fig. 4.7 - Cross-Sectional Representation of the Bottom Topography
(a) Composite Edge made of Linear Interpolation;

(b) Quadratic Interpolation or Spline.

CrossScct;S\w

() (b)

Fig. 4.8 - Plan View Representation of a Meander: (a) Linear, (b) Spline.
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Fig. 4.9 -Bank Line Inter-Block Connection in CFX
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Fig. 4.10 — Bed Surface for a Natural Channel Block in CFX
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Chapter 5:

Numerical Models Evaluation
- The Flood Channel Facility Test Case

Figures for Chapter 5
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Fig. 5.20 - FCF B23 TELEMAC Velocity Norm Predictions (cm/s) at Cross-Sections
1,3, 5 and 8 (C = 68 m"?/s, Mesh TELEMAC FCF-1, Mixing-Length Model)
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Fig. 5.21 - FCF B23 TELEMAC Velocity Angle Predictions (deg.) at
Cross-Sections 1, 3,5 and 8
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Fig. 5.22 - FCF B23 TELEMAC Outputs for Cross-Section 1:
(a)Velocity Norm (left; m/s)
(b) Angle (deg.)
(C = 68 m"*/s, Mesh TELEMAC FCF-1, Mixing-Length Model)
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Fig. 5.23 - FCF B23 TELEMAC Outputs for Cross-Section 3:
(a)Velocity Norm (left; m/s)
(b) Angle (deg.)
(C = 68 m"?/s, Mesh TELEMAC FCF-1, Mixing-Length Model)
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Fig. 5.24 - FCF B23 TELEMAC Outputs for Cross-Section 5:
(a)Velocity Norm (left; m/s)
(b) Angle (deg.)
(C = 68 m"*/s, Mesh TELEMAC FCF-1, Mixing-Length Model)
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Fig. 5.26 - FCF B23 TELEMAC Model: Recirculation at Cross-Section 1
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Fig. 5.27 - FCF B23 TELEMAC Model: Recirculation at Cross-Section 3

47



Computed Main Reclrculation
at Cross-Section 5
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Fig. 5.28 - FCF B23 TELEMAC Model: Recirculation at Cross-Section 5
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at Cross-Section 8
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Fig. 5.29 - FCF B23 TELEMAC Model: Recirculation at Cross-Section 8
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Fig. 5.31 - CFX Grid FCF-1
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Fig. 5.32 - CFX Grid FCF-3
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Fig. 5.34 -Difference in Velocity at Cross-Section 8 between CFX FCF-1 and FCF-3
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Fig. 5.38 -Difference in Velocity at Cross-Section 8 between Model using an I/0
Boundary Condition and a Model using Periodic Boundary Conditions (FCF-2)
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Fig. 5.39 -Difference in Angle at Cross-Section 8 between Model using an /O
Boundary Condition and a Model using Periodic Boundary Conditions (FCF-2)
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Fig. 542 - FCF B23 CFX Velocity Norm Predictions (cm/s) at Cross-Sections 1, 3, 5
and 8 (k; = 0.8 mm, Grid FCF-3, k- Model)

59



il m
.

& (4. N
o 200 400 800 800 1000 1200 1400 1800 1800

Cross-Section 1

Cross-Section 5

4 "
200 400 800 800 1000 1200 1400 1800 1800

Cross-Section 3

-55 -45

1
200 400 800 800 1000 1200 1400 1800 1800

Cross-Section 8

Fig. 5.43 - FCF B23 CFX Velocity Angle Predictions (deg.) at Cross-Sections 1, 3, 5
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Fig. 5.48 — FCF B23 CFX Velocity Norm Predictions (cm/s) at Cross-Sections 1, 3, 5
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Fig. 5.52 - FCF B23 CFX Numerical Tracer Experiment:
(a) Release in Main Channel at Mid-Depth (100 mm)
(b) Release on the Floodplain at Mid-Depth (175 mm)
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Fig. 5.53 - Tracer Experimental Data in FCF B23
(after Willetts and Hardwick, 1993)
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Fig. 5.54 — Surface Tracer Experiment Photographs in FCF Series B:
(a) Dr = 0.25, (b) Dr = 0.40

(Courtesy of Professor Ervine, Univ. of Glasgow)
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Fig. 5.55 - FCF B23 CFX Model: Recirculation at Cross-Section 1
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Computed Main Recirculation
at Cross-Section 3
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Fig. 5.56 — FCF B23 CFX Model: Recirculation at Cross-Section 3
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Computed Main Recirculation
at Cross-Section 5
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Fig. 5.57 - FCF B23 CFX Model: Recirculation at Cross-Section §
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Computed Main Recirculation
at Cross-Section 8
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Fig. 5.59 - FCF B23 CFX Model: Recirculation at Cross-Section 8
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Fig. 5.60 - CFX Predicted Turbulence Kinetic Energy
(x 10” m%/s?) at Cross-Section 3:
(a) k- Model
(b) RSM

76



180

160}

1404

120r

1001

801

60}

4ot

20}

0 1 A L 'l 1 1 'S A
-200 -100 0 100 200 300 400 500 600

(a)

180
160f
1404
1201
100F
80
60
40+

20

%00 00 0 100 200 a0 400 500 600
(b)

Fig. 5.61 — CFX Predicted Turbulence Kinetic Energy

(x 10" m?/s?) at Cross-Section 8b:

(a) k- Model
(b) RSM
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Fig. 5.66 — Comparison of Bed Shear Stress Profiles at Cross-Section 3
from CFX FCF B23 Model:
(a) with k- £ turbulence model;
(b) with LRR-RSM.
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Fig. 5.70 — Comparison of Velocity Profile in Tominaga’s Model
For Different Grid Resolutions (54,000 and 109,200 Elements)
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Fig. 5.71 - Predicted Velocity Profiles in Tominaga’s Experiment (CFX):

(a) k- Model
(b) LRR-RSM
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Fig. 5.72 - Tominga’s Experiment Resulits:
(a) Laboratory Data (Tominaga et al., 1989)
(b) LRR-RSM Numerical Model (Cokljat, 1993)
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Chapter 6:

Application of CFD to Flooded Rivers
— Rivers Severn and Ribble

Figures for Chapter 6
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Fig. 6.1 — Location of the River Severn Site (MultiMap.Com)

90




ako 400 450 500 550 600 650
1 1 1 1 N 1 L

700

Left Flood Plain

€50 B 7 /

600 -

Flow

550

“Bottleneck”

Right Flood Plai
l/lmn\ p

500+
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Fig. 6.4 — Measured Velocity Profile at Cross-Section 7 in the Severn (m/s;
December 1999)
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Fig. 6.5 — Measured Velocity Profile at Cross-Section 7 in the Severn (m/s;
March 2000)
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Fig. 6.7 — Measured Velocity Profile at Cross-Section 5 in the Severn (m/s;
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Fig. 6.8 — Measured velocity Profile Between Cross-Sections 4 and 5 in the
Severn (m/s; December 2000)
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Fig. 6.11 - Location of the River Ribble Site (MultiMap.Com)
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Fig. 6.18 - River Severn Muiti-Block Layout in CFX
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Fig. 6.20 - CFX Main Grid Constraints in the Ribble
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Fig. 6.22 - Comparison between the Results with Hybrid (left) and QUICK-CCCT
(right) at Cross-Sections 3, 4 and 5 for the River Severn CFX Model
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Fig. 6.23 — Comparison of Water Surface Elevations between TELEMAC

Models and Field Data (100 m*/s Event of Dec. 1999):

(a) along the upstream first bend
(b) along the right embankment
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Fig. 6.25 - TELEMAC Model of the Severn: Impact of Roughness on Velocity
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Fig. 6.26 - River Severn TELEMAC Depth-Averaged Velocity Vectors
for a Flow of 100 m*/s
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Fig. 6.27 - River Severn TELEMAC Velocity Profile (m/s) at Cross-Sections 1, 2, 3
and 4 (C = 45 m"%s (MC) and 35 m"%/s (FP); Mesh S-2; Mixing-Length Model)
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Fig. 6.28 - River Severn TELEMAC Velocity Profile (m/s) at Cross-Sections 5, 6,
and 7 (C = 45 m"*/s (MC) and 35 m"*/s (FP); Mesh S-2; Mixing-Length Model)
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Fig. 6.29 - River Severn TELEMAC Velocity Direction (deg.) at Cross-Sections 1,
2,3 and 4 (C = 45 m"*/s (MC) and 35 m"/s (FP); Mesh S-2; Mixing-Length Model)
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Cross-Section 7

Fig. 6.30 — River Severn TELEMAC Velocity Direction (deg.) at Cross-Sections 5,
6, and 7 (C = 45 m"%/s (MC) and 35 m"*/s (FP); Mesh S-2; Mixing-Length Model)
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Fig. 6.36 - Calculated CFX Pressure Field (Pa) on the Lid for Varying
Roughness Values
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Fig. 6.37 - River Severn CFX Velocity Profiles at Cross-Section 7
for Varying Roughness Values
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Fig. 6.39 - River Severn CFX Velocity Profile (m/s) at Cross-Sections 1, 2, 3 and 4
(k; = 0.100 m, Grid CFX S-1, k- model)
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Fig. 6.40 - River Severn CFX Velocity Profile (m/s) at Cross-Sections 5, 6 and 7
(ks = 0.100 m, Grid CFX S-1, k-£ model)
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Fig. 6.41 - River Severn CFX Velocity Direction (deg.) at Cross-Sections 1, 2, 3 and
4 (k; = 0.100 m, Grid CFX S-1, k-£ model)
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(b)

Fig. 6.45 - CFX Numerical Tracer Release at Elevation 13.0 m in the Severn:
(a) Tracer Route
(b) Rotational Effects and Velocity
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(b)

Fig. 6.46 - CFX Numerical Tracer Release at Elevation 16.5 m in the Severn:
(a) Tracer Route
(b) Rotational Effects and Velocity
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(b)

Fig. 6.47 - CFX Numerical Tracer Release at Elevation 17.9 m in the Severn:
(a) Tracer Route
(b) Rotational Effects and Velocity
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(b)

Fig. 6.48 — CFX Numerical Tracer Release at Elevation 18.3 m in the Severn:
(a) Tracer Route
(b) Rotational Effects and Velocity
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Fig. 6.49 — Comparison between Field Data and River Severn
CFX Model Predictions at Cross-Section 4

134



Elevation (m)

At 22.00 m from the Left Bank
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Fig. 6.51 - Comparison between Field Data and River Severn CFX Model
Predictions at Cross-Section 5 for a Flow of 120 m’/s (Discharge + 20%)

136



Velocity Frcfile at Location (SS5.9C; 7000 Velacity Froffle st Location (556.350; 626.650)

m[\‘ B8aD
”‘"’k&—T—- 8D .
70 ¥ : e § 1
Tor— % | 7@ 4 }
- ]
g ¥ g7 3 ’
Sﬂ’m x’ ——D) ‘—ch , / —t— Dta)
H - %- OX PEs - %= X,
16an A / 188D x"'/ /
e - 66D x=” r—/
X
BO— 164D
18an 620
6ap ; 1600 . . .
00 0Z0 o o4 oap 1@ 1AD 000 040 04D QD 08D 100 120
Vol ¢ Vulacity (e}
\iodktyPralle &t Qross Saclion (S5R800, 625.780)
BaD .
e |
:
760
I
740 7
]
—7aD +
. ~—e—D
7an e
PPt - -0
§1san = ",/M
BED
640
%a0
BO0 . ' . , —
Q@0 Qa0 04D Q6D 040 16D 12D
Velodty )
Vlocity Profile at Location (60R 750 634380
180D
78D L. .
{
1760 T
: raw)
' ’ 740 == o
700z : Dtal = ——Dt
| ey = =
1640 . 168D
eewt+——v y 000000 1660
Y a0
62 _—
6o H 1600 . . . . .
WD o0 o oap ocap 1@ 12D 000 0x0 040 OED 08D 100 130
Velcrdy (i) Viladty ()

Fig. 6.52 - Comparison between Measured and Predicted Velocity Profiles along the
Severn Main Channel Right Bank, at the Tower (m/s; March 2000)

137



Turbulenoe Kinetic Energy at Locetion (S36.370; 627.000) Turbulence Kinetic Energy 2t Location (586.360; BB.650)

18000 18000
17601 %—4% 1780 X
} 1
1760 1760
\ X r\<
17401—% 1740 \x
W \

= 1720

=170
E \ \ E X‘ \
£ 1700 X 1700 % e
g 16800 ‘X \ § 1©80 AJ % M\m
Y \ud 1660

}
2B

F
9

1660

1640 XX 16400
1620 16200
16000 — . . . T r 16000 . : . v . .
Q0 500 1000 1500 0D B0 W HOD Q0 500 1000 1500 000 BOD OV HAD
TRE@2x 103 THEmIR2x 103
Turbulence Kinetic Energy at Localion (R, €25.980) Turtulence Kinetic Brergy at Location (SR.8010; 625.780)
8Dy 1800
ey '\H r‘ ULt
760y 760y
\ . \
1740 % N 1740 X
\
5 Y =172
1720
s X\ \ —¢—Dita) 517021;‘ X\ F" ——a)
§17.(m X - %- X § ’ X\ % - X- X
1680 xx 1880 %
1660 1660
1640 1640
160 1630 S
16000 . . r . T 1600 r y . r cm :nI(m .
Q@0 500 1000 1600 0D BAD DO B Qoo 500 1000 1500 000 A
TEMIR2x103 THEreR2x 103
Turbuience Kinelic Energy at Location (601.050; 64570 Turtuderce Kinetic Energy at Location (602 750; 624.330)
18D 180D x .
7a0{—x r\ 7801+ Ac'
\ X
1760 y 1760 X
X \
. 1740 X\
T SX | o
— 1720 \ 1720
£ b ——0dal —4—Dda
£ 1700 ¥ M §1z<m %= OX
1680 1680
1660 1660
1640 1640
1820 1620
ha : ' ‘ ' ' ' b | ' l ‘ l :n;m FAD
QU0 5000 QD 15000 DA0 A0 NN HOO 000 500 10000 1600 D00 BOD
TEMRX103 TEMIR2x103)

Fig. 6.53— Comparison between Measured and Predicted Turbulence Kinetic
Energy along the Severn Main Channel Right Bank, at the Tower
(m%s’; March 2000)

138



6.000
5.000 {—\
4.000 \
3.000

2.000 \ //

1.000

Tb (/m2)

0.000

0.000 10.000 20.000 30.000 40.000 50.000

Distance (m)

Fig. 6.54 — Calculated Bed Shear Stresses at Section 1 from CFX River Severn
Model (k- model)
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Fig. 6.55 - Calculated Bed Shear Stresses at Section 2 from CFX River Severn
Model (k- £ model)
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Fig. 6.56 — Calculated Bed Shear Stresses at Section 3 from CFX River Severn
Model (k-£ model)
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Fig. 6.57 — Calculated Bed Shear Stresses at Section 4 from CFX River Severn
Model (k-£ model)
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Fig. 6.58 — Calculated Bed Shear Stresses at Section 5 from CFX River Severn
Model (k-£ model)
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Fig. 6.59 - Calculated Bed Shear Stresses at Section 6 from CFX River Severn
Model for the Two CFX Grids (k-£ model)
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Fig. 6.61 - River Severn: Bank Collapse at the Inner Bank of the Second Meander
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Fig. 6.63 - TELEMAC Model of the Ribble: Impact of Roughness on Velocity
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Fig. 6.64 - River Ribble TELEMAC Depth-SAveraged Velocity Vectors for a Flow of
98 m'/s
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Fig. 6.65 - River Ribble TELEMAC Velocity Profile (m/s) at Cross-Sections 1,2, 3
and 4 (C = 38 m"?/s on the flood plain, C = 50 m"%/s in the main Channel,
mixing-length model)

145
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Cross-Section 7 Cross-Section 8

Fig. 6.66— River Ribble TELEMAC Velocity Profile (m/s) at Cross-Sections 5, 6, 7
and 8 (C = 38 m"%/s on the flood plain, C = 55 m"%/s in the main Channel,
mixing-length model)
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Fig. 6.67 - River Ribble TELEMAC Velocity Orientation (deg.) at Cross-Sections 1,
2,3 and 4 (C = 38 m"%s on the flood plain, C = 55 m"?%/s in the main Channel,
mixing-length model)
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Fig. 6.68 - River Ribble TELEMAC Velocity Orientation (deg.) at Cross-Sections S,
6,7 and 8 (C = 38 m"¥s on the flood plain, C = 55 m"%/s in the main Channel,
mixing-length model)
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Fig. 6.69 — River Ribble TELEMAC Model: Recirculation at Cross-Sections 1 to 4
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Fig. 6.70 - River Ribble TELEMAC Model: Recirculation at Cross-Sections 5 to 8
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Fig. 6.71 — River Ribble: Comparison between Water Surface Elevation
Predicted by TELEMAC and CFX (98 m/s)
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Fig. 6.72 - Calculated CFX Pressure Field (Pa) on the Lid
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Fig. 6;3 - l§iver Ribble CFX Velocity Vectors close to the Free Surface for a Flow
of 98 m’/s (k; = 0.08 m in the main channel, k; = 0.12 m on the floodplain)
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Fig. 6.74 - River Ribble CFX Velocity Profile (m/s) at Cross-Sections 1,2, 3 and 4
(ks = 0.12 m on the flood plain, k; = 0.08 m in the main channel,
mesh R-1, k-£ model)
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Cross-Section 7 Cross-Section 8

Fig. 6.75 - River Ribble CFX Velocity Profile (m/s) at Cross-Sections 5, 6, 7 and 8
(ks = 0.12 m on the flood plain, k; = 0.08 m in the main channel,
mesh R-1, k-£ model)
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Fig. 6.76 - River Ribble CFX Velocity Orientation (deg.) at Cross-Sections 1,2, 3
and 4 (k; = 0.12 m on the flood plain, k; = 0.08 m in the main channel,
mesh R-1, k-£ model)
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Cross-Section 7 Cross-Section 8

Fig. 6.77 - River Ribble CFX Velocity Orientation (deg.) at Cross-Sections 5, 6, 7
and 8 (k, = 0.12 m on the flood plain, k; = 0.08 m in the main channel,
mesh R-1, k-£ model)
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Fig. 6.78 - River Ribble CFX Model: Recirculation (m/s)

at Sections 5, 6 and 7
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Fig. 6.79 — River Ribble CFX Model: Recirculation (m/s)

at Sections 5, 6, 7 and 8
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(a)

(b)

Fig. 6.80 - CFX Numerical Tracer Release at Elevation 7.0 m in the Ribble :
(a) Tracer Route
(b) Rotational effects and Velocity
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(b)

Fig. 6.81 - CFX Numerical Tracer Release at Elevation 10.0 m in the Ribble:
(a) Tracer Route
(b) Rotational effects and Velocity
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Fig. 6.82 - CFX Numerical Tracer Release at Elevation 10.5 m in the Ribble:
(a) Tracer Route
(b) Rotational effects and Velocity
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Fig. 6.83 - Calculated Bed Shear Stresses at Section 1 from River Ribble Model
(k-£ model)
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Fig. 6.84 — Calculated Bed Shear Stresses at Section 2 from River Ribble Model
(k- model)
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Fig. 6.85 — Calculated Bed Shear Stresses at Section 3 from River Ribble Model
(k-£ model)
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Fig. 6.86 — Calculated Bed Shear Stresses at Section 4 from River Ribble Model
(k-£ model)
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Fig. 6.87 — Calculated Bed Shear Stresses at Section 5 from River Ribble Model
(k-£ model)
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Fig. 6.88 — Calculated Bed Shear Stresses at Section 6 from River Ribble Model
(k-£ model)
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Fig. 6.89 — Calculated Bed Shear Stresses at Section 7 from River Ribble Model
(k- model)
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Fig. 6.90 - Calculated Bed Shear Stresses at Section 8 from River Ribble Model
(k-£ model)
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Fig. 6.91 - River Ribble CFX Velocity Profile (m/s) at Cross-Sections 1, 5, 6 and 8
(k; = 0.12 m on the flood plain, k; = 0.08 m in the main channel,
mesh R-1, RSM)
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Fig. 6.92 - River Ribble CFX Velocity Orientation (deg.) at Cross-Sections 1, 5, 6
and 8 (k; = 0.12 m on the flood plain, k; = 0.08 m in the main channel,
mesh R-1, RSM)
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