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Resumen en castellano
I. Introducción
I.1. Los fenómenos de sloshing
Los fenómenos de sloshing, o “chapoteo”, se pueden definir como los movimientos de la
superficie libre de un liquido contenido en un tanque. Generan cargas dinámicas sobre la
estructura del tanque, cuya predicción es un gran desafió de los ingenieros trabajando sobre sloshing. Sus aplicaciones se encuentran en las ingenierı́as aeronáutica, nuclear, naval,
y una literatura abundante sobre sloshing existe, recientemente resumida en el libro de
Ibrahim (2005).
En el mundo naval, los fenómenos de sloshing pueden tener efectos positivos o negativos.
En el caso general, la presencia de un tanque con superficie libre disminuye la estabilidad estática del buque, sobre todo cuando se tratan de grandes cantidades de liquido,
como es el caso de los metaneros, que pueden contener hasta mas de 200000 m3 de gas
lı́quido. El acoplamiento dinámico entre los movimientos del buque y aquellos del liquido
dentro de los tanques es algo muy difı́cil de predecir, especialmente cuando se forman
olas rompientes que impactan sobre la estructura de los tanques. Las presiones debidas a
estos impactos son también difı́ciles de predecir, cuando el diseño de los tanques dependa
de ellas. En las últimas décadas, numerosos estudios sobre modelos de tanques han sido
realizados por los sociedades de clasificación como DNV (Berg, 1987),o ABS (Card &
Hoseong, 2005). Los mayores problemas que se encuentran son el carácter aleatorio de las
presiones de impacto y la dificultad de escalar los resultados entre el modelo y el prototipo
a escala real (Bass et al., 1985).
Por otra parte, los fenómenos de sloshing son buscados en el caso de tanques estabilizadores pasivos, que se montan sobre algunos barcos para disminuir su movimiento de
balance. La idea de estos tanques se debe a Watts (1883) y consiste en que el liquido dentro del tanque crea un momento que se opone al momento debido a las olas, para aquellas
con frecuencias vecinas de la de resonancia del buque en balance. Frahm (1911) introdujo
los tanques con forma de U, reduciendo de este modo los efectos de superficie libre. En
estos años, poca confianza existı́a en estos sistemas con grandes cantidades de liquido
5
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libre dentro del barco. En los últimos 60 años, con el creciente interés en los fenómenos
de superficie libre en tanques, sobretodo en el mundo aeroespacial (Graham & Rodriguez,
1952; Verhagen & Van Wijngaarden, 1965; Abramson, 1966), el numero de investigaciones
sobre tanques estabilizadores pasivos y de diseños de ellos creció también (Stigter, 1996;
Van Den Bosch & Vugts, 1966; Goodrich, 1968; Lewison, 1976). Recientemente, Moaleji
& Greig (2007) analizó los distintos tipos de tanques y sus aplicaciones.

I.2. Modelos de los fenómenos de sloshing
Como dicho antes, el mayor problema de los fenómenos de sloshing es el cálculo de las
fuerzas que ejerce el lı́quido sobre el tanque. Estas se pueden calcular mediante distintos
métodos, dependiendo de las hipótesis hechas y de la precisión querida.
El método más rápido para calcular las fuerzas debidas al lı́quido consiste en construir
un sistema mecánico análogo. Este último puede ser un simple péndulo, o un conjunto
de masas y muelles, como descrito en Abramson (1966).
Cuando se supone que dentro del tanque, el fluido es no viscoso y el flujo irrotacional,
la teorı́a potencial se puede aplicar. Graham & Rodriguez (1952) usaron la teorı́a potencial con condiciones de contorno linealizadas, y deducieron los parámetros de un sistema
mecánico que produce las mismas fuerzas. Faltinsen (1974) incluyó términos non lineales
hasta el tercer orden en las condiciones de contorno, descomponiendo la superficie libre
en suma de modos. Faltinsen y co-autores (Faltinsen & Timokha, 2000, 2001, 2002) extendieron la teorı́a modal derivando un sistema de ecuaciones en derivadas ordinarias de
dimensión infinita para la evolución de la amplitud de los modos. Este sistema se puede
reducir a un numero finito de modos, y ser resuelto numéricamente.
Los métodos arriba mencionados tienen la ventaja de producir resultados muy rápidamente.
Sin embargo, tienen muchas limitaciones en términos de altura de ola, tanques de geometrı́a complicada, olas rompientes y impacto de olas, que son fenómenos frecuentes que
no se pueden predecir con estos métodos.
Para poder simular la propagación de un “bore” dentro del tanque, otra, la teorı́a de aguas
poco profundas fue utilizada por varios autores (Verhagen & Van Wijngaarden, 1965; Sun
& Fujino, 1994; Armenio et al., 1996a; Ikeda & Nakagawa, 1997). Sin embargo, tiene las
mismas limitaciones que los métodos potenciales con respecto a olas rompientes, que son
aún mas común cuando la profundidad es baja.
El remedio para superar estas limitaciones es utilizar métodos numéricos o CFD (Computational Fluid Dynamics) que resuelven directamente las ecuaciones del fluido dentro del
tanque. Dentro de ellos se distinguen los métodos con mallas y los métodos sin mallas.
Los primeros fueron los primeros utilizados para resolver problemas de mecánica de los
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fluidos. El hecho de tener una malla impone limitaciones con respecto a la superficie
libre. Para solucionarlos, tratamientos especı́ficos son necesarios, como la técnica LevelSet, o el método Volume-of-Fluid (Hirt & Nichols, 1981), o re-construyendo la malla en
cada paso de tiempo usando un formulación lagrangiana, como se hace en Particle-FiniteElement-Method (Del-Pin et al., 2007). Por otra parte, los métodos sin mallas, basados en
formulación totalmente lagrangiana, permiten la simulaciones de fragmentación del fluido
y de olas rompientes de un modo mas natural, visto que las partı́culas fluidas se mueven
de acuerdo con las ecuaciones del fluido. Dentro de ellos, el método SPH está teniendo
un interés creciente en los últimos treinta años, y es el método que ha sido utilizado para
resolver problemas de sloshing en esta tesis.

I.3 SPH
El método SPH (Smoothed Particle Hydrodynamics) fue inventado al final de los años 70
independientemente por Lucy (1977) y Gingold & Monaghan (1977), para resolver problemas de astrofı́sica. En SPH, el fluido está dividido entre partı́culas libres de moverse y
cuyo movimiento proviene de la interpolación en ellas de las ecuaciones del movimiento.
Este carácter lagrangiano del SPH es su mayor ventaja sobre los métodos numéricos que
usan mallas. Permite que los fenómenos de convección están ya integrado por el simple
hecho de tener partı́culas móviles. El tratamiento de una superficie libre o de una interfase
es también más natural porque están definidas por las posiciones de las partı́culas. Por
la misma razón, los problemas de fragmentación también se resuelven de un modo natural. Estas caracterı́sticas hacen del SPH un método muy atractivo para resolver distintos
tipos de problemas. En mayo de 2007 tuvo lugar en la ETSIN en Madrid el segundo workshop SPHERIC, un grupo de interés ERCOFTAC dedicado a las aplicaciones del SPH1 .
En esta ocasión, se presentaron aplicaciones del método a la formación de estrellas, flujos multi-fases, procesos de sedimentación, flujos viscosos, interacciones fluido-estructura,
problemas de impacto, generación de olas, ...
Las primeras aplicaciones del SPH al mundo naval son del principio de este siglo y están
debidas a Tulin & Landrini (2000), Souto-Iglesias & González (2001), Souto-Iglesias et al.
(2001) y Landrini et al. (2003), para la simulación de olas rompientes y problemas de sloshing. Colagrossi (2004) desarrollo el método con orientación al campo naval, aplicándolo a
olas solitarias llegando a una playa, problemas de sloshing, olas generadas por un cuerpo
penetrando el agua. Oger et al. (2006); Oger (2006) presentó aplicaciones similares, con
algunos resultados 3D de la estela de un barco.
1

http:wiki.manchester.ac.uksphericindex.php
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II. Background y objetivos de la tesis

Una de las mayores actividades del CEHINAV desde 1984 ha sido el diseño de tanques
estabilizadores, actividad liderada por Ricardo Abad, cuya tesis fue dedicada a la estabilización del movimiento de balance (Abad, 1988). El estudio de los movimientos de
lı́quido dentro de los tanques de buques LNG ha sido otra lı́nea significativa de investigación del grupo. El CEHINAV participó en el proyecto PROFIT 2004 STRUCT-LNG2
del Ministerio de Industria, Comercio y Turismo, coordinado por NAVANTIA.
Cuando empezó la presente tesis en el 2003, el CEHINAV recibı́a un nuevo dispositivo
experimental para estudiar sloshing en tanques. El principio de esta tesis fue dedicada a
la calibración del nuevo sistema, y a su mejora para que se obtengan datos experimentales
válidos para validar el código numérico. Estas mejoras están descritas en la sección III.
En esa sección se presentan también las dos series de ensayos realizados durante esta tesis.
Se tratan del estudio de un modelo del tanque estabilizador del barco IBERUS, y de una
serie de ensayos sobre una sección de un tanque de buque LNG. En cuanto a la parte
numérica, el CEHINAV fue un pionero de la utilización del método SPH en el campo
naval. Vı́ctor González, como becario del grupo, escribió al final de los años noventa un
código SPH y co-fundó luego una compañı́a inicialmente dedicada al desarrollo de un programa basado en SPH para la industria del cinematográfica. En 2008, la empresa recibió
el 2008 Technical Achievement Award de la Hollywood Academy. Next Limit colaboró
con el CEHINAV aplicando SPH a problemas de sloshing (Souto-Iglesias & González,
2001; Souto-Iglesias et al., 2001, 2004) para validar su código. Un código propio del CEHINAV fue desarrollado y usado para comparación con los resultados experimentales.
Las primeras comparaciones se presentaron en Souto-Iglesias et al. (2004). Si la dinámica
general del liquido se comparaba bien entre el experimental y el numérico, los valores de
momentos generados sobre el eje no correspondı́an, y no se podı́a medir la presión en las
paredes de manera eficiente. Para llegar a estos objetivos, se implantaron en el código
SPH unas modificaciones descritas en la sección IV, donde se presenta el método. En las
secciones V, se comparan los resultados numéricos con los resultados experimentales. En
este caso, se estudia la respuesta del liquido para un movimiento harmónico del tanque a
ciertas frecuencias. El problema más complicado del acoplamiento con el movimiento de
balance y los movimientos de lı́quido dentro del tanque se analiza en la sección VI, donde
se presentan comparaciones con resultados obtenidos con la teorı́a potencial.

2

file number FIT-370300-2004-65
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III. Experimentos
III.1 Descripción del dispositivo experimental
Los experimentos presentados en este trabajo han sido realizados con el dispositivo experimental del CEHINAV, instalado en el 2003, y ilustrado en la figura 1.

Figure 1: Sloshing experimental device of the CEHINAV.

El sistema permite montar sobre un eje vertical tanques de distintas formas. El eje está
conectado a un motor eléctrico y puede adquirir un movimiento de rotación con respecto a
un eje horizontal. Se pueden arreglar la amplitud del movimiento entre 2 y 15 grados, y la
frecuencia de excitación hasta 2.5 Hz. Sobre el eje de rotación están colocados un encoder
de posición (modelo Heidenhain ERN120, precisión 0.072o¯ ) y un torsiometro HBM TB1A
de par nominal 200 Nm. El control del movimiento del tanque es una cosa fundamental
para analizar los fenómenos de sloshing y también para validar los datos numéricos, visto
que la señal temporal de ángulo es la entrada del código numérico. Por esta razón, la
señal temporal de ángulo ha sido descompuesta a través de una base de funciones de tipo
B-spline cuyos coeficientes han sido utilizado para el código numérico. De esta forma,
se obtiene una señal suavizada donde desaparecen los saltos debidos a la precisión del
encoder, que pueden afectar a la estabilidad del método numérico.
Sobre el eje del motor mismo se sitúa otro encoder registrando el ángulo de rotación
del motor, y conectado al disparador de una cámara para obtener fotos para ángulos especı́ficos del movimiento. 2 captadores de presión (Sensor Technics, BTE 6001) se pueden
colocar en las paredes de los tanques para medir presión en estos puntos.
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III.2 Respuesta estacionaria
Para estudiar la influencia de un tanque de liquido sobre la estabilidad de un buque, se
puede medir la respuesta del lı́quido para excitaciones sinusoidales de distintas frecuencias.
De este modo, se pueden apreciar los fenómenos de resonancia y ver cuando el tanque actúa
como un amortiguador de los movimientos del barco o cuando le hace perder estabilidad.
En dos dimensiones, la superficie del liquido se puede descomponer en series de Fourier
con un número infinito de longitudes de números de onda kn = nπ/B, donde B es la
manga del tanque. Las frecuencias ωn asociadas a estos modos se obtienen con relación
de dispersión para olas de gravedad.
ωn2 = g kn tanh (kn d)

(1)

donde g es la aceleración de la gravedad y d la profundidad de liquido. Si se excita el tanque
con un movimiento sinusoidal forzado, la resonancia principal, es decir la amplificación
de las olas dentro del tanque, ocurre para frecuencias cercanas de la primera frecuencia
de sloshing ω1 .
Para medir la amplitud de la resonancia con respecto al par generado sobre el eje de giro, se
procede de la siguiente forma. Se arregla el movimiento del tanque a una cierta frecuencia
y se miden ángulos y pár con la misma base de tiempo. El lı́quido dentro del tanque se
puede ver como un sistema dinámico, sometido a una excitación forzada. Por lo tanto,
su respuesta se puede descomponer en un régimen transitorio y un régimen estacionario.
En algunos casos, el régimen transitorio puede mantenerse varios minutos, como se verá
más adelante. Pasado el régimen transitorio, el lı́quido tiene un movimiento de misma
frecuencia de la de excitación, con un desfase. Entonces, se filtra la señal de momento
después del transitorio para sacar su amplitud y su desfase con respecto al movimiento
durante el régimen estacionario. Esta medida tiene en cuenta el efecto de la estructura
móvil que sujeta el tanque. Para obtener la componente solo debida al lı́quido, se procede
de la misma forma con el tanque vacı́o para sacar su amplitud y su desfase. La amplitud
del primer harmónico del momento debido al lı́quido ası́ como su desfase con respecto al
movimiento del tanque se sacan vectorialmente a partir de los valores obtenidos.

III.3 Leyes de escala
Cuando se estudian problemas de sloshing, una aproximación común es de considerar que
los fenómenos dentro del tanque dependen principalmente de la velocidad del tanque y de
la gravedad (Bass et al., 1985). Por lo tanto, los experimentos se suelen hacer igualando
el numero de Froude, definido en la ecuación 2, a escala modelo y a escala real.
p
(2)
Fr = V/ g L
En esta ecuación, g es la gravedad, y L y V son respectivamente una longitud y una
velocidad caracterı́stica del problema. Entonces, si la escala de longitud es λ, la escala de

CONTENTS

11

√
velocidad tiene que ser λ para que se mantenga el Froude constante. Las frecuencias,
que sean de sloshing o de excitación, son el ratio de
√ una velocidad por una distancia. Por
lo tanto, la escala de frecuencia es el inverso de λ. Se deduce de un modo similar que
las escalas de fuerza y de para son respectivamente λ3 y λ4 .
Para el diseño de tanques estabilizadores, la escala de Froude proporciona resultados
adecuados y es la que siempre se usa. Sin embargo, cuando se quiere medir las presiones
debidas a impactos de olas en las paredes, los resultados son difı́ciles de escalar desde el
modelo a la realidad (Abramson et al., 1974; Bass et al., 1985; Berg, 1987). Esto se debe a
que las presiones de impacto dependen de la compresibilidad del gas que esta por encima
del fluido, y todavı́a es un problema abierto importante para la ingenierı́a.

III.4 Ensayos de un tanque estabilizador
La primera serie de ensayos realizados durante la presente tesis lo fueron sobre un modelo
del tanque estabilizador del buque Iberus, a escala 1/25. Resultados previos se obtuvieron con el dispositivo antiguo del CEHINAV sobre el mismo modelo (Souto-Iglesias
et al., 2004), pero son más limitados que los nuevos en términos de frecuencias y de precisión de los resultados.
El tanque es rectangular, de manga B=64cm y de altura 14cm. El centro de giro se sitúa
10cm por de bajo de la parte inferior del tanque. La amplitud del movimiento de giro es
de 6 grados. La profundidad estudiada es 3cm, de tal modo que el ratio d/B = 0.047,
correspondiendo a un caso de aguas pocas profundas3 . De acuerdo con la ecuación 1, la
primera frecuencia de sloshing, o frecuencia de resonancia del lı́quido es ω1 = 2.65 rad/s.
El rango de frecuencias estudiadas va desde 0.1ω1 a 3.1ω1 . El proceso descrito en la
sección III.2 se aplica a las señales de momento generado sobre el eje de giro para sacar
su amplitud y su desfase en función de la frecuencia de excitación. Los resultados se ven
en la figura 2. Un circulo azul en la gráfica de amplitud en 2 indica la frecuencia de
resonancia. A esta frecuencia, la amplitud del momento está cerca de su máximo y su
desfase vale 52o¯ . La frecuencia de excitación por la cual el desfase es de 90o¯ es de 3.8
rad/s, o sea 1.4ω1 . Por lo tanto, la teorı́a potencial predice una frecuencia de resonancia
mas baja de la encontrada experimentalmente. Esto se explica por la validez limitada de
esta teorı́a para olas pocas profundas.
En la curva de amplitud, un cambio drástico se observa entre los puntos A y B. A un nivel
de fenómenos dentro del tanque, antes del punto A, la ola principal que se forma dentro
del tanque llega a desarrollarse durante un periodo de excitación, con un desfase creciente.
después del punto B, el movimiento del tanque no da tiempo a las olas dentro del tanque
de desarrollarse, y el lı́quido tiende a comportarse como un sólido rı́gido metido dentro
3

tanh (k1 d) = tanh (π d/B) = 0.1466 << 1

12

CONTENTS

Figure 2: Amplitud y desfase del momento generado por el liquido en función de la
frecuencia de excitación.
del tanque. Videos experimentales de ambos puntos A y B se encuentran en la página
internet del CEHINAV4 .
Estos resultados ilustran la eficiencia de un tanque estabilizador pasivo. Durante el proceso de diseño del tanque, se trata de hacer que la frecuencia para la cual el desfase es de
90o¯ sea la de resonancia en balance del buque, para que el efecto estabilizador sea mayor.
Esto se obtiene cambiando el nivel de agua dentro del tanque, o añadiendo obstáculos al
flujo (Abad, 1988).

III.5 Proyecto STRUCT-LNG
En el ámbito del proyecto STRUCT-LNG, se construyó un modelo de una sección de un
tanque de un buque LNG, para analizar los fenómenos de sloshing para distintas profundidades. Las dimensiones del modelo son 900 x 580 x 62 mm, y el tanque gira con
respecto a un punto dentro del tanque, verticalmente al nivel de la lı́nea de agua del barco,
horizontalmente al centro del tanque. El ángulo de giro es de 4 grados. Se estudiaron 4
profundidades presentadas en la tabla 1. Para cada caso, se colocó un sensor de presión
al nivel de la superficie libre en reposo. Para el caso de mayor profundidad, otro sensor
se colocó en el techo de tanque, a 25mm de la pared lateral. Para todos los casos, los
periodos de excitación entre un 0.5 T1 y 2 T1 se estudiaron.
Para mayor claridad, los registros de presión para todos los casos se presentan en el
anexo B. Para el momento generado sobre el eje de giro, el proceso descrito en la sección
III.2 se aplicó, y se obtuvieron los resultados presentados en la figura 3.
Para todos los casos, cuando el periodo de excitación es alto, el lı́quido sigue el movimiento
4

http://canal.etsin.upm.es/oe05
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Figure 3: Amplitud (Izda) y desfase (Dcha) del momento sobre el eje de giro para los
casos 1 a 4 (de arriba por abajo)
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Case
1
2
3
4

depth (cm)
9.3
22.2
29.9
48.3

filling level (%)
18.3
43.7
58.9
95.1

d/B T1 (s)
0.10 1.91
0.25 1.32
0.33 1.21
0.54 1.11

Table 1: Description of the cases

del tanque y la superficie tiende a mantenerse horizontal. Cuando el periodo de excitación
es pequeño, el movimiento rápido del tanque hace que pocas olas se forman, y el liquido
tiende a comportarse como un sólido rı́gido dentro del tanque. Esto se traduce en las
curvas de la figura 3 por un desfase que va desde 180 grados a 0 cuando crece el periodo
del movimiento. La transición se hace de un modo distinto para los diferentes casos.
Primero, es más marcada cuando crece la profundidad. Luego, mirando la frecuencia por
la cual el desfase pasa por 90 grados, se observa que el ratio de esta frecuencia con la de
resonancia crece también con la profundidad. Es de 0.85 para el caso uno, entre 1 y 1.05
para los casos 2 y 3, y entre 1.15 y 1.2 para el caso 4. Este fenómeno está en acuerdo con
los trabajos analı́ticos de Waterhouse (1994) aunque el uso de la teorı́a potencial donde
los fenómenos de olas rompientes y de impacto no se tienen en cuenta.
El proceso de ”retraso” del momento cuando crece la velocidad del movimiento se puede
apreciar muy bien en la figura 4. Allı́ se muestran las fotos sacadas para las distintas
excitaciones cuando el tanque pasa por su posición vertical, pero parecen fotogramas
sucesivos del mismo caso. En este caso el flujo se caracteriza por una ola principal que
viaja de un lado al otro del tanque. La figura 4 muestra que lo ola viaja siempre a la
misma velocidad cuando es el tanque que va cada vez mas lento.
Para los casos intermedios 2 y 3, el proceso descrito en la sección III.2 para sacar la
respuesta estacionaria del liquido es mas difı́cil de aplicar porque el régimen transitorio
puede tardar hasta 30 periodos de para desvanecer. Esto se debe a la poca disipación
el sistema en estos cosas. Mientras en los casos 1 y 4, olas rompientes (ver figura 4) o
impactos en el techo son fenómenos que aparecen para casi todas las excitaciones en el
rango estudiado, eso no es el caso para los casos 2 y 3. Entonces, aparecen ”beating
waves” (olas de batimiento) que se deben a la superposición de la olas cuyo periodo es
el de excitación de de olas debidas a otros modos que tardan en desaparecer. Faltinsen
(Faltinsen, 1974; Faltinsen & Timokha, 2000) simuló estas olas con la teorı́a potencial
(que supone un fluido no-viscoso) y tuvo que añadir en su modelo términos disipativos
para que se pueda establecer un régimen estacionario.
En los registros de presión del anexo B, se pueden ver la influencia de este fenómeno
para los casos 2 y 3, excepto cerca de la resonancia (T /T1 = 1 y 1.05) donde impactos
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Figure 4: Caso 1 : Fotos del flujo cuando el tanque pasa por la posición θ = 0 para los
distintos periodos de excitación. T0 es la primera frecuencia de sloshing, notada T1 en el
texto.
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de las olas se notan, haciendo que la respuesta es más periódica desde el las primeras
oscilaciones.
En estos mismos registros (anexo B), se puede ver que los picos de presión, es decir los
impactos de olas sobre los sensores, aparecen para frecuencias cercanas de la de resonancia
T1 . Solo el caso 4 de distingue con picos para casi todas las excitaciones. Esto se debe
al alto nivel de llenado que produce un número mayor de impactos sobre la pared y el
techo. Sin embargo, los valores maximales de presión se registraron para los impactos en
el caso de profundidad más baja, debido a la mayor energı́a de la ola en este caso, como
ilustrado en la figura 4. Estos impactos se estudian en detalles en la sección siguiente.

III.6 Proyecto STRUCT-LNG. Presiones de impacto
En esta sección se estudia en detalles el caso 1 de la sección anterior, donde las presiones
mayores han sido encontradas, para 3 oscilaciones del tanque distintas :
• Case 1A : T /T1 = 1.1
• Case 1B : T /T1 = 1.0
• Case 1C : T /T1 = 0.9
Para estos 3 casos, el flujo se caracteriza por una ola principal viajando de un lado del
tanque al otro, rompiendo durante su propagación, y impactando en las paredes laterales.
La disipación importante debida a estos fenómenos hace que el movimiento es rápidamente
periódico, incluido el proceso de rotura de la ola. Este proceso, ası́ como el mecanismo
del impacto sobre la pared, está ilustrados para el caso 1B en la figura 5.
Los 3 casos 1A, 1B y 1C se diferencian por el tipo de impacto en la pared. En el caso
1A, el movimiento del tanque es más lento, y la ola principal rompe antes de llegar a la
pared con menos energı́a. El impacto es más violento en el caso 1C donde el movimiento
del tanque es más rápido. En este caso, la ola rompe justo antes de llegar sobre el sensor
y el impacto ocurre cuando el tanque ya empezó a moverse en la dirección opuesta de la
de la ola. La figura 6 muestra la forma de las olas antes del impacto para los 3 casos.
Se muestran lás gráficas de presión en la figura 7. El tiempo se adimensionalizó con
el periodo de excitación, el ángulo con el ángulo máximo, y la presión con la presión
hidrostática (P0 ) a la profundidad d. Los registros de presión son calitativamente repetitivos para cada ciclo de oscilación. Sin embrago, se aprecian diferencias debidas al carácter
aleatorio de los fenómenos de impacto (Bass et al., 1985). El pico de presión es extremadamente sensible a la forma de la ola justo antes del impacto. Se observan los mayores picos
de presión para el caso 1C donde la menor cantidad de aire está atrapada por la ola antes
del impacto.
Para tener en cuenta el carácter aleatorio de los fenómenos de impacto a la hora de
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Figure 5: Case 1B. Arriba: Proceso de rotura de la ola. Abajo: Proceso de impacto en la
pared de la izquierda.

Figure 6: Fotos de las olas antes del impacto para los casos 1A, 1B y 1C.

Figure 7: Presión adimensionalizada (rojo) y ángulo adimensionalizado (azul) en función
del tiempo adimensionalizado para los casos 1A, 1B y 1C.
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Case
Mean value pressure peaks
Standard deviation of the pressure peaks
Mean value of the pressure impulse
Standard deviation of the pressure impulse

1A
0.859
0.170
0.21
4.0 10−3

1B
1.71
0.593
0.26
5.0 10−3

1C
3.23
1.03
0.22
1.7 10−4

Table 2: Estadı́sticas sobre los máximos de presión y los impulsos de presión
comparar en la sección V estos resultados experimentales con los numéricos, se midió el
valor medio de los máximos de presión, ası́ como su desviación standard. Estos valores se
midieron sobre 90 ciclos de oscilación, y los mismos cálculos se hicieron también sobre el
impulso de presión que es la integral de la presión sobre el impacto (Peregrine, 2003). Se
presentan estos valores en la tabla .
Se puede ver en la tabla que el impulse de presión presenta variaciones menores de las de
los picos de presión. Esta medida será utilizada para comparaciones con los datos SPH.

IV. Smoothed Particle Hydrodynamics
IV.1 Base del método
El método SPH fue inventado al final de los años setenta por Lucy (1977). Es un método
lagrangiano donde el fluida está dividido entre partı́culas donde las propiedades del fluido
y sus derivadas espaciales están interpoladas. La interpolación se hace a través de 2
interpolaciones sucesivas (Campbell, 1989).
La primera se hace en el dominio continuo y dice que culaquier función f del espacio se
aproxima en el punto rP por hf (rP )i:
Z
hf (rP )i =
f (r) WP (r, h) dr
(3)
Ω

donde Ω es el dominio fluido y WP (r, h) es la función base de la interpolación, llamada
“núcleo”. Esta función depende de las posiciones rP y r, y de una distancia h llamada
“distancia de suavizado” (smoothing length). La función núcleo es tradicionalmente de
tipo gaussiana, dependiendo de la distancia r − rP , y mas o menos acentuada en el centro
según el valor de h. Un valor numérico de hf (rP )i se obtiene discretizando la integral en
la ecuación 3 sobre las partı́culas fluidas, dando:
hf (rP )i∗ =

X
b∈F P

f (rb ) WP (rb , h) Vb

(4)
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donde FP designa el conjunto de las partı́culas fluidas. El volumen Vb de la partı́cula b
se reemplaza por el ratio de su masa y de su densidad mb /ρb .
En la figura 8 se ilustran las dos aproximaciones 3 y 4.
Los primeros trabajos sobre SPH se hicieron utilizando una función núcleo basada en

Figure 8: Interpolation through particles.
funciones spline cúbicas con un soporte compacto de longitud 2h (Monaghan & Lattanzio,
1985). Morris (1996) investigó sobre las propiedades de distintos funciones núcleo y la
que mostró mejor propiedades de estabilidad fue una función gaussiana renormalizada:
2

2

e−(r/h) − e−(τ /h)
Rτ
WP (r, h) =
2π 0 r (e−(r/h)2 − e−(τ /h)2 )

(5)

donde r = ||r − rP || y τ define la longitud del soporte compacto de la función. El soporte
compacto permite reducir la suma en 4 sobre las partı́culas vecinas a la considerada (el
conjunto se denota NP ), y reducir de este modo los tiempos de cálculo, usando el proceso
de linked lists descrito en Gray (2001). Con estas funciones, el error cometido aproximando una función a través de la ecuación 3 se obtiene por expansión de la integral en
series y es del orden de h2 (Colagrossi, 2004). Al nivel discreto, es más complicado determinar el error cometido porque depende del desorden de las partı́culas. Colagrossi (2004)
y Doring (2005) mostraron que el uso de funciones núcleos corregidas es necesario para
obtener convergencia en h al nivel discreto cuando las partı́culas están desordenadas.
El gradiente de cualquier función f del espacio se obtiene aplicándole la ecuación 4, y
integrando por partes.
Z
h∇f (rP )i =

Z
∇f (r) WP (r, h) dr = −

Ω

Z
f (r) ∇WP (r, h) dr +

Ω

f (r) WP (r, h) dS
∂Ω

20

CONTENTS

donde ∂Ω es el contorno del dominio fluido, orientado hacia el exterior, con el vector
norma dS.
Argumentando que la función núcleo tiende a cero a la frontera, una aproximación común
en SPH es de despreciar la integral sobre el contorno. En este caso, discretizando según
la ecuación 4, se obtiene:
h∇f (rP )i∗ = −

X
b∈FP

f (rb )

∂WP (rb , h)
Vb .
rb

(6)

El valor de h se supuso constante para deducir las expresiones de los gradientes. Aunque
trabajos existen para deducir el formalismo SPH para h variable (Bonet & RodriguezPaz, 2005), será considerado constante en este trabajo. Por lo tanto WP (r, h) será notado
WP (r) de ahora en adelante.
El punto débil del método SPH es su pobre capacidad para reproducir funciones simples
del espacio. De hecho, ni una función constante del espacio se reproduce correctamente
con la aproximación 4, especialmente cerca del contorno del dominio. Como remedio a
este problema, se pueden usar funciones núcleo corregidas para cada partı́cula de tal modo
que cualquier función constante o cualquier función lineal del espacio se reproduzcan correctamente (Belytschko et al., 1998).

IV.2 Aplicación a las ecuaciones de Euler
Las ecuaciones de Euler para un flujo compresible se forman por la ecuación de continuidad
y la ecuación de cantidad de movimiento que son
dρ
= −ρ ∇v
dt
∇P
dv
= −
+ fext
dt
ρ

(7)
(8)

donde ρ, P y v son respectivamente los campos de densidad, de presión y de velocidad.
Jugando con el operador ∇, es posible obtener distintas formulaciones SPH de las ecuaciones de Euler. Algunas están presentadas en Colagrossi (2004). La forma general es la
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siguiente:
X
dρa
=
mb Cab ∇Wa (rb )
dt
b∈Na
X
d va
=
mb Mab ∇Wa (rb ) + fext
dt
b∈N

(9)
(10)

a

dra
= va
dt

(11)

En este trabajo, la forma elegida ha sido la de Monaghan (1992):
Cab = va − vb
Pa Pb
Mab =
+ 2
ρ2a
ρb

(12)
(13)

Utilizando una función núcleo cuyo gradiente es simétrico con respecto a las partı́culas a
y b, esta formulación garantiza una conservación exacta del cantidad de movimiento del
fluido, ası́ como de su momento angular.
En las secciones siguientes se presentan las otras caracterı́sticas del código necesarias para
simular problemas de sloshing con un flujo incompressible.

IV.3. Caracterı́sticas del código
IV.3.1 Corrección XSPH
Para reducir el desorden de las partı́culas, Monaghan (1989) propuso el uso de una velocidad promediada v˜a en la ecuación 11. Se define como
X vb − v a
v˜a = va + 
Wa (rb ) mb
(14)
ρab
b∈N
a

donde ρab es el promedio de las densidades de las partı́culas a y b, y  = 0.5.
Esta corrección, llamada corrección XSPH, mejora la estabilidad del código donde el flujo
tiene velocidad altas, por ejemplo en una ola rompiente.
This so-called “XSPH correction” (Monaghan, 1989) does not modify the conservation
properties of the method, presented in the next section. It has been found to increase
the stability properties of the method when the flow gets high velocity, for example in a
breaking wave.
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IV.3.2 Estabilidad en tensión
Swegle et al. (1995) estudió la estabilidad del SPH a la hora de resolver las ecuaciones
de Euler. Demostró la existencia de una estabilidad del método relacionado con una
combinación de una presión negativa y del signo de la derivada segunda de la función
núcleo. Consiste en la aglomeración de las partı́culas hacia un mismo punto, generando
fenómenos no-fı́sicos en el flujo.
Un remedio fue introducido por Monaghan (2000) y consiste en añadir al término de
fuerza Mab en la ecuación 13 una presión aditiva Rab cuando la presión de una partı́cula
es negativa.


Pa P b
(15)
+ 2
Rab = ζ
ρ2a
ρb
donde ζ = 0.01.

IV.3.3 Imponer la incompresibilidad
La incompresibilidad total del flujo en SPH se puede imponer mediante la resolución a
cada paso de tiempo de una ecuación de Poisson para el campo de presión (Cummins &
Rudman, 1999). Sin embargo, el coste es muy grande y se pierde la ventaja de tener un
método lagrangiano, visto que hay que imponer condiciones especı́ficas en la superficie
libre para resolver esta ecuación.
Un medio computacionalmente más eficiente consiste en considerar el flujo compresible,
y controlar su compresibilidad a través de una ecuación de estado rı́gida para la presión.
La que se suele usar en SPH es la de Batchelor (1967)
 γ

ρ
ρ0 c2s
−1
(16)
P =
γ
ρ0
donde ρ0 es la densidad nominal del fluido, γ es una constante (usualmente 7), y cs es la
velocidad del sonido numérica. Más alta es la velocidad del sonido que se usa, más largos
son los tiempos de cálculo. Por lo tanto, se suele elegir una velocidad del sonido diez
veces mayor de la velocidad máxima Vmax esperada en el flujo. Visto que las variaciones
de densidad van con el número de Mach M al cuadrado (M = Vmax /cs ), son de esto modo
del orden de 1%.

IV.3.4 Viscosidad
Las ecuaciones de Euler son incondicionalmente inestables. Sin disipación, es el caso
también de esquema SPH 7-11, con la ecuación de estado 16. Para proporcionar un código
estable, un término de viscosidad artificial fue propuesto por Monaghan & Lattanzio
(1985).
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Desde entonces, otros modelos de viscosidad han sido implementados. Se usó en esta tesis
el término de Cleary (1998a). Consiste en añadir a la ecuación de cantidad de movimiento
10 un término viscoso Πab de tal modo que la interacción entre partı́culas 13 se escribe
Mab =

P a Pb
+ 2 + Πab
ρ2a
ρb

(17)

Πab se define como

2 ξ µ vab · rab
(18)
ρa ρb rab 2 +  h2
donde µ es la viscosidad dinámica del fluido. rab and vab representan las diferencias de
posición y de velocidad entre las partı́culas a and b. ≈ 0.01 se introduce para prevenir
las singularidades.
Πab = −

Se demuestra en la versión larga de la tesis que si ξ = 4, este término es equivalente en 2
dimensiones al término viscoso de las ecuaciones de Navier-Stokes que son, para un fluido
compresible:
µ
dv
= −∇P + µ∇2 v + ∇(∇ · v) + fext
(19)
ρ
dt
3
El numero de Reynolds se define como
Re =

ρU L
µ

(20)

donde U y L son la velocidad y la longitud caracterı́sticas del problema.
Teóricamente, si se usa el término viscoso 18, el numero de Reynolds numérico tiene que
ser el mismo del real. Sin embargo, cuando el numero de Reynolds es alto, la importancia relativa del término viscoso decrece y el método resulta inestable. Esto se puede
solucionar aumentando el número de partı́culas. Pero existe un lı́mite debido al tiempo
computacional. Por lo tanto es algunas veces imposible que coincidan las numeros de
Reynolds reales y numérico. La validez del método en estos casos se hace a posteriori,
comparando con resultados experimentales.

IV.3.5 Condiciones de contorno
Mientras el tratamiento de una superficie libre con SPH es algo natural, visto que las
partı́culas allı́ están libres de evolucionar, el tratamiento de las fronteras rı́gidas es un
punto crucial del método, y se siguen usando al dı́a de hoy varios métodos para esto.
Un método simple y computacionalmente rápido de tratar con las paredes sólidas es de
considerar que una partı́cula que se acerca a la frontera sufre un rebote elástico, perdiendo
parte de su energı́a cinética. Esta técnica fue la usada en la versión previa del código del
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CEHINAV en Souto-Iglesias et al. (2004).
Una Otra posibilidad es de colocar en las paredes partı́culas dichas de frontera que ejercen
sobre las fluidas una fuerza repulsiva (Monaghan & Kos, 1999). Esta fuerza se introduce
en las ecuaciones del movimiento 9 y 10. Visto que las partı́culas interactuan entre si a
través del gradiente de la función núcleo, Cleary (1998a) propuso una fuerza basada en
gradiente. Para partı́culas fluidas muy cercanas de la frontera, esta fuerza se cambia por
una singular para evitar problemas de penetración. El uso de estas partı́culas de frontera
es muy fácil de implementar, incluso para geometrı́as complejas, pero genera un hueco
entre las partı́culas fluidas y la frontera que es difı́cil de controlar y que hace las medidas
de presión en la frontera imprecisas. Por esta razón, el modo de tratar la frontera se
cambió cuando se quiso medir presiones en las fronteras.

Figure 9: Partı́culas fantasmas.
Se uso la técnica dicha de las partı́culas fantasmas (“ghost particles”), ilustrada en la
figura 9. Consiste en reflejar las partı́culas fluidas del otro lado de una frontera, con las
siguientes propiedades, siendo a0 es el reflejo de a:
vat 0 = vat
van0 = 2 vBn − van
Pa0 = Pa + ρ0 (raa0 · g)

(21)
(22)
(23)

donde raa0 es el vector que va desde la partı́cula a a a0 , y los superı́ndices t y n denotan
respectivamente la componente tangencial y normal de las velocidades. vB es la velocidad
de la frontera al punto de intersección de raa0 y de la frontera. La densidad de la partı́cula
a0 se obtiene invirtiendo la ecuación de estado 16.
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Esta técnica proporciona un comportamiento más suave del flujo cerca ed la frontera y
permite medir la presión usando ambas partı́culas fluidas y fantasmas. Los inconvenientes
son que tampoco impide que algunas partı́culas puedan escapar. Distintas técnicas existen para remediar a este problema (Oger et al., 2006). La que se usó fue de forzar la
trayectoria de una partı́cula fluida muy cercana a la frontera paralelamente a la pared
(Colagrossi, 2007). Fronteras con geometrı́a complejas también son causa de dificultades
cuando se usan las partı́culas fantasmas.

IV.3.6 Suavizar el campo de densidad
La formulación SPH presentada permite simular flujos muy complejos y proporciona
buenos resultados en términos de dinámica del flujo y fuerzas globales que ejerce el lı́quido
sobre el tanque. Sin embargo, mirando a los valores locales como es la presión, se notan oscilaciones dentro del dominio fluido. Esto se debe por parte a la incompatibilidad
entre masa, densidad, y volumen de las partı́culas cuando se mueven. Al tiempo cero
de una simulación, las partı́culas se colocan de tal forma que la masa y la densidad de
una partı́cula sean consistente con el volumen que ocupa en el espacio. Al moverse, esta
consistencia se pierde y es fuente de ruido en el campo de presión.
Una solución a este problema fue propuesta por Colagrossi & Landrini (2003) y consiste en
periódicamente re-inicializar la densidad de las partı́culas según su posición. La densidad
corregida de una partı́cula a es
ρC
a =

X

WaM LS (rb ) mb

(24)

b

donde WaM LS (rb ) es una función núcleo corregida de tal modo que todas las funciones
lineales del espacio se reproduzcan correctamente. Usando este proceso, el campo de densidad, y por consecuencia el de presión, son mucho más suave, como ilustrado en la figura
10.

Aplicar la ecuación 24 es como aplicar un filtro al campo de densidad, atenuando lo que
está pasando a escalas pequeñas. Si se usa a cada pasa temporal, el fluido pierde energı́a
y la dinámica del flujo está afectada. Por lo tanto, es un proceso muy útil para suavizar
el campo de densidad, pero se tiene que usar periódicamente (suele ser cada 20-30 pasos
temporales) para no afectar a la dinámica del flujo.
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Figure 10: Left: Standard SPH formulation. Right: Equation (24) has been applied at
every time step.

IV.3.7 Integración temporal
Distintos esquemas numéricos se pueden usar para integrar las ecuaciones 9-11. Durante
el segundo workshop SPHERIC (Madrid, 2007), Prof. Monaghan presentó las ventajas
del uso de esquemas reversibles, argumentando que las propiedades de conservación del
método se ven mejoradas.
Para todos los integradores, el paso de tiempo dt se define por la condición de Courant :


vab · rab
h
with σ = Maxa,b
(25)
dt = Cf
cs + h σ + vmax
|rab |2
donde Cf es un factor que depende del método. Pruebas son necesarias para encontrar el
Cf adecuado para que no aparezcan inestabilidades en la integración temporal. Durante
esta tesis, se probaron dos distintos métodos. De un lado, un esquema predictor-corrector
reversible y del otro, un esquema Runge-Kuta de cuarto orden (RK4). Si el coste computacional del primero es 4 veces menor con respecto al RK4, este último permite usar
un coeficiente Cf 10 veces mayor (desde 0.2 a 2).

IV.4 Resumen
Las caracterı́sticas del código SPH desarrollado durante esta tesis han sido presentadas
en esta sección. La tabla 3 resume las diferencias entre el código SPH del CEHINAV
al principio de la presente tesis y a su fin. El código final permite la simulación de los
problemas de sloshing presentados en la sección III. Las comparaciones entre los datos
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numéricos y experimentales se presentan en la siguiente sección, donde tablas similares a
la tabla 3 se mostraran para dar cuenta de la evolución del código durante la tesis.
Caracterı́stica del código SPH
Función núcleo
Corrección XSPH
Correction - Inestabilidad en tension
Viscosidad
Condiciones de contorno sólido
Corrección del campo de densidad
Integración temporal
factor de Courant

Principos de la tesis
Cubica
Si
No
Viscosidad artificial
Rebote elástico
No
Predictor-corrector
≈ 0.15

Final de la tesis
Gaussiana normalizada
Si
Viscosidad real
Partı́culas fantasmas
Si
RK4
≈ 2.0

Table 3: Tabla resumiendo las caracterı́sticas del código SPH al principio y al final de la
presente tesis.

V. Comparaciones de los resultados experimentales y
numéricos
V.1 Tanque estabilizador pasivo
El código usado para las simulaciones presentadas en esta sección tiene las caracterı́sticas
resumidas en la tabla 4. Se trata de reproducir los datos experimentales presentados en
la sección III.4. La amplitud y el desfase del momento generado por el liquido sobre el eje
de giro se presentan en la figura 11. Mientras en los trabajos del CEHINAV previos a esta
tesis (Souto-Iglesias et al., 2004), solo los valores de desfase comparaban bien entre los
resultados experimentales y los numéricos, en la figura 11, ambos amplitud y desfase comparan muy bien. Para frecuencias cercanas de las de de resonancia (ω0 = 2.6534 rad/s),
los resultados de amplitud están comparados con los de Verhagen & Van Wijngaarden
(1965) obtenido con la teorı́a de aguas pocas profundas. La teorı́a deja de valer cuando
el flujo ya no se compone de una sola viajando en el tanque.

La dinámica del flujo se reproduce también con cierta precision. Video-montages donde se
superpusieron los videos experimentales y numéricos están disponibles en la web5 y muestran una muy buena reproducción de los fenómenos con el SPH, incluido los fenómenos
de olas rompientes.
5

http://canal.etsin.upm.es/oe05
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Caracterı́sticas del código SPH
Numero de partı́culas
Función núcleo
Corrección XSPH
Corrección de la inestabilidad en tensión
Velocidad del sonido (m/s)
Viscosidad
Condición de contorno
Corrección del campo de densidad
Integración temporal
Factor de Courant

2541
Cubica
Si
Si
25
Artificial
Partı́culas de frontera
No
Predictor-Corrector
0.15

Table 4: Caracterı́sticas del código para las simulaciones. Iberus.

Figure 11: Experimental vs SPH simulation phase lag curves

V.II Project STRUCT-LNG. Pressure results
En esta sección se presentan las comparaciones entre datos experimentales y simulaciones
SPH de los caos descritos en III.6. El código usado para las simulaciones presentadas en
esta sección tiene las caracterı́sticas resumidas en la tabla 5. Se trata de reproducir los
datos experimentales presentados en la sección III.4.
En este caso se quieren medir las presiones debidas a los impactos de olas sobre una
pared, que, como descritos en III.6, son valores muy difı́ciles de obtener debido al carácter
aleatorio de los valores de los picos de presión.
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Numero de partı́culas
Función núcleo
Corrección XSPH
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Velocidad del sonido (m/s)
Viscosidad
Condición de contorno
Corrección del campo de densidad
Integración temporal
Factor de Courant
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9300
Gaussiana normalizada
No
Si
15
ecuación 18
Partı́culas fantasmas
Si, (cada 20 pasos de tiempo)
RK4
2.0

Table 5: Caracterı́sticas del código para las simulaciones. Proyecto STRUCT-LNG.

Para ver la influencia de los distintos aspectos del código SPH, se estudió la influencia de
distintos parámetros sobre los valores de presión. En primer, se cambió la velocidad del
sonido entre 10 y 40 m/s pero no se encontró ninguna tendencia sobre las presiones de
impacto, confirmando los resultados de Lee et al. (2007) que muestran que para numeros
de Mach bajos, las variaciones de compresibilidad del lı́quido tienen pocos efectos sobre
los valores de presión.
Luego se estudió la influencia de la viscosidad. En este caso, el numero de Reynolds experimental es alto (Re ≈ 106 ). Las simulaciones SPH no se pudieron hacer a un Reynolds
superior a Re ≈ 4 104 sin que aparezcan inestabilidades numéricas. Sin embargo, las
investigación experimentales de Bass et al. (1985) mostraron que para Reynolds entre
4.1 103 y 1.1 107 , poca diferencia se observa en las presiones de impacto. Por lo tanto, se
estudiaron distintos Reynolds hasta 4 104 (figura 12) y se comprobó a posteriori que para
este último numero de Reynolds, el flujo se reproducı́a correctamente. Esto se ve en la
figura 13 donde se dibujan los mismos frames de la figura 5 obtenidos con la simulación.
Los resultados de presión para los casos A,B y C se ven en la figura 14. Comparando
con la figura 7, se nota que los picos de presión son mas grandes con SPH que experimentalmente. La forma de las curvas de presión, sin embargo, se parece a la experimental,
como se ve en el zoom sobre el primer impacto. Aparece en las curvas SPH mucho ruido
que se debe al desorden de las partı́culas al moverse.
Para ver el comportamiento de las simulaciones sobre la duración del impacto, se comparó
el impulse de presión en la tabla 6.

Como los picos de presión, el impulso también es sobreestimado por las simulaciones SPH.
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Figure 12: Primera ola rompiente para el caso A con distintos numeros de Reynolds

Figure 13: Casa B: SPH results. Frames of figure 5

Esto se puede explicar por la importancia relativa de la presencia de aire en el fenómeno
de impacto (Pastoor et al., 2005) que suaviza el impacto experimentalmente, mientras las
simulaciones SPH se hicieron con una formulación monofásica.
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Figure 14: Arriba : Resultados de presion SPH para los casos A, B y C. Abajo: Zoom
sobre el primer impacto, comparando con los resultados experimentales

VI. Acoplamiento entre el movimiento de balance y
sloshing en tanques
VI.1 Presentación del problema
En lugar de fijar el movimiento del tanque, se puede estudiar directamente el acoplamiento
entre los movimientos del buque y los fenómenos de sloshing dentro de los tanques. En
esta sección, se estudia el acoplamiento en balance de una barca genérica presentada en
la figura 15
La ecuación rigiendo el movimiento de balance es
JS φ̈ = Madd + Mrest + Mdamp + Mw + Mf l
donde
φ es la escora [rad].
JS [kg*m2 ] es el momento de inercia del buque con respecto al eje X.

(26)
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Casos
Impulso de presión - Exp
Impulso de presión - SPH

A
B
C
0.21 0.26 0.22
0.24 0.27 0.26

Table 6: Experimental and numerical mean values for the pressure impulse
.

Figure 15: Esquema del problema
Madd = −A44 φ̈ es el momento debido a las masas añadidas.
¯
Mrest = −ρ g∇(φ) GZ(φ)
momento restaurador, donde ρ es la densidad del fluido, ∇(φ)
¯
es el volumen de la barca GZ(φ)
el brazo adrizante.
Mdamp es el momento de las fuerzas de amortiguamiento :
Mdamp = −B44 φ̇ − Bq φ̇|φ̇|
Mw es el momento de las olas, calculado de acuerdo con la teorı́a lineal
¯ α0 πsw sin ωw t
Mw = ∆GM
¯ su altura metacéntrica. α0 es pendiente
donde ∆ es el desplazamiento de la barca y GM
efectiva de las ola y ωw su frecuencia.
Mf l es el momento debido al fluido dentro del tanque que se calcula con SPH. Los coeficientes de masa añadida, de amortiguamiento y de pendiente efectivo de las olas fueron
calculados con un código BEM (Boundary Element Method) lineal.
2 casos se estudiaron. En el primero, el ratio de la profundidad y de la manga del tanque
es de 0.336, y la masa del fluido corresponde a 20% de la de la barca. En el segundo, los
mismos parámetros son de 0.168 y 2%, respectivamente. Mientras en el primer caso se
quiere ver los efectos de un tanque medianamente lleno en un buque LNG, los parámetros
del segundo caso son tı́picos de los de un tanque estabilizador montado en el barco.
En el primer caso, se comparan los resultados obtenidos con SPH con otros donde los
movimientos del lı́quido dentro del tanque fueron modelizados con la teorı́a potencial
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multimodal de Faltinsen and co-autores (Faltinsen & Timokha, 2000, 2001, 2002). Esta
teorı́a ya no es válida cuando la profundidad es baja y por esta razón no se pudo comparar
los valores en el segundo caso.

VI.2. Resultados
El código usado para las simulaciones presentadas en esta sección tiene las caracterı́sticas
resumidas en la tabla 7.
Caracterı́sticas del código SPH
Numero de partı́culas
Función núcleo
Corrección XSPH
Corrección de la inestabilidad en tensión
Velocidad del sonido (m/s)
Viscosidad
Condición de contorno
Corrección del campo de densidad
Integración temporal
Factor de Courant

3000
Cubica
Si
Si
10
Artificial
Partı́culas fantasmas
No
Predictor-corrector
0.15

Table 7: Caracterı́sticas del código para las simulaciones. Proyecto STRUCT-LNG.

Lo que se quiere ver es la respuesta de la barca según la frecuencia de las olas. Por lo
tanto, para un rango de frecuencias, se calcula la escora del barco en función del tiempo,
como ilustrado en la figura 16. Se compara con la respuesta que tendrı́a la barca sin
considerar los fenómenos de sloshing (llamada “ballast condition” en las gráficas). Luego
se saca la amplitud del movimiento de balance en el regimen estacionario y se obtiene las
respuestas mostradas en la figura 17.

En el caso 1, los resultados SPH coinciden con aquellos obtenidos con la teorı́a multimodal
para todas las frecuencias, salvo en la zona cercana de la resonancia, donde la amplitud del
movimiento con SPH es menor. La falta de resultados experimentales no permite concluir
sobre esta diferencia. El modelo potencial multimodal tiene limitaciones relativas a la
profundidad, a olas rompientes, impactos, y disipación, la cual que se introduce en el
modelo de un modo empı́rico (Faltinsen & Timokha, 2000). Sin embargo, proporciona
resultados muy rápidos (casi instantáneos) con respecto las simulaciones SPH, que con
las caracterı́sticas de la tabla 7, tardan una hora en calcular 1 segundo de tiempo real en
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Figure 16: Escora en función del tiempo para el caso con ωw = 4.61 rad/s

Figure 17: Respuesta en balance de la barca. Izda: Caso 1. Derecha : caso 2.

un Pentium IV, 500 MHz.
En el caso 2, se observa en la figura 17 la reducción de la escora maxima con la presencia
del tanque lı́quido. Estos datos necesitan validación con resultados experimentales. Las
comparaciones con ensayos de canal (figura 18) son difı́ciles por la incertidumbre que
existe sobre los modelos matemáticos para los movimientos del buque. Para proporcionar
resultados útiles para la validación, se modificó el dispositivo experimental presentado en
la sección III. Se descolocó el tanque del motor y se colocó por detrás del tanque un guı́a
con un peso móvil alimentado por un motor eléctrico (figura 18). El objetivo era crear
un par sinusoidal sobre el eje de giro y de este modo estudiar el acoplamiento entre el
movimiento del tanque y los movimientos del lı́quido dentro. Sin embargo, no se llegó a
obtener resultados utilizables al final de esta tesis.
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Figure 18: Izda: experimentos sobre el acoplamiento entre el movimiento de balance y un
tanque con lı́quido. Dcha: Modificaciones del dispositivo de sloshing del CEHINAV para
validar los datos numéricos.

VII. Conclusiones y trabajos futuros
VII.1 Conclusiones
El objetivo general de esta tesis era de aumentar la comprensión de los fenómenos de
sloshing, experimentalmente y numéricamente, estudiando las habilidad del método SPH
para simular estos fenómenos.
Experimentalmente, en la sección III, los flujos dentro de tanques estabilizadores han sido
investigados, midiendo el momento generado por el fluido sobre el eje de giro. Se mostró
que la respuesta máxima, ası́ como ella desfasada de 90 grados con respecto al movimiento
no ocurren a la primera frecuencia de sloshing ω1 sino a frecuencias ligeramente más altas en el caso estudiado. En la misma sección III, se estudió una sección de un tanque
de un buque LNG para distintos niveles de llenado. Para cada caso el lı́quido sigue los
movimientos del tanque para frecuencias bajas y se comporta como un sólido rı́gido dentro
del tanque para frecuencias altas. Se mostró que la transición ocurre a frecuencias mas
bajas cuando sube el nivel de llenado. Se midió también la presión sobre la pared, al
nivel de la superficie libre al reposo, y se encontraron presiones más altas para el caso de
menor profundidad, debidas a los impactos de olas rompientes sobre la pared. Estas olas
se estudiaron en detalle, repitiendo puntos para excitaciones cercanas de la resonancia.
Se encontraron presiones más altas para un frecuencia mayor de la de resonancia, cuando
la cantidad de aire entrapada en lo ola rompiente es menor. Estos ensayos han sido utilizados como casos test de “Network of Excellence in Marine Structures MARSTRUCT”
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financiado por la Unión Europea.
En la sección IV se presentó el método SPH y las caracterı́sticas del la nueva versión
del código del CEHINAV, desarrollada durante esta tesis. Las mejoras más significativas
fueron sobre el tratamiento de las fronteras solidas, del campo de densidad y de la viscosidad. El término viscoso en SPH fue relacionado con la viscosidad real de las ecuaciones
de Navier-Stokes. El nuevo código es capaz de simular problemas de sloshing con olas
rompientes y impactos en las paredes. Los resultados obtenidos fueron comparados con
los experimentales en la sección V, mostrando la capacidad del método SPH de calcular
con buena precisión el momento creado por el fluido sobre el tanque. Los resultados de
presión son prometedores, pero se necesita una versión bifásica del código cuando se trata
de medir los picos de presión debidos a un impacto de ola sobre una pared. Finalmente en
la sección VI, el método SPH fue aplicado al problema de acoplamiento entre el balance
del buque y los movimientos de lı́quido dentro de los tanques. No fue posible comparar
con datos experimentales, pero se compararon los resultados con aquellos obtenidos con
la teorı́a potencial multimodal.

VII.2 Trabajos futuros
Esta tesis abre trabajos futuros para el CEHINAV, en ambos campos experimentales y
numérico.
Con respecto a los experimentos, los futuros trabajos consisten primero en algunas mejoras del dispositivo experimental. Para medir presiones de impacto, es importante pasar al
uso de sensores piezoeléctricos capaces de registrar la señal con frecuencia hasta 20kHz.
La presión del aire por encima del lı́quido es también un parámetro importante y poder
controlar este valor serı́a interesante para poder analizar las leyes de escalas de las presiones de impacto. En esta tesis, los videos fueron grabados con el standard 25 frames
por segundo. El uso de cámaras de alta velocidad también será muy útil para analizar la
rotura de los y sus impactos. Finalmente, el dispositivo descrito al final de la sección VI
para estudiar el acoplamiento entre el movimiento de balance del buque y los fenómenos de
sloshing se tiene que completar porque puede proporcionar datos muy interesantes sobre
estos fenómenos muy complejos. Es uno de los objetivos de la tesis de Elkin Botı́a-Vera
que empieza en el 2008.
En el campo las simulaciones numéricas, muchos desarrollos son necesarios para extender las aplicaciones del método SPH en el mundo naval. Entre ellos, se pueden citar la
paralelización del código sobre la cual trabaja Jose Luis Cercos-Pita para aumentar el
numero de partı́culas y hacer simulaciones en 3 dimensiones, la implementación de un
método SPH multi-resolución, la modelización de los fenómenos turbulentos y el estudio
de otros integradores temporales para mejorar las propiedades de estabilidad del esquema
numérico. A largo plazo, con estas mejoras y el aumento de la potencia de calcula de los
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ordenadores, se puede ver el SPH como un herramienta útil para estudiar los movimientos de un buque en agua, incluyendo los mecanismos de zozobra y la estabilidad en averı́a.
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Abstract
The hydrodynamics of liquid sloshing is not well understood. The wave loads, the wave
impact event, the wave propagation and breaking are phenomena whose prediction and
assessment are important for engineers. Nevertheless, these phenomena constitute unsolved problems for scientists and demand empirical research which is, when performed
with scaled models, difficult to translate to prototypes.
In this PhD thesis, experiments on two-dimensional sloshing have been performed, after
calibrating the experimental facility of the CEHINAV. On the first hand, experiments on
a model of an anti-roll showed the efficiency of such devices and the behavior of the liquid
flows inside the container. Later, a more general investigation has been conducted on a
section of a tank of an LNG tanker, excited with a rotatory motion around a fixed axis. 4
filling levels have been tested and pressure transducers have been placed at the still liquid
levels. Highest waves have been observed for all the levels for excitation frequencies close
to the first sloshing frequency predicted by means of the linear wave theory. These waves
impact on the walls and highest pressures have been found for the lowest filling level. The
impact of a breaking wave on a wall is a complex phenomena that has been studied in a
third series of experiments. For the lowest filling level, varying the excitation period from
0.9 to 1.1 times the first sloshing period, great differences have been found in the way
the breaking wave is formed and on the pressure resulting of its impact. The lowest air
is entrapped during the breaking process, the highest the pressure peaks at the impact.
Few numerical methods can deal with the phenomena aforementioned, due to the high
deformation of the free-surface and the numerous fragmentation of the liquid. When using
finite element codes, a special treatment of the free-surface is need, as for instance the
Level Set (LS) technique, or the Volume of Fluid (VOF) method, increasing the numerical cost of the code. To solve these problems, meshless methods based on a Lagrangian
formulation can be more effective than the grid-based methods. Among them, the socalled Smoothed Particle Hydrodynamics (SPH) method has been used in this thesis to
simulate sloshing flows. The particular characteristics of SPH when aimed at simulating
incompressible fluid have been reviewed. A SPH form of the compressible Navier-Stokes
equations is obtained where the compressibility is controlled by imposing a low Mach
number. At the end of this PhD thesis, the code used to simulate the impact of breaking wave was based on a normalized Gaussian function for the interpolation function.
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The free-slip boundary condition is imposed on rigid walls by use of the so-called Ghost
Particles technique. A SPH viscous term has been used, whose correspondence with the
Navier-Stokes viscosity has been demonstrated. The limitations of the code in terms of
Reynolds number are discussed. They are due to the onset of numerical instabilities for
high Reynolds numbers, if the number of fluid particles is not high enough. A filter has
been applied periodically to the density field in order to smooth the unphysical numerical
oscillations that appear due to the particles’ disorder. The Navier-Stokes equations have
been integrated in time using a fourth-order Runge-Kutta scheme, allowing the use of
higher time steps than the predictor corrector scheme initially used. Different ways to
measure global moments and pressures on walls with SPH have been presented.
The code has been validated comparing the numerical results with the experimental ones.
The agreement is very good in terms of the evolution of the free-surface, including the
breaking events and the impacts on walls. The moment created over the rolling axis compared also very well, showing the ability of SPH to deal with engineering problems such
as the design of anti-roll tanks. Pressures resulting from the impacts of breaking waves
on walls compare qualitatively well, but some improvements are needed, especially due to
the bi-phasic character of this phenomena. No multiphasic SPH code has been developed
in the time of this PhD thesis.
SPH has finally been applied to simulated the internal flow in the coupled problem of the
ship roll motion and the sloshing flow in an on-board tank. Since no valuable experimental data were available, the SPH results have been compared with non-linear potential
theory, with empirical dissipative terms. Here again, the agreement between both methods is good, and experiments are under construction at the CEHINAV to provide useful
experimental data for validation.
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Symbols
General
CEHINAV : Model Basin Research Group
ETSIN : Naval Architecture Department
UPM : Technical University of Madrid
Sloshing
DOF : Degree Of Freedom
LNG : Liquid Natural Gas
TLD : Tuned Liquid Damper
L : Tank length
B : Tank beam
d : Liquid depth
θ : Rotation angle of the tank
kn : Wavelength of the nth mode in the tank
ωn : Natural frequency of the nth mode in the tank. They ωn are often called “natural
frequencies”, “modal frequencies” or “resonance frequencies”. For clarity, only the expressions “sloshing frequencies” will be used in this document.
Tn : Sloshing periods. Tn = 2π/ωn .
SPH
SPH : Smoothed Particle Hydrodynamics
PFEM : Particle Finite Element Methods
VOF : Volume Of Fluid
MAC : Markers And Cells
LS : Level Set
MLS : Moving Least Square
EOS : Equation of State
ra : Vector position of particle a
rab : rb − ra
va : Vector velocity of particle a
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vab : vb − va
ρa : Density of particle a
ρab : Average density of particles a and b
ma : Mass of particle a
Va : Volume of particle a
M : Total fluid mass
V : Total fluid volume
hf (rP )i : Kernel approximation of function f at the point rP
hf (rP )i∗ : Particle approximation of function f at the point rP
h : Smoothing length
WP (r, h) : Kernel function between points rP and r with the smoothing length h (until
section 3.4)
WP (r) : Same as previous, from section 3.5
FP : Set of the fluid particles
NP : Set of the neighbor particles to the point rP
BP : Set of the boundary particles
BP P : Set of the boundary particles neighbor to the point rP
GP : Set of the ghost particles
GP P : Set of the ghost particles neighbor to the point rP
L : Linear momentum
A : Angular momentum

Chapter 1
Introduction
1.1

General

The sloshing phenomenon can be defined as the movement of the free surface of liquids
inside containers, as illustrated in figure 1.1. It generates dynamic loads on the tank
structure and the prediction of these loads is the main challenge for engineers working
on liquid sloshing. It is of great concern for aerospace, civil, nuclear and naval engineers
as well as for physicists and mathematicians. For this reason, an abundant literature on
sloshing can be found, reviewed in the indispensable book of Ibrahim (2005), one of the
most prominent researchers in the field. The present thesis documents experimental and
numerical investigations on two dimensional sloshing. It focuses on the problems that
the sloshing phenomenon represents for the naval field. The numerical tool used for the
simulation is the meshless method Smoothed Particle Hydrodynamics (SPH).

1.2

Sloshing in the naval field

For the naval architect, sloshing phenomena can be either a positive or a negative phenomenon. Figure 1.2 shows a model test of an LNG tanker with an onboard tank, excited
by regular waves, done at the model basin of the ETSIN, UPM. In the general case, the
presence of a free-surface tank onboard makes that the vessel looses stability. The liquid
in the tank tends to increase the heel angle when the ship heels. The stability curves
of the ship have to be corrected taking into account the effects of the free surface tanks.
These corrections are based on hydrostatic considerations and not on the dynamics of
the fluid inside the container. This motion becomes a critical issue when designing LNG
tankers where the liquid weight onboard usually overcomes the own weight of the ship.
In this case, the loads induced by sloshing need a particular attention and are difficult to
estimate due to the complexity of the phenomena occurring with the liquids inside the
45

46

CHAPTER 1. INTRODUCTION

Figure 1.1: Example of sloshing in tanks. Formation of a breaking wave

tanks.
On the other hand, it is possible to take benefit of the sloshing loads designing devices
called anti-roll tanks whose purpose is to stabilize the ship in its most dangerous motion
i.e. its roll motion.

Figure 1.2: LNG model with an onboard liquid tank
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Anti-roll tanks

The idea of anti-roll tanks was first introduced by Watts at the end of the nineteenth
century (Watts, 1883, 1885) and is illustrated in figure 1.3. Its consists in having a liquid
tank onboard creating a counter balancing moment when the ship oscillates in roll at its
resonance frequency. Frahm (1911) introduced U-tube shape tanks, reducing the freesurface effects. Since then, other types of anti-roll tanks have been developed, including
tanks with baffles inside as well as U-tube tanks with an air-connection between the two
main containers. They are called active anti-roll tanks if a control system is employed,
for example for the flow between the two containers in the case of U-tube tanks. If no
control system is used, they are called passive anti-roll tanks or simply anti-roll tanks.
The different types have been recently reviewed by Moaleji & Greig (2007).
Until the fifties, the lack of confidence in a device incorporating large quantities of freemoving water made these devices unpopular. Over the last 50 years, with the increasing
interest on liquids with free surface inside containers, mainly motivated by the aerospace
field (Graham & Rodriguez, 1952; Verhagen & Van Wijngaarden, 1965; Abramson, 1966),
the number of investigations on the design of anti-roll tanks increased (Stigter, 1996; Van
Den Bosch & Vugts, 1966; Goodrich, 1968; Lewison, 1976), as well as the number of vessels where this type of devices were installed, especially fishing vessels. The methods that
were used to model liquid sloshing in those studies will be reviewed in section 1.3.
The motion of the ship in waves is difficult to predict with efficiency, especially the roll motion, for which the viscous effects can become important (Bulian & Francescutto, 2004).
The study of anti-roll devices is often done considering a periodic motion of the container,
and analyzing the response of the liquid inside for different excitation frequencies. Experimentally, following this method, Van Den Bosch & Vugts (1966) studied the influence
of a rectangular tank parameters on the response of the liquid. More recently, Armenio
& La Rocca (1996) studied the flow in rectangular tanks, and compared with numerical
simulations.
Analytical or numerical investigations have been made studying the coupled motion of
the ship and the liquid in the tank. Stigter (1996) considered roll motion as the only
DOF of the ship motion and studied the effects of tanks of different shapes. The complexity can be increased considering 2 DOF, as done by Abdel Gawad et al. (2001) for the
study of rectangular baffled tanks effects, or even considering more DOF with a nonlinear
seakeeping code (Youssef et al., 2002). Numerous experimental investigations have been
conducted in model basins over the last 15 years: Armenio et al. (1996a) and Armenio
et al. (1996b) in Trieste University compared baffled and unbaffled tank configurations,
Bass (1998) in Newfoundland University, Canada, studied anti-roll tanks for fishing vessels, Abdel Gawad et al. (2001) from Virginia Tech, investigated the efficiency of U-tube
tanks and Kim (2003), from ABS, performed experiments on tanks with vertical cylindrical obstacles inside.
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There are other techniques to stabilize the roll motion of a ship. Bilge keels can be placed
along the hull in order to increase the ship roll period, moveable masses can be mounted
inside the vessel, as done in the aircraft carrier Charles De Gaule. Passive anti-roll tanks
have the inconvenience of using space that could be used for other purposes, and they
increase the total weight of the ship. As an advantage, they do not need any external
power nor any modification of the hull shape. They are still one efficient alternative to
increase the stability of a ship and their design is one of the activities of the model basin
of the ETSIN where more than fifty tanks have been designed for the industry since 1885.

q Ship
Mtank

Mwaves

Optimal situation: Tank's
torque is 90º phase lead with
ship's motion and 180º with
waves perturbation.

Dynamical
pressure
Mwaves
G

Weight

Figure 1.3: Left: Schematic of an anti-roll device. Right: Typical steady state roll
amplitude. Blue: no anti-rolling tank. Red: with anti-rolling tank

1.2.2

LNG tankers

Sloshing problems are also an important issue in the oil & gas industry, especially when
designing and operating LNG tankers. Due to the growth of the natural gas market, there
is an increasing interest in floating production, storage and offloading systems for offshore
oil & gas developments and re-gasification tankers and plants designed to avoid the need
to construct huge land-based processing and distribution centers. New challenges in LNG
shipping comprise the ship size growth (175000- 250000 m3 ), trading routes with most
severe weather conditions (Barents Sea, North Atlantic) and the need for operating with
less restricted filling levels. In this context, one of the main concerns is the prediction of
loads caused by violent sloshing in cargo tanks.
Two main problems arise in this field, whose complexity is considerably increased when
the fluid motion in the tank becomes non-linear, including breaking waves impacting on
the structure. On the one hand, the loads on the wall need to be calculated in order
to design the tanks properly. On the other hand, as for anti-rolling tanks, the stability
of the coupled system formed by the ship and the liquid in the tank has to be studied.
The current international rules concerning sloshing in LNG tankers are summarized in
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Figure 1.4: From top to bottom and left to right. LNG tanker in the Navantia Puerto
Real Shipyard. Tanks floating in the dock before assembling. Inner view of a tank. Model
test of a rectangular section with impact on the roof.
appendix A. The main limitation concerns Membrane systems (figure 1.4) for which the
corresponding classification societies require a range of conditions to be fulfilled when
using intermediate filling levels in the tanks.
Regarding the wave loads, the first systematic experimental study on the impact of waves
on structures is due to Bagnold (1939) who proposed a formula to estimate the maximum
pressure, based on parameters that have to be found experimentally. Since then, extensive
experimental programs have been conducted by classifications societies as DNV (Berg,
1987), or ABS (Card & Hoseong, 2005). Model experiments in sloshing are made using
Froude scale i.e maintaining the Froude number from prototype to model. However,
the impact pressure has been found to be not easily scalable, and these difficulties are
reported in Abramson et al. (1974); Bass et al. (1985) and Berg (1987). This is yet a very
important open problem. In these same works, the influence of the different fluid and flow
parameters on the impact pressure have been reported. The conclusions were that liquid
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turbulence, viscosity and compressibility, as well as the liquid-gas density ratio, are not
significant parameters on the dimensionless impact pressure. Reversely, the wall flexibility,
the gas cushioning and the ullage pressure under a critical level, are parameters affecting
the impact phenomenon. The other difficulty trying to calculate the impact pressure is
due to its random character (Bass et al., 1985). In order to provide values useful from
an engineering point of view, results can be presented in terms of pressure impulse i.e.
integral of the pressure over the impact. A review on impacting waves on structures,
including the pressure impulse theory was done by Peregrine (2003). Other experimental
works on sloshing induced pressure impacts have been presented recently in Akyildiz &
Unal (2005) for baffled and unbaffled tanks and in Hattori et al. (1994) where the impact
pressure resulting from different types of breaking waves are compared, showing that the
maximum pressure occurs when the smallest air bubble is trapped between the wall and
the wave face.
Regarding the sloshing effects on the vessel stability, numerous investigations have been
conducted in model basins, similar to those done for anti-roll devices introduced earlier.
Experimental results can be found for instance in Journée (2000) for roll motion, in
Rognebakke & Faltinsen (2003) for sway motion and in Molin et al. (2002) for the six
degrees of freedom of the vessel motion. The purpose was there to validate models for
both the ship motion and the liquid inside the tanks. For the ship motion, Journée (2000)
used strip theory calculation in the frequency domain and Molin et al. (2002) used both
a semi-analytical model for the resolution of the diffraction-radiation problem and the
panel code DIODORE for solving the problem through the integral equation method,
Rognebakke & Faltinsen (2003) assumed linear potential theory, incorporating viscous
effects by an empirical drag formulation.
A similar coupling problem involving a moving structure with liquid inside is found when
designing vibration absorbers for buildings. The study of such devices, called Tuned
Liquid Dampers (TLD), is found for instance in Ikeda & Nakagawa (1997); Anderson
et al. (2000); Frandsen (2005).

1.3
1.3.1

Modeling Sloshing
General

As mentioned earlier, the main problem in sloshing is the calculation of the hydrodynamic
forces acting on the container. The experimental investigations presented in the section
1.2 are necessary since the phenomena that happen in the tank can be very complicated
and difficult to model with accuracy. Over the last fifty years, the modeling of sloshing
has been performed with different methods, depending on the assumptions made, the
computational cost and the accuracy wanted.
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Mechanical analogies

The fastest way to model sloshing forces consists in defining analogies with mechanical
systems. Different systems can be chosen, from a simple pendulum to a set of springs,
dampers and moving masses. They were first described in Abramson (1966), an extensive
NASA report on sloshing in tanks recently updated by Dodge (2000). Dodge describes
in this reference the program SLOSH. SLOSH computes the properties of an analogue
mechanical system to a tank of any shape.
Applications of these mechanical analogies can be found for instance in Pilipchuk &
Ibrahim (1997), Ibrahim & El Sayad (1999) or Armenio et al. (1996a,b) for the study
of anti-roll tanks. The validity of the pendulum approximation is discussed in Aliabadi
et al. (2003).

Figure 1.5: Left: Mechanical analogy (Graham & Rodriguez, 1952). Right: Modal decomposition of the free-surface

1.3.3

Potential theory

More complicated models of sloshing flows and loads are deduced from the potential
theory i.e. considering an irrotational flow of an inviscid fluid in the tank. A pioneer
work here is the one of Graham & Rodriguez (1952) where the analytical solution for a
rectangular tank is deduced by means of linear potential theory. They also deduced the
parameters of an equivalent mechanical system providing the same resulting force on the
container.
Faltinsen (1974) included non linearities up to third order, decomposing the free surface
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into a sum of modes. Faltinsen and coauthors (Faltinsen & Timokha, 2000, 2002; Faltinsen
et al., 2003) extended the modal theory deriving an infinite system of ordinary differential
equations for the modes’ amplitude, which can be reduced to a finite number of modes
and solved numerically, the numerical cost being very low.
These methods have the advantage of providing fast results. Nevertheless, they fail when
the amplitude of the tank motion is high or for shallow water sloshing. They can neither
simulate tanks of arbitrary shape, overturning waves in the tanks nor impact pressures.
Moreover, viscous dissipation has to be introduced with the use of empirical corrections,
obtained from experiments.
The fully non-linear potential flow can be obtained by the so-called integral methods,
allowing to reproduce overturning crests until the jet enters in the free surface. With this
method, Scolan et al. (2007) studied the influence of a locally varying bathymetry below
a vertical wall.

1.3.4

Shallow water theory

Shallow water theory was first used for sloshing problems by Verhagen & Van Wijngaarden
(1965). More recently, it has been used by Sun & Fujino (1994); Armenio & La Rocca
(1996); Modi & Seto (1997); Ikeda & Nakagawa (1997); Chern et al. (1999) to model the
liquid flow in moving containers. Even if this theory allows the model of a bore traveling
in the tank, it is limited in terms of amplitude of the tank motion. Overturning waves
cannot be simulated with shallow water wave theory but they are common in the shallow
water flows inside tanks that will be dealt with in this thesis.

1.3.5

Computational Fluid Dynamics (CFD)

When the flow is characterized by breaking, fragmentation and impact on walls, all the
aforementioned simplifications cannot provide results and the solution is to solve directly
the Navier-Stokes (NS) equations. With the increasing power of computers, it is now
possible to solve numerically these equations with an accuracy sufficient for many engineering applications.
The first numerical methods developed were based on finite difference and finite volume
schemes. The corresponding algorithms are based on a fixed grid coupled with special
techniques to capture the free-surface. In the presence of a free-surface, Marker and Cell
(MAC) technique, Level Set technique (LS) or Volume of Fluid (VOF) method (Hirt
& Nichols, 1981) have to be used to capture the interphase. In the first case (MAC),
markers are placed on the free surface and moved in a Lagrangian way at each time
step. In the second case (LS), a function defining the distance to the free surface is convected by the flow velocity field. In the third case (VOF), the fraction of liquid in an
element is computed, allowing a posterior reconstruction of the free surface. Applications
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of MAC methods to sloshing problems can be found in Popov et al. (1993); Armenio et al.
(1996a,b); Zhong et al. (1998). Sames et al. (2002) validated the commercial VOF method
based software COMET, comparing with experimental data. Other applications of VOF
method to sloshing flows are found in Celebi & Akyildiz (2002); Veldman et al. (2007);
Wemmenhove et al. (2007) or in Cariou & Casella (1999) where 12 different numerical
codes were compared. They concluded that non-impulsive phenomena are correctly simulated but impacts are far more difficult to assess. This is mainly due to the biphasic
character of the impact phenomenon, investigated numerically using VOF method by Lee
et al. (2007) and Kim et al. (2003).
Among the grid methods is the Particle Finite Element Method (PFEM)((Del-Pin et al.,
2007)). In PFEM, there is no need to capture the free-surface since the control points of
the mesh are convected using a Lagrangian formulation at each time step. A re-meshing
is then necessary in order to integrate the NS equation using finite elements.
Except when an expensive re-meshing of the fluid domain is performed at each time step
as done with PFEM, the above numerical techniques have very big problems when considering highly non linear waves and/or overturning waves, the coupled effect of the gas
phase and the fluid-structure interactions. Although simulation techniques are improving,
industrial partners are awaiting for a numerical tool to be applied in engineering that is
not yet available. The so-called meshless methods, also called gridless methods or particle
methods, appears as an innovative alternative to standard grid based techniques. They
are based on a Lagrangian formulation consisting in dividing the fluid into particles advecting the fluid properties. Among them, the Smoothed Particle Hydrodynamics (SPH)
method has been used in this thesis and is introduced in the section 1.4.

1.4

Smoothed Particle Hydrodynamics (SPH)

SPH is a numerical method of simulation invented at the end of the seventies independently by Lucy (1977) and Gingold & Monaghan (1977). It was presented as an application of the Monte Carlo method for the resolution of problems of gas dynamics. In
SPH, the fluid is divided into a set of particles for which the fluid equations are written
in a Lagrangian form. This Lagrangian character is the most attractive feature of SPH
with respect to grid-based method since it makes convection to be treated exactly and
the interphase to be implicitly defined through the particles’ position. The method is
detailed in chapter 3, and a recent review can be found in Monaghan (2005b).
Initially developed to solve astrophysics problems, the method was then extended to incompressible fluids by Monaghan (1994) and to other fields since another attractive feature
of SPH is that complex physics can often be introduced easily. In 2005, SPHERIC, an
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ERCOFTAC special interest group1 dedicated to SPH, was created. The first SPHERIC
workshop was held in Rome in 2006 and the second one in Madrid in 2007. There (Proceedings of the 2nd SPHERIC workshop, Madrid, Spain, 2007), works were presented on
the application of SPH to astrophysics problems like star formation, multi-phase flows,
sedimentation processes, viscous flows, fluid structure interaction, impact problems, landslide generated waves... Other applications can be found in solidification, fracture of
solids, elastic materials but will not be detailed in the present work.
More particulary in the naval field, first applications of SPH to the simulation of breaking
waves (fig. 1.6) and sloshing flows were due to Tulin & Landrini (2000); Souto-Iglesias
& González (2001); Souto-Iglesias et al. (2001) and Landrini et al. (2003). Later, SPH
developments oriented to the naval field have been undertaken by Colagrossi (2004) and
applied to biphasic flows, breaking bores approaching a beach, sloshing flows and bow
waves. Simulations of wedge water entries comparing with experimental data have been
performed by Oger et al. (2006) and first applications of SPH to vessel generated waves
are found in Oger (2006). Interest on SPH by the naval research community is growing and numerous research centers have introduced SPH in their research lines since the
method still needs to mature to become an adequate engineering tool in this field. For
illustration, figure 1.6 shows frames of the simulation of an impacting wave on wall, done
with the SPH code developed in the framework of this thesis.

Figure 1.6: Breaking wave impacting on the tank wall, simulated with the SPH code
developed in in this thesis.

1.5
1.5.1

2D sloshing in a rectangular tank
General

Two-dimensional sloshing problems are studied in this thesis, considering container geometries almost bi-dimensional as tanks placed onboard LNG containers. The mathematical
formulation is greatly simplified by this assumption, from an analytical viewpoint as well
1

http:wiki.manchester.ac.uksphericindex.php
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as a numerical one.
The free surface height function in a two dimensional rectangular container partially filled
with liquid can be decomposed in a Fourier series with infinite wave numbers kn = nπ/B
where B is the tank breadth. The dispersion relation for gravity waves gives the frequencies ωn associated to these modes (Lamb, 1932).
ωn2 = g kn tanh (kn d)

(1.1)

where g is the gravity and d the liquid level. ωn are often called the sloshing frequencies.
If the tank is excited with a forced sinusoidal motion, the main resonance phenomena
appear when the excitation frequency is close to the first sloshing frequency. Different
phenomena are observed depending on the ratio of the liquid height by the tank breadth
d/B. The most relevant ones are summarized in the following:

1.5.2

Standing waves - Beating waves

When d/B is high (greater than 1) and the excitation frequency is the first sloshing
frequency ω1 , the liquid motion is rapidly periodic and a standing wave is formed in the
tank whose wave number is k1 . This wave creates a moment on the container with a 90
degrees phase lag with respect to the tank motion ; This is the basic idea of an anti-rolling
device above described.
Similar phenomenon happens when exciting the other modes but their amplitude decreases
and practically, for high excitation frequencies, the liquid in the tank behaves like a solid
and do not exert any forces on the container that are not in phase with its motion.
When the excitation frequency is close to the first sloshing frequency, modulated waves,
also called “beating waves”, appear at the free surface. The beating is a consequence of
transients that do not die out on a very long time scale. The reason is the very small
damping of the fluid motion inside a smooth tank with no internal structures obstructing
the flow and no heavy water impact on the tank ceiling (Faltinsen & Timokha, 2000).
Figure 1.7 shows the pressure register of an experiment done for the roll motion of the
container in the framework of this thesis. The pressure sensor is located at the still free
surface level. Since the liquid velocity is low in the experiment, it registers the hydrostatic
pressure i.e. the height of the liquid column above the sensor. Beating waves are observed
during more than 50 oscillations of the tank. Other experiments presented in Faltinsen &
Timokha (2000) showed beating waves for a tank excited in sway. Due to the apparition
of beating waves in the tank, long time experiments, as well as long time numerical
simulations are needed to define a steady state response of the liquid in the tank.
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Figure 1.7: Experimental results obtained in the framework of the thesis. Angle and
pressure at at the still water level vs time

1.5.3

Steady state response

When the container gets a periodic motion, the liquid inside can take a long time to
become periodic with the same excitation period. Once done, one can establish a steady
state response of the flow in terms of wave amplitude or forces exerted by the fluid on the
container. The steady-state response is valuable to understand important features like
the influence of the water depth, the excitation frequency and amplitude on the behavior
of the liquid in the tank (Faltinsen & Timokha, 2000).
Analytical studies based on potential theory (see section 1.3) established the steady state
amplitude of the wave in the tank as a function of the excitation frequency. When
considering linear theory, the response is a classical oscillator with an unique peak at
the resonance frequency. When adding nonlinearities up to third (Faltinsen, 1974) or
fifth (Waterhouse, 1994) order, or using asymptotic expansions for the velocity potential and free surface (Ockendon & Ockendon, 1973), the steady state response does not
present a single amplitude for a frequency. Ockendon & Ockendon (1973) showed that the
steady state response changes from “hard-spring” (increasing amplitude with increasing
frequency) to “soft spring” (decreasing amplitude with increasing frequency) behaviour as
the depth passes through a certain value. It corresponds to a ratio of the liquid depth and
the tank breadth of h0 /B = 0.32 (Waterhouse, 1994). The steady state response deduced
by Ockendon & Ockendon (1973) is plotted in figure 1.8 for two different liquid levels,
illustrating the change of response type. The detuning denotes the difference between the
excitation frequency and the first sloshing frequency.
The curves of figure 1.8 present three branches. The intermediate one is unstable and
therefore, jump frequencies do exist between the two stable branches. Experimentally, a
single jump frequency has been observed in several studies (Hill, 2003; Landrini et al.,
2003). Nevertheless, hysteresis phenomena i.e. the presence of two jump frequencies are
more difficult to observe experimentally. Only recently, Gardarsson & Yeh (2007) presented experimental results for a tank oscillating in sway with the presence of two jump
frequencies.
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Figure 1.8: Steady state Duffing’s like response for different ratios depth / breadth.

1.5.4

High amplitude waves

When the ratio d/B is small, typically lower than 0.1, breaking waves and impacting waves
on the wall are common phenomena (see figure 1.1). They introduce high dissipation and
a consequence is that the motion of the liquid in the tank is rapidly periodic at the
excitation period. The dissipation kills beating phenomena and the potential theory is no
more applicable. In this case, SPH is part of the few methods that can provide results
in terms of forces on the tanks and for this reason, it is the case most documented in
this PhD thesis, experimentally and numerically. Results can be also obtained with VOF
method or PFEM. SPH results are compared with PFEM ones in chapter 4.

1.6
1.6.1

Background and objectives of the thesis
General

This PhD thesis on the application of SPH to sloshing problems aims at bringing together
and at deepening our knowledge of two research lines of the CEHINAV i.e. experimental
work on sloshing type problems and SPH numerical method applied to free surface flows.
Let’s review the background of both lines in the group, from which the necessity of the
research activity of this thesis has arisen, and let’s thereafter outline the main objectives
of such research.

58

CHAPTER 1. INTRODUCTION

1.6.2

Background

One of the main industry related activities of CEHINAV since 1984 has been the design
of anti-roll tank for ships. This activity has been leaded by Doctor Ricardo Abad, whose
PhD thesis was dedicated to roll stabilization (Abad, 1988). Since then, more than fifty
of those devices have been designed for different types of ships2 .
Another significant field for the research on sloshing is the analysis of liquid motion in
LNG tanks. CEHINAV was a participant of the program PROFIT 2004 of the Spanish
Ministerio de Industria, Comercio y Turismo through the project STRUCT-LNG3 under
the coordination of the former shipbuilder IZAR, now NAVANTIA. NAVANTIA had built
a series of 138000m3 LNG tankers from 2001 till 2004. It was taking part in quote requests
for 200000m3 LNG tankers, before moving strategically to the militar shipbuilding market. The project objectives were to assess numerically and experimentally the sloshing
phenomenon effects in the new designs. This PhD thesis has been partially funded by
this project.
On the other hand, the CEHINAV has been a pioneer in the use of SPH method in the
naval field. Victor González, a student that had enjoyed a scholarship in the group, wrote
a SPH code at the end of the nineties and then co-founded a company initially aimed at
developing an SPH-based software for the cinema industry 4 . They have provided simulation for movies like The Lord of Rings and achieved recognition by the industry with
prizes like the 2008 Technical Achievement Award by the Hollywood Academy. Next
Limit has collaborated with CEHINAV in applying SPH to sloshing problems (SoutoIglesias & González, 2001; Souto-Iglesias et al., 2001, 2004) and in validation of their code
for sloshing flows. CEHINAV embarked thereafter in the preparation of a home-made
SPH code which has been improved with this PhD.

1.6.3

Objectives

1. When the research for this thesis started in 2003, a new facility to test tanks subjected to roll motion had just been installed in the CEHINAV laboratory, funded
by previous projects. Pictures of the “old” facility and the “new” one are shown
in figure 1.9. The old/existing facility was not satisfactory in terms of stability of
the motion, in terms of the accuracy of the sampling of torque and motion and in
terms of the acquisition of flow videos and shots. On top of this, an additional
degree of freedom was introduced allowing free vertical positioning of the tank. The
initial experimental objective of this thesis consisted in setting up, calibrating and
documenting the use of the new facility. Since then, a few improvements were tar2

an exhaustive list is available at http://canal.etsin.upm.es/servicios/tanques estabilizadores en.html
file number FIT-370300-2004-65
4
www.nextlimit.com
3
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geted and implemented in the system, and will be described here by presenting
experimental results. The system was connected to the trigger of a high resolution
photographic camera in order to take pictures at specific rotation angles of the tank.
Pressure transducers were installed in order to investigate the pressure on the walls
of the tanks. These improvements are documented in chapter 2. In general, the
objective was to arrange the system so that it could provide valuable experimental
data for numerical validations.
2. The new device was expected to allow a systematic research on specific characteristics of sloshing flows. In regards to the anti-roll tanks, it would let us explore high
frequencies and obtain accurate moment curves descriptions that were later used to
validate the SPH simulations. Regarding the LNG sloshing flows, a model of a section of an LNG vessel tank was built. The flow for different conditions was studied
focusing on the onset of steady state regimes, and on the wave impact problems for
roll problems, something that was quite lacking in the literature.
3. Regarding the SPH method, the most interesting publication of the group CEHINAV
dealing with SPH and sloshing in tanks in the period before this PhD was SoutoIglesias et al. (2004). Good results in terms of the free surface shape and the phase
lag between the liquid moment curve and the motion of the tank were obtained for
this work. Nevertheless, the agreement was poor in terms of the amplitude of the
moment. The time integration scheme was not very good and neither the treatment
of the solid boundaries, based upon reflection of the particles on the solid walls. The
method required improvement and validation in order to be applied more accurately
to sloshing flows and other marine engineering problems. This has been pursued
with this PhD.
4. As previously discussed, other numerical methods have faced the violent flows and
impact pressure problems typical from sloshing flows, but most of them show problems due to poor treatment of fluid fragmentation, shortcomings with mass and
moment conservation, overturning waves, etc. mainly related with how the grid
they are based in struggles with high deformations events. An aim of this thesis is to show that the meshless method SPH can be an interesting alternative for
these types of flows, and to provide insight in which are the most convenient SPH
formulations and variants for solving them.

1.7

Thesis outline

This report of the PhD thesis and the PhD thesis work itself have been organized following the objectives presented in the previous section. In chapter 2, the experimental
investigations done using the new device of the CEHINAV are presented. First, the device
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Figure 1.9: Left: Previous facility of the CEHINAV. Right : New (2003) facility of the
CEHINAV
characteristics and data analysis procedures are exposed. Second, results for the model
of the anti-roll tank of the IBERUS vessel are shown, analyzing the moment of the liquid
inside the tank. Third, the sloshing experiments done for a section of a LNG tank as part
of the project STRUCT-LNG are presented. These incorporate the pressure registers in
specific locations of the tank during wave impacting events (Delorme et al., 2005, 2008).
The SPH method is then developed in chapter 3, presenting all the features of the SPH
code developed for this thesis. The treatment of solid boundary conditions with SPH has
been analyzed and modified. The new formulation has been validated comparing with
the experimental results in terms of the moment amplitude (Souto-Iglesias et al., 2006),
representing an important improvement with respect to Souto-Iglesias et al. (2004). Modifications have been brought to CEHINAV SPH code in the treatment of the density field,
now evolving in time with the continuity equation. The viscous term, as well as other less
important features have also been improved.
Comparisons between experimental and numerical results are shown and discussed in
chapter 4 not only in terms of the moment. The complicated case of waves impacting on
walls has been studied and comparisons of experimental and numerical results have been
performed (Delorme et al., 2005, 2008). Since the moment is well simulated, the door is
open to investigate the coupled system formed by the ship rolling motion and the liquid
in the tank, as described in Delorme et al. (2006) and presented in chapter 5.
Finally, the general conclusions of the present work as well as some recommendations for
future research are outlined in chapter 6.

Chapter 2
Sloshing Experiments
2.1

General

As explained in section 1.1, this thesis has both an experimental and numerical character.
In this chapter we describe the experiments performed, aimed at better understanding
the sloshing phenomena. It will also allow us to characterize several test cases with
which validate our numerical technique. Even with a relatively abundant literature on
experiments in sloshing, the information useful for testing a numerical code that can be
drawn from those papers is not abundant. On one hand there are the papers studying
liquid sloshing characterizing just global magnitudes, which do not accurately facilitate
the tank motion (Abramson, 1966; Van Den Bosch & Vugts, 1966), nor even free surface
shape. On the other, we have the literature produced by the CCSS as DNV (Berg, 1987;
Olsen, 1976; Pastoor et al., 2005) or ABS (Card & Hoseong, 2005), whose utility is not
clear due mainly to confidentiality reasons.
Apart from that, it is very interesting to conduct series of experiments before getting
deep into writing simulations codes. There are details from the flow which are given the
proper importance only after conducting the experiments: the way the waves impact on
the wall, the way they propagate, the laminar or turbulent regime, etc..
Also it is very formative for a PhD student to learn how to perform and document
experiments in a specific field, if the means to make them are available. Actually, the
calibration of a new sloshing testing rig, in terms of the rotating angle of the tank and
moment over the rolling axis, was the first work of this thesis.
Among the experiments performed during the PhD, two specific series have been selected
for the validation process and will be presented in sections 2.6 and 2.7, after describing
the experimental device, the treatment that the experimental data are subjected to aimed
at having smooth experimental data and at defining a reference steady state response for
certain comparisons and the scaling laws when performing sloshing models.
61

62

CHAPTER 2. SLOSHING EXPERIMENTS

The first series of experiments that will be described corresponds to the model of the
anti-roll tank of the ship IBERUS and focuses on the roll reduction due to the presence
of the tank. The second one was done with the model of a section of one of the tank of
an LNG tanker within the project STRUCT-LNG and a special attention was paid to the
study of transitory regimes and to the pressure impact of waves on walls.

2.2

Experimental device

The experiments presented in this work have been performed using the experimental
device of the CEHINAV, installed in 2003. Figure 2.1 shows a schematic view of the
facility, as well as a picture of it.

Figure 2.1: Sloshing experimental device of the CEHINAV.
The tank is excited via an electrical engine with a sinusoidal type rotating motion whose
amplitude can be set between 2 and 15 degrees. The tank can be moved in the vertical
direction in order to get the center of rotation at a specific position. The excitation
frequency can be increased up to 2.5 Hz.
The oscillation angle is registered with an encoder model Heidenhain ERN120 with a
precision of 0.072o¯ , placed on the rotation axis (see figure 2.2). A second encoder registers
the motion of the driving electric engine and is connected to the trigger of a camera which
is set up to obtain photos at specific angles of rotation.

2.3. SMOOTHING OF THE EXPERIMENTAL DATA

63

Figure 2.2: Left : Encoder. Center : Torsiometer. Right : Pressure sensor.
The moment created by the system with respect to the rolling axis is measured with a
high precision torsiometer HBM TB1A whose nominal torque is 200 Nm (see figure 2.2).
The measurement of the torque due to the liquid is tricky because the one created by the
frame has to be subtracted, as will be explained in section 2.4.
When pressure measurements are to be obtained, two flush mount piezo-resistive pressure
sensors (Sensor Technics, Model BTE 6001, figure 2.2) can be placed on the tank walls.
The sampling frequency of the pressure is one of the things to be improved in the present
experiments, since impact events are very high frequency phenomena. Migration to piezoelectric sensors is one of the next steps to be taken.

2.3

Smoothing of the experimental data

One interesting aspect of the experimental setup above described is that it allows an accurate description of the motion curve of the tank. Therefore, the real time-angle curve
can be introduced directly in the computational model aimed at having a realistic simulation. This way, when superposing the experimental videos and the simulation ones, the
impression of the quality of the simulation can be directly appreciated. The system produces a sinusoidal type motion, but it is not reasonable to expect the system to accelerate
from zero motion to the speed required by a sine type motion (finite speed at time zero)
instantaneously. The system drives a total mass composed not only by the liquid inside
the tank, but also by the tank itself and the structure that holds it. It is hence physically
not possible to achieve the sine motion instantaneously, and the realistic motion we will
get will have initially zero speed.
As aforementioned, the precision of the encoder, expressed in degrees, is 0.072. Let us
assume that the moving part is represented in figure 2.3 by point B. Once the tiny light
it generates passes through hole A, it will mark its position as the corresponding to this
hole. If B oscillates around A, from holes C to D, without reaching them, it will still mark
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Figure 2.3: Position encoder draft

Figure 2.4: Position encoder reading
A as its position whilst it could be A ± 0.072◦ . Therefore, the precision error due to this
encoder in the position is ±0.072◦ .
It seems that a 5000 holes encoder sensor with a ±0.072◦ is a very reasonable equipment
to register the tank motion. Nevertheless when we are for instance dealing with a ±2◦
roll motion (the minimum feasible angle in our system), this precision error means around
1.8% relative error and double that magnitude if we refer just to one part of the motion,
either negative or positive angles. As a matter of fact, this error is not admisible if we
want to use the encoder reading to trigger a camera or any real-time device. Moreover
when we want to use that measure to define the roll motion, we get a curve such like
the one on figure 2.4 which is completely unphysical and very much inadequate to be
implemented in a simulation code as the driving motion. It is not just a problem of the
position itself but of this being used to estimate the roll angle derivative, which is needed
sometimes to incorporate inertia terms, or to impose solid boundary conditions, etc.
The reason for the readings of figure 2.4 stems directly from the encoder way of functioning, illustrated in figure 2.3. Regardless of the extremely discrete nature of the register,
the reality is nevertheless continuous (at these scales) and smooth, with the motion starting from zero position and with a zero velocity, and with the actual position ranging
somewhere between the points of figure 2.4, with a maximum error of ±0.072◦ , as previously discussed.
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In order to sample the roll motion, we expect at least a reading in each of the holes of
the encoder during the motion. We assume a maximum frequency of 2 hertz for a ±6◦
roll motion. With the encoder previously described, and at the maximum speed of the
rolling motion (75deg/s), it means a sampling of 1000 hertz. If we have a 10s record, this
means a 1e4 points angle-time curve to smooth.
Within this context, our first idea to devise a C 1 definition of the time-angle curve was
to use a Fourier modal decomposition. This was the most natural approach due to the
almost periodic nature of the motion. From the beginning we selected a set of periods,
finishing almost at angle zero, trying to minimize the Gibbs phenomenon. We created a
code that recursively incorporated modes whilst the maximum error at the sample points
was over the experimental error. That is to say, if we define the pseudo-norm of a function
as the maximum of the absolute values of the function values on the record under analysis,
we have to choose an approximation f such that:
kf (t) − θ(t)k := kf − θk∞ = max |f (ti ) − θi | < 
i∈I

(2.1)

with I an index set covering the time-angle points of the record under analysis, (ti , θi ),
each of the individual points of the record, f and θ the realization of the target function
and the experimental registered angle on the time set of the sample, and , the maximum
admisible experimental error, which in this case is, as discussed, 0.072.
We found that to have this condition fulfilled with a Fourier expansion we needed a
huge amount of modes, most of them unphysical, even obtaining negative angles at the
beginning. We could not force neither zero value nor zero angular speed at time zero,
which is something we know it is true in the experiment. It is clear that if we start from
a no motion configuration, initial speed should be zero. It is not so clear why the initial
position has to be the zeroth one if we position the tank based upon the position encoder.
Nevertheless, experimentally we could set the initial position by having a piece of metal
that grasps the tank hold with zero angle at time zero (fig. 2.5). Releasing this piece, and
even with some residual energy that shakes the system a bit in many cases, the initial
position was the same in all cases, within a reasonable precision.
After this failure, we resorted to B-splines functions (Hammerlin & Hoffmann, 1991),
that are used extensively in the CEHINAV research group for modeling the hull surface
(Pérez et al., 2007). Since we wanted to force both zero angle and zero angular speed
at the initial time, we resorted to cubic B-splines functions. One generic element of the
basis graphs for this problem, as well as the basis itself are represented in figure 2.6, in
which t0 means the initial time (usually zero) and the difference between two consecutive
abscises is not the sampling rate but is a consequence of the amount of nodes that we use
for the B-spline approximation. The expression of the target function f in the basis is:
f (t) =

n−1
X
i=−3

ai Bi3 (t)
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Figure 2.5: Locker of the tank support for time zero

Figure 2.6: Cubic B-spline basis for our problem
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where n + 1 is the number of nodes in which the time interval of the experiment is divided
for the B-spline approximation. If we want to impose the restriction of both zero angle
and zero velocity at time zero we come to the following relations between the coefficients,
easily deduced from the compact support nature of the B-spline basis.
a−3 = a−1 ;

a−2 = −a−1 /2

and hence f has the next form:
f (t) = a−1 e−1 (t) +

n−1
X

ai Bi3 (t)

i=0

with
3
3
3
e−1 = B−3
− B−2
/2 + B−1

Now, in order to find f we use the least square approximation (Hammerlin & Hoffmann,
1991), increasing n until the condition 2.1 is fulfilled. Each time, a linear system has to
be solved with a symmetric definite positive matrix. The key element is that f belongs
to the space generated by the functions

3
e−1 , B03 , B13 , . . . , Bn−1
for which the conditions of zero value and derivative at time zero are naturally accomplished. The approximations found need around 150 nodes for a 1e4 points definition.
The function is smooth as well as its derivative as can be seen in figures 2.7 and 2.8,
for which the approximation is the corresponding to the record of figure 2.4. In order to
provide the smoothed data for the simulations, two options have been implemented:
1. To rebuild the smoothed time-angle curve with a very high sampling rate (over
2e4 points) and to offer it for linear interpolation or any other simple interpolation
technique.
2. To offer the computation routines as well as a file containing the vector with the
coefficients a−1 , a0 , . . . , an−1 , in order that these routines are incorporated to the
simulation codes, allowing the direct computation of the angle and the angle derivative.
Finally, an important issue is to decide when the motion starts, i.e. when it is time zero.
When the electric engine is triggered, it takes a while (around 0.15s depending on the
voltage) for it to create the magnetic fields need to actually start turning. Therefore, our
time zero is not when triggering but when the electric engine starts turning. In order
to know this moment, we have another 5000 pulses encoder, trademark HEIDENHAIN
ROD 426, installed on the electric engine shaft. We record the signals of both encoders
with the same time-base and therefore, we know when the motion exactly starts; from
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Figure 2.7: B-spline least-squares approximation (red), and original record(black)

Figure 2.8: Function (red) and derivative (blue) B-spline least-squares approximation
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this point the position encoder measure is yet zero, but these points already belong to
the record to analyze.
This technique has been used not only to smooth the motion curves but others at which
we will refer specifically in the studies, by providing the particular details of every implementation.

2.4

Steady state response

The stability of a ship in waves is affected by the presence of an on-board tank. In order
to study this influence, the response of the liquid in the tank in the frequency domain
is an useful information. It allows to check whether the liquid tank acts like a damper
for the ship motion or when it makes the vessel losing stability, depending on the motion
frequency.

Figure 2.9: Filtering of the registered moment.
Figure 2.9 shows a sample of the moment and angle time series. Fourier analysis is
performed to the moment signal in order to obtain the harmonic whose frequency is equal
to the excitation frequency of the tank. The amplitude and phase lag of this harmonic
with respect to the motion are then plotted again the excitation frequency, providing the
response of the liquid tank in the frequency domain.
The above process allows to determinate both amplitude and phase lag of the moment
created over the rolling axis by both the liquid and the moving part of the structure. In
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order to extract the part only due to the liquid, the same process is done for times series
obtained with the empty tank at the same excitation frequency.
Let (Ae , φe ) and (Af , φf ) be the amplitudes and phase lags of the moment of the empty
tank and the filled tank, respectively. Then, the amplitude of the moment due to the
water is
q
(2.2)
ALIQU ID = A2e + A2f − 2Ae Af cos(φE − φF )
The phase of the moment due to the liquid over the rolling axis is vectorially deduced, as
illustrated in figure 2.10.

Figure 2.10: Experimental moments over the rolling axis, in the phase plane.

2.5

Scaling Laws

When studying sloshing flows experimentally, a common hypothesis is that the main
phenomena are driven by the velocity of the tank and the gravity (Bass et al., 1985).
Hence, the experiments are made equaling Froude numbers, as defined in equation 2.3, of
prototype and model.
p
Fr = V/ g L
(2.3)
In this equation, g is the acceleration of gravity and L and V are typical length and
velocity of the problem, respectively. If L scales with λ from model to prototype, then
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√
V should scale with λ in order to maintain Froude number. The natural frequencies of
the system, as well as the excitation frequencies, have the
√ unit of the ratio of a velocity
and a length. Therefore, they scale with the inverse of λ. The forces are extrapolated
from model scale to full scale by multiplying them by λ3 and the moments by λ4 . When
designing anti-roll tanks, the Froude scaling provides adequate results and is always used
for this purpose. However, regarding the wave loads, when measuring the pressure on
the wall resulting from an impacting wave and as mentioned in this thesis introduction,
the impact pressure registers obtained in experiments are difficult to scale to prototypes
(Abramson et al., 1974; Bass et al., 1985; Berg, 1987). The impact events are dominated
by the compressibility of the liquid gas mixture and by the inertia of the flow and this
has no relation with the Froude scaling (Bass et al., 1985). This is yet a very important
open problem crucial for Engineering.

2.6
2.6.1

Anti-roll tank IBERUS
General

The following experiment discussions aim at illustrating the efficiency of an anti-roll tank.
Their physical background as well as the most prominent literature was reviewed in section
1.2.1. Their importance in marine engineering is still significant, being installed in many
fishing vessels. A very good recent review on this type of devices can be found in Moaleji
& Greig (2007).
The purpose of the experiments with anti-roll tanks is to design them in such a way that
the excitation frequency for which the phase lag is 90o¯ corresponds to the rolling resonance
frequency of the ship. This way, a maximum counter-balance effect is obtained. To get
this matching is achieved by changing the filing level in the tank, or by adding obstacles
to the flow (Abad, 1988).
The first series of experiments of this thesis were performed on a model of the antiroll tank of the ship IBERUS, at scale 1/25. This choice was made because of the 2D
configuration of the tank, allowing to compare with 2D SPH results. Other important
reason was that the previous attempts by the same group, documented for instance in
(Souto-Iglesias et al., 2004), to model sloshing with SPH, had been validated with the
same tank. Nevertheless the experimental results for those works had been obtained with
an older experimental rig, more limited in frequency and accuracy than the new one.
Comparisons with the numerical simulations will be documented in chapter 4.
We will describe the experiments, laying on the moment amplitude and phase lag curves,
which are the crucial ones for the anti-roll systems design. We will correlate the freesurface shape with the moment magnitude.
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Figure 2.11: Iberus tank sketch

2.6.2

Experiments

The geometry of the tank is shown in figure 2.11. It is a rectangular tank with a breadth
B=64cm and a height of 14cm. All the results are given for a width of 25.2cm. The
rotation axis is 10cm below its baseline. The maximum rotation angle is 6 degrees and
the angle of rotation in degrees is θ = 6sin(ωt). The tank starts horizontally, goes
to the right, horizontal again, to the left, and the period of motion finishes when it is
horizontal again. The water depth d used in this study is 3cm, which means that the
ratio d/B = 0.047, and hence the case is a shallow water one1 . The corresponding first
resonance frequency can be obtained from the linear wave theory, equation 1.1. In this
case, its value is ω1 = 2.65 rad/s. The frequency range used goes from 0.24 to 8.21 rad/s,
with a step of 0.26 rad/s. It corresponds to a range from 0.1ω1 to 3.1ω1 . The graph of
the amplitude of the filtered experimental moment for this range of frequencies is shown
in figure 2.12, and its phase lag with respect to the tank motion in figure 2.13. A bigger
blue circle has been plotted in figure 2.12, corresponding to the first resonance frequency.
At this frequency, the amplitude of the moment is near to its maximum and its phase lag
is 52o¯ . The excitation frequency corresponding to a 90o¯ phase lag is 3.8 rad/s, i.e. 1.4ω1 .
After this frequency, the amplitude of the moment created over the rolling axis decreases
while the phase lag still increase up to 180o¯ . Therefore, the potential theory predict a
first resonance frequency lower than the one found experimentally. This imprecision is
due to the shallow water level in the tank since there, the validity of the potential theory
is limited. This will be confirmed by the experimental results of section 2.7 where different
filing levels are tested.
Combining the amplitude results of figure 2.12 and the phase lag results of figure 2.13, a
phase lag diagram can be built, as plotted in figure 2.14. There, the moment in quadrature
is plotted against the moment in phase for all the studied frequencies.
1

tanh (k1 d) = tanh (π d/B) = 0.1466 << 1
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Figure 2.12: Amplitude of the moment vs. excitation frequency

Figure 2.13: Phase lag of the moment vs. excitation frequency
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Figure 2.14: Phase diagram of the moment exerted by the fluid on the tank with respect
to the tank motion.
For low excitation frequencies, the liquid follows the tank motion and the water level
stay almost horizontal. Hence, the moment exerted by the liquid on the tank is in phase
with the tank motion. Increasing the excitation frequency, a main wave is formed in the
tank and travels from one side to the other with a frequency equal to the excitation one.
The resulting moment gets a phase lag with respect to the tank motion. This phase lag
increases after ω1 while the amplitude of the moment decreases. A dramatic variations
in the amplitude curve occurs between points A and B, corresponding to ωA = 4.34rad/s
and ωB = 4.87rad/s. From frequencies smaller than ωA , the main wave has time to reach
the wall before traveling in the opposite direction. In picture A of figure 2.15, the wave
develops completely and clashes with the tank top. For frequencies greater than ωA , the
frequency of the movement becomes so high that the wave can not follow the movement.
In picture B of figure 2.15, the wave traveling to the right clashes with another one going
to the left and thus breaks before reaching the end of the tank. At this stage, the liquid
starts behaving like a solid placed in the tank and the phase lag reach 180o¯ . For excitation
frequencies greater than 1.4 ω1 , the phase lag decreases due to the existence of secondary
waves in the tank. These excitations hardly ever happen at full scale. Experimental
videos of both points are available online on the CEHINAV website2 .
These results illustrate the efficiency of an anti-roll tank. The purpose of the experiments
with anti-rolling tank is to make that the excitation frequency for which the phase lag
is 90o¯ corresponds to the rolling resonance frequency of the ship. This is achieved by
changing the filling level in the tank, or by adding obstacles to the flow (Abad, 1988).
2

http://canal.etsin.upm.es/oe05
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Figure 2.15: Frames of the points A and B of figure 2.12

2.7
2.7.1

Project STRUCT-LNG
General

As discussed in section 1.2.2 sloshing problems are also an important issue in the oil & gas
industry, especially when designing and operating LNG tankers. In this context, one of
the main concerns is the prediction of loads caused by violent sloshing in cargo tanks. The
research in this field is clearly leaded by CCSS although some very important references
do not come from that sector (Lugni et al., 2006, 2005). These institutions have enough
funding and know-how to perform very ambitious experimental campaigns(Pastoor et al.,
2005; Wemmenhove et al., 2007; Card & Hoseong, 2005). Nevertheless, and due to confidentiality reasons, the amount of information made public by the CCSS makes it not
feasible to use their experiments as basis for any numerical validation.
With the aim of interchanging experiences in these matters and providing know-how to
NAVANTIA, a shipbuilding company involved in the LNG market in the early 2000s, a
research program was started. As part of this project, a model was built scaling a longitudinal section of a tank of one of the 138 000 m3 LNG membrane tankers built in the
Puerto Real Shipyard of NAVANTIA, at a scale of 1:50. Experiments were conducted on
this model that served as validation data for both PFEM computations by the CIMNE
group of Barcelona, and that has been used as well for validation of the SPH computations
of this thesis.
In this section we will describe the experiments aimed at understanding sloshing behavior
for different depths and excitation frequency. In the next section the impact pressure
problem for the shallowest case will be dealt with.
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Figure 2.16: Geometry of the tank

2.7.2

Experimental configurations

The geometry of the tank is shown in figure 2.16. The model dimensions are 900 x 580 x
62 mm and it rotates with respect to a point inside the tank, situated at the center of the
tank and vertically at the floatation of the ship. The studied amplitude of the motion is
4 degrees.
4 different cases have been studied and are presented in table 2.1. The filling level is
increasing from 18.3% to 95.1% from cases 1 to 4. In table 2.1, the corresponding liquid
depth for each case is presented, as well as the ratio of the liquid depth and the tank
beam B and the first sloshing period, calculated with equation 1.1.
The pressure sensors positions are described in figure 2.17. For each case, the most
Case
1
2
3
4

depth (cm)
9.3
22.2
29.9
48.3

filling level (%)
18.3
43.7
58.9
95.1

d/B T1 (s)
0.10 1.91
0.25 1.32
0.33 1.21
0.54 1.11

Table 2.1: Description of the cases

significative register is the one obtained from the pressure sensor located at the still liquid
level. For case 4, where impacts on the roof occur frequently, other interesting register is
the one of the sensor situated on the top of the tank.
For all the cases, a range of excitation periods between half the first sloshing period T1
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Figure 2.17: Pressure sensors position.

and 1.5 T1 has been studied. The corresponding periods are reported in table 2.2. The
results in terms of moment created by the liquid over the rolling axis are presented in
figures 2.18, 2.22, 2.23 and 2.28, following the process described in section 2.2. For clarity,
the pressure time series for all the cases are reported in appendix B. The values of the
pressure results have to be taken with precaution since the sample frequency used in the
experiments has been set to 100 Hz. When measuring impact pressure, this frequency
is not high enough since frequencies higher than 1 kHz are recommended by Bass et al.
(1985) and even higher (16 kHz) by Berg (1987). However, these time series allow to
compare the different cases studied and for every case, comparisons can be done for the
range of excitation frequencies.
As described in section 2.2, the encoder of the engine has been connected to the trigger of a
camera in order to obtain pictures of the flow when the rotation angle passes through zero.
Since every case has its own particularities, individualized attention will be paid to them
in the next sections. Since there is a fairly big amount of information regarding pressure
series, they have been collected in appendix B to which some of the cross references will
be addressed.

2.7.3

Case 1

In case 1, the ratio of the water depth and the tank beam is 0.1. Therefore, it is a shallow
water case similar to the one studied in section 2.6. The liquid gets rapidly, i.e. after the
first two periods, a a periodic motion whose frequency is the excitation frequency.
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T /T1
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5

Case 1
0.95
1.14
1.33
1.52
1.71
1.91
2.10
2.29
2.48
2.67
2.86

Period (s)
Case 2 Case 3
0.66
0.61
0.79
0.73
0.93
0.85
1.06
0.97
1.19
1.09
1.32
1.21
1.46
1.33
1.59
1.45
1.72
1.58
1.85
1.70
1.99
1.82

Case 4
0.55
0.67
0.78
0.89
1.00
1.11
1.22
1.33
1.44
1.55
1.66

Table 2.2: Excitation periods for all the cases.

Amplitude and phase lag of the moment exerted by the fluid are plotted in figure 2.18.
The trend is similar to the one of figures 2.12 and 2.13. Here again, the frequency corresponding to a 90o¯ phase lag is greater than the first sloshing frequency ω1 (about 1.1 ω1 ).
The phase lag of the flow in the tank with respect to the structure motion is illustrated
in figure 2.19. The pictures of the flow when the tank passes through the 0 angle position
are shown for the range of excitation frequencies. They resemble successive frames of the
same experiments where a wave is propagating, breaking in the tank, and impacting on
the wall. In fact, it shows that the main wave in the tank is propagating at a constant
velocity while the tank is moving slower for each successive picture.
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Figure 2.18: Case 1 : Amplitude(left) and phase lag(right) of the moment over the rolling
axis exerted by the water on the tank
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Looking at the pressure time series in figure B.1 in appendix B, it can be noticed that
impact events occur for excitation periods between 0.8T1 and 1.1T1 , the most powerful
impact happening for T /T1 = 0.9, point corresponding to a 90 degrees phase lag in figure
2.18. Each impact is composed by the successive peaks. The first one corresponds to the
front of the breaking wave impacting on the sensor while the second one is due to the rest
of the liquid reaching the sensor position.
It can be noticed too that the pressure registers in these case show good periodicity,
comparing with registers of cases 2 and 3. Here, the wave resulting from the first mode
breaks and impacts on the walls for almost all excitation frequencies (see figure 2.19).
The high dissipation due to these phenomena is a reason of the rapid convergence to a
steady state solution where the bulk of the flow gets a motion whose frequency is equal
to the excitation frequency.
A finest investigation of this case for three excitation frequencies is done in section 2.8,
where the impact of the breaking waves on the walls is studied.

2.7.4

Case 2

For case 2, the process described in section 2.2 to obtain the amplitude and phase lag
of the moment exerted by the liquid needs longer times series. This is due to a slower
pace leading to a steady state regime in the tank, in comparison with case 1. In case
2, except when the excitation frequency is really close to the first sloshing frequency, no
breaking nor impacting waves appear. The consequent dissipation is lower than for case
1 where a breaker is formed for almost all the studied excitations. Therefore, if the liquid
in the tank is viewed as a harmonic oscillator, this lower dissipation makes the transitory
regime longer. During this regime, beating waves appear in the tank i.e. sums of waves of
different frequencies with amplitudes of the same order. This phenomenon is illustrated
in figure 1.7 and in figure B.2 for excitation periods T /T1 = 0.85, 0.9, 0.95, 1.1, 1.15
and 1.2. This phenomenon can be caught by non-linear potential theory, as described in
Faltinsen & Timokha (2000).
For excitation periods T /T1 = 1 and 1.05, pressure registers of figure B.2 show impact
at the still water level. Moreover, figure 2.20 shows an impact on the roof for excitation
frequency being the first sloshing one. These impacts increase the damping of the system
and the make the steady state regime to be reached more rapidly.
When no impact happens in the tank, the appearance of other modes can be noticed.
Figure 2.21 shows a picture of the flow where the first anti-symmetric mode is dominant.
Due to its symmetry with respect to the center of the tank, it does not generate any moment over the rotation axis, but it can interfere with the first symmetric mode, producing
the beating waves aforementioned.
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Figure 2.19: Case 1 : Pictures of the flow when passing position θ = 0 for the different
excitations periods. T0 is the first sloshing period denoted as T1 in the text.
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Figure 2.20: Case 2. Pictures of the flow when passing position θ = 0 for T /T1 = 1.0.

Figure 2.21: Case 2. Pictures of the flow when passing position θ = 0 for T /T1 = 1.2.
The steady state regime takes in some cases more than one minute oscillation. Once
obtained, the Fourier analysis is performed on the moment register and its amplitude and
phase lag are calculated. They are plotted in figure 2.22.
Figure 2.22 presents many differences with respect to figure 2.18 obtained for case 1.
First, looking at the phase lag curves, the transition between 180o¯ and 0o¯ phase lag is
sharper. Only two transition points are observed, corresponding to the two points where
impacts on walls and top were noted (oscillation periods T /T1 = 1 and 1.05). The maximum moment amplitude is found for T /T1 = 1.05. When T /T1 becomes lower than 0.9
T1 , the amplitude increases because the behavior of the liquid in the tank is like the one
of a rigid body in the tank for these periods. The consequent amplitude of the moment
is therefore proportional to the square of the oscillation frequency.
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Figure 2.22: Case 2 : Amplitude(left) and phase lag(right) of the moment over the rolling
axis exerted by the water on the tank
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Figure 2.23: Case 3 : Amplitude(left) and phase lag(right) of the moment over the rolling
axis exerted by the water on the tank

2.7.5

Case 3

Case 3 presents few differences with respect to case 2. The filling level is 29.9% whereas it
was 22.2% for case 2 (see table 2.1). Pressure registers in figure B.3 show that no impact
appears for any of the studied oscillations, except when T /T1 = 1 and 1.05. These periods correspond to the transition between 180o¯ phase lag and 0o¯ phase lag of the moment
generated by the liquid on the container (see figure 2.23. Beating waves are observed for
all other periods.
Pictures of the flow in the tank when passing angle 0 of rotation can be seen in figures
2.24 to 2.26. Figure 2.24 shows an impact on the roof for T /T1 = 1. Figure 2.25 corresponds to T /T1 = 1.1 and shows a similar shape of the wave, i.e. predominance of the
first sloshing mode, but with less amplitude. No impact on the roof has been found in
this case. Figure 2.26 shows the excitation of the first odd modes for oscillation period
T /T1 =1.3 as shown in figure 2.21 for case 2.
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Figure 2.24: Case 3. Pictures of the flow when passing position θ = 0 for T1 = 1.0.

Figure 2.25: Case 3. Pictures of the flow when passing position θ = 0 for T1 = 1.1.
Initially, case 3 has been studied because it corresponds to an interesting ratio between
water depth and tank breadth (0.33, see table 2.1). Ockendon & Ockendon (1973) by
means of third order nonlinear potential theory, and Waterhouse (1994) by means of fifth
order nonlinear theory, showed that the response of the fluid pass from a “hard-spring”
(increasing amplitude with increasing frequency) to “soft spring” (decreasing amplitude
with increasing frequency) behaviour as the depth passes through a certain value, as illustrated in figure 1.8. Following Waterhouse (1994), the critical depth corresponds to
the studied ratio studied in case 2 (d/B ≈ 0.33). Thus, we expected to found a maximum
moment amplitude at T /T1 lower than 1 if d/B is lower than 0.33 and higher than 1 if
not. Actually, the maximum moment amplitude has been found to occur for T /T1 > 1
for all the cases 1, 2 and 3. However, the oscillation periods corresponding to 90o¯ phase
lag are T /T1 = 0.9, 1.0 and 1.0 for cases 1,2 and 3, respectively. No good evidence of the
transition at this particular depth have been found. This can be explained by the violent
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Figure 2.26: Case 3. Picture of the flow when passing position θ = 0 for T1 = 1.3
liquid motions happening in the container for which the potential theory is no longer valid.

2.7.6

Case 4

Case 4 corresponds to a filling level of 95%. In this case, the liquid motions are considerably affected by collisions with the roof, as illustrated in figure 2.27. The pressure
registers are showed in figures B.4 and B.5 for the sensor at the still water level and the
one on the roof, respectively. It can be noticed there that the pressure has a sinusoidal
component centered on 0. Hence, negative pressure are found in this case, and are due to
the own velocity of the sensor. Here, the vertical distance from the sensors to the center
of rotation is higher than for the other cases (see figure 2.17). As a result, the sensors get
a non-neglectful velocity normal to the sensor membrane. Moreover, the studied frequencies in this case are higher than for other ones since the first sloshing frequency for the
depth is higher, see table 2.2. Therefore, a sinusoidal component appears in the pressure
registers than complicate the analysis of the results. However, impacts can be noted for
both sensors at almost all oscillations studied in figures B.4 and B.5. The impact values
of the pressure are similar for the sensor at the still water and the sensor on the top of
the tank.
The response of the liquid in terms of moment exerted differs from the other cases, due to
the issues aforementioned. The amplitude and phase lag of the first harmonic are plotted
in figure 2.28. For low oscillation periods, the liquid moment increases with the excitation
frequency. Near the first sloshing period, no local maximum is found. The high amplitude
waves cannot appear due to the high level and a minimum of the moment amplitude is
found near the first sloshing frequency. Looking the phase lag curve in figure2.28, it can
be noticed that the transition between high phase lags (near 180o¯ ) and low phase lags

2.8. STRUCT-LNG: IMPACT PRESSURE

85

æ

Figure 2.27: Case 4. Picture of the flow when passing position θ = 0 for T /T1 = 1.0
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Figure 2.28: Case 4 : Amplitude(left) and phase lag(right) of the moment over the rolling
axis exerted by the water on the tank
happens between excitation period T /T1 = 1.15 and 1.2, when the impacts on the top of
the tank stopped.

2.8
2.8.1

STRUCT-LNG: Impact pressure
General

Case 1 from the previous section was the most interesting one in terms of the impact
pressures, due to the onset of higher and shorter in time peaks in the pressure registers.
One big difficulty trying to understand the impact pressure values is due to its random
character (Bass et al., 1985) as we discussed in section 1.2.2. We have been able to obtain
pictures of the impact event for different excitation frequencies by connecting the camera
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trigger to the data acquisition system. Nevertheless, a high-speed camera like the one used
by Lugni et al. (2005, 2006); Miozzi et al. (2007) would have been more convenient. The
correspondence between the wave shapes for each frequency and the pressure register will
be assessed. The repeatability of the pressure registers will be analyzed and the pressure
impulse curves will be discussed for each case. The pressure registers and pressure impulse
will be later compared with the numerical ones in chapter 4.

2.8.2

Case studies

For the shallow water case (case 1 of the previous section), three different excitation
periods (T ) have been studied, one being the first sloshing period (T1 ), one case with a
smaller period, and a third one with a larger period. The following notation will be used
in this section.
• Case 1A : T /T1 = 1.1
• Case 1B : T /T1 = 1.0
• Case 1C : T /T1 = 0.9
Cases 1A, 1B and 1C are representative of the different impacts that can be found for
this filling level, as will be discussed later.

2.8.3

Wave shape

For each one of cases 1A, 1B, and 1C, the flow is composed of a main wave, traveling from
one side of the tank to the other, breaking during its propagation and impacting on the
structure. The dissipation due to breaking is high and the experiments demonstrate that
the water motion in the tank is qualitatively periodic, including the breaking process.
Focusing on case 1B, Figure 2.29 shows the wave breaking onset, a plunge-type breaker
entrapping air. Two water jets are formed successively: A first jet appears in the first
quarter of the tank (frame E1), it enters into the wave face (E2) and a second jet instantaneously appears (E3). This later jet grows in amplitude (E4 and E5) and then impacts
on the unperturbed water (E6). Air is trapped and the air-water mixture impacts on the
wall, as described below.
Going to the impact of the wave onto the wall for this same case (1B), figure 2.30 details
how the main wave in the tank has broken just before F1. At this stage (F1), the front
part of the wave is an air-water mixture reaching the wall with high velocity. The fact
that the wave front is a gas-liquid mixture is a reason for the complexity of the wave
impact phenomena. The impact can be observed on frame F2. After the impact (F3),
water goes up along the wall and air bubbles remain near the impact zone. The water
then falls down due to gravity, the tank starts to move in the opposite direction, the next
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Figure 2.29: Case 1B. Plunge-type breaking process. All frames are equally separated in
time ∆t/T = 0.021.

Figure 2.30: Case 1B. Pictures of impact. Frames F1 to F6 correspond to t/T = 8.78,
8.82, 8.91, 9.03, 9.09, 9.14., respectively.
breaking wave appears (F4) and starts traveling from the left to the right (F5). Later,
(F6), the secondary wave that can be observed in frame F2 and F3 reaches the wall on
the left but no impact is observed there. Pressure registers and videos demonstrate this
process to be qualitatively repetitive, from one period to another.
Regarding the other to cases, in case 1A (T /T1 = 1.1), the motion of the tank is slower
and the breaking event happens earlier and with lower energy. The impact event is violent
in case 1C, where the motion of the tank is faster. In this case, the main wave breaks just
before reaching the wall. It rebounds on the wave face and the consequently formed jet
impacts on the pressure sensor after the tank has already started to move in the opposite
direction. Pictures of the wave just before the impact are presented in figure 2.31 for the
three cases.

2.8.4

Pressure results

Figure 2.32 shows the angle and pressure time series. Time has been made dimensionless
with the excitation period, pressure with the hydrostatic pressure (P0 ) at the reference
depth (d), and angle with the maximum angle of excitation (θmax ). The pressure register is
qualitatively repetitive at each cycle but some differences can be found. Actually, the first
peak at each cycle results from the impact of the wave and presents a random behavior
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Figure 2.31: Pictures of the wave shape just before the first impact for cases 1A, 1B and
1C.

Figure 2.32: Dimensionless pressure (red) and dimensionless angle (blue) Vs dimensionless
time for cases 1A, 1B and 1C.
since the duration of the impact is very short and the impact pressure is extremely sensitive
to the shape of the wave just before impact (Bass et al., 1985; Berg, 1987; Peregrine, 2003).
A zoom of these time series over the first impact event is shown in figure 2.33. In case
1A, the impact occurs when the tank has not reached its maximum angle. The impacting
wave is a developed plunging breaker whose front is made of an air-water mixture (see
figure 2.34). The impact is located on the wall below the sensor position. Thus, the
sensor does not register high values for the pressure. The first peak is due to the impact
of the front of the wave. Then the water goes up along the wall and pressure curve passes
through a local minimum. A second local maximum follows due to the remaining part
of the wave arriving, reaching the sensor while the tank starts to move in the opposite
direction. The water is then pushed out of the wall and the pressure tends to zero. The
resonant case (1B) presents a similar pressure curve with a higher value for the maximum
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Figure 2.33: Zoom of figure 2.32 over the first impact event.
pressure. In this case, the front of the wave reaches the tank wall later in the oscillation
cycle. The impact point is near the sensor location. A third peak can be observed due to
the above mentioned secondary wave in the tank traveling with a phase lag with respect
to the main one.
Case 1C shows important variations when compared with the others. The impact occurs
when the tank is moving in the direction opposite to the wave’s motion. At the impact,
the plunge-type breaking wave is not fully developed and the liquid has not completely
mixed with the gas (see figure 2.31). The first jet rebounds on the upwardly moving water,
as described in Peregrine (1983), and this rebound impacts on the sensor’s membrane.
The resulting maximum value of the registered pressure is much higher, up to ten times
the hydrostatic pressure in the tank.

2.8.5

Repeatability

As mentioned by Bass et al. (1985) and Peregrine (2003), the impact pressure has a random character, due to its strong dependence on the wave’s shape just before the impact.
To try to quantify this dependance, the pressure maximum at each oscillation cycle has
been extracted for 3 different runs of all cases, each run containing more than 30 oscillation
cycles. Mean values of the dimensionless pressure maxima and their standard deviations
can be found in table 2.8.5. Hattori et al. (1994) showed experimentally that the pressure
is maximum when the lowest quantity of air is entrapped. This is in agreement with the
values of the pressure reported in table 2.8.5, as the amount of air entrapped decreases
gradually from case 1A to 1C. We have found that as the number of bubbles decreases,
the standard deviation increases, as well as the maximum.
Connecting the trigger of a photo camera with the encoder placed on the electrical motor moving the tank, we were able to obtain photos of the waves just before impact at
each oscillation cycle. Photos of the first five impact events for all the studied cases are
presented in figure 2.34. Qualitatively, the repeatability of the wave shape at each cycle
is better for case 1C, where the breaking event is not fully developed. For cases 1A and
1B, the air-water mixture is not equal at each cycle, but smaller variations in the pressure
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Case
Mean value
Standard deviation

1A
1B
1C
0.859 1.71 3.23
0.170 0.593 1.03

Table 2.3: Statistics on the dimensionless pressure maxima

Figure 2.34: Pictures of the first five impact events for cases 1A, 1B and 1C.
curve are registered, due to the presence of air bubbles, which tend to smooth the impact.
One can imagine that the first oscillation cycle, i.e. the first impact event, will show less
variability than the impact from one cycle to the next. In order to check this supposition,
10 runs of case 1C have been performed, with only the first two cycles registered. For
these series the mean value of the dimensionless pressure maxima is 2.28 and the standard
deviation is 0.32. Comparing these values with those of table 2.8.5, it can be seen that
statistically the first impact is less violent with less variability.

2.8.6

Pressure Impulse

The pressure impulse is the integral of the pressure over the duration of the impact. It is a
characteristic useful when analyzing the impact of a wave since it is more consistent than
the value of the maximum pressure (Peregrine, 2003). Figure 2.35 shows the dimensionless
pressure impulse versus the oscillation cycles for cases 1A, 1B and 1C. It has been obtained
by integrating the dimensionless pressure over the interval where its value is non null
at each cycle. The mean value of the pressure impulse and its standard deviation are
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Figure 2.35: Dimensionless pressure impulse Vs oscillation cycle for cases 1A, 1B, and
1C.
presented in table 2.8.6. It can be seen that, even if the pressure itself is the highest for
the case C, the highest pressure impulse has been found for the case B. The reason for
that is the longer time the water is in contact with the sensor in this case than for the
other ones, as observed in figure 2.33. The pressure impulse will be used for comparisons
with numerical results in chapter 4.

Case
Mean value
Standard deviation

1A
0.21
4.0 10−3

1B
0.26
5.0 10−3

1C
0.22
1.7 10−4

Table 2.4: Statistics on the dimensionless pressure impulse

2.9

Summary and conclusions

Even if almost all the model basins are now equipped with a sloshing test facility, experiments on sloshing flows are not as standard as the towing tank tests are. In this
chapter, the experimental facility of the CEHINAV has been described, as well as the way
to analyze the data, and the difficulties due to the scaled experiments.
When the flow reaches a steady state i.e. when it is periodic with the same excitation
frequency, the process to extract the fundamental component of the moment created over
the rolling axis has been detailed. This process is important for the design of anti-roll
tanks and the first experiments on a model of the anti-roll tank of the ship Iberus have
been presented in section 2.6. The analysis of the moment in the frequency domain showed
the efficiency of such devices stabilizing the ship roll motion.
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The influence of the filling level has been investigated, studying the section of one of the
tank of an LNG vessel. The following conclusions can be drawn from these experiments,
described in section 2.7:

1. The maximum impact pressures at the still water level have been found for case 1
where the quantity of liquid in the tank is the lowest.

2. For each case, when T /T1 is greater than 1.5, the liquid follows the tank motion.
When it is lower than 0.7, the liquid tends to behave as a rigid body. The transition between both states varies for the cases studied. For the lowest filling case,
the transition is smooth and the 90o¯ phase lag is obtained for an oscillation period
T ≈ 0.9T1 . For all the other cases, the transition is sharper and the 90o¯ phase lag
is obtained for an oscillation period T ≈ 1.2T1 .

3. When the dissipation is low i.e. when no breaking nor impacting waves appear, the
liquid can take a long time before to reach a steady state. During the transitory
regime, beating waves appear in the tank and can be studied by means of nonlinear
potential theory (Faltinsen & Timokha, 2000).

More sensors of lower size would have been necessary to study the impacts on different
points of the walls, but it has not been possible for this study. In section 2.8, some points
of the lowest filling level (case 1) have been repeated, focusing on how the waves impact
on the structure, and performing statistical analysis on it, leading to the following concluding remarks:

1. The maximum of pressure has been found at a frequency higher than the first
sloshing frequency (case 1C).
2. The variability and values of the pressure peaks during the impact have been found
to increase as the amount of entrapped air decreases.
3. Results presented in terms of pressure impulse showed a greater consistency since its
variation of the pressure impulse with the oscillation cycles is low when compared
with the random behavior of the value of the maximum pressure during the impact.
From an analytical and a numerical points of view, the prediction of the loads and pressure
is the most difficult when the filling level is little. There, the experiments presented in this
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chapter showed that breaking waves where the jet entraps air and impacts on the walls
are commonly observed. The resulting forces and pressures on the container cannot be
predicted by means of analytical or semi-analytical models. Nor the numerical methods
based on finite element without a specific treatment of the free surface can predict these
loads.
The SPH method presented in the next chapter is aimed at solving this type of problems
efficiently. Comparisons of SPH results with the low depth cases presented in sections 2.6
and 2.8 will be discussed in chapter 4
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Chapter 3
Smoothed Particle Hydrodynamics
3.1

General

SPH (Smoothed Particle Hydrodynamics) is a Lagrangian numerical method of simulation invented at the end of the seventies by Lucy (1977) and Gingold & Monaghan (1977).
In SPH, the fluid is divided into a set of particles where the fluid properties and their
derivatives are interpolated. The particles are then moved calculating their Lagrangian
derivative with the discrete equations of the motion.
Initially developed with the purpose of solving astrophysical problems, the method has
been extended to other fields over the years. A recent review of the applications of the
method is found in Cleary et al. (2007). In the naval field, a growing interest in SPH has
existed over the last ten years. Research groups in numerical methods linked to model
basins such as the INSEAN in Rome and the Ecole Centrale de Nantes, have developed
SPH codes for solving hydrodynamics problems. The problems aimed at being solved
were sloshing problems, breaking waves propagations, impact in water, waves formation.
These works are reported in the PhD theses of Colagrossi (2004), Doring (2005) and Oger
(2006).
One of the main purpose of this PhD thesis has been to includes recent SPH features in
the CEHINAV SPH code in order to solve the sloshing problems described in chapter 2.
This chapter presents the different aspects of the method and details the SPH code that
has been used for comparisons with experiments in chapter 4.
The fundamental SPH approximation of functions of the space and their gradient are
introduced in section 3.2 and 3.3. The choice of the SPH interpolation function is then
discussed in section 3.2.3 and the possibility to use corrected kernel functions in order to
improve the interpolation properties of the method is presented in section 3.4. The SPH
formalism applied to the Euler equations is presented in section 3.5 with the associated
conservation properties shown in section 3.6. Dealing with sloshing problems, important
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issues are the ways to impose incompressibility, to model the viscous forces and to deal
with solid boundaries. These matters are discussed in section 3.8, 3.9 and 3.10. A special
treatment can be applied to the density field in order to smooth the numerical oscillations
that appear in the flow and is presented in section 3.11. Finally, the time integration and
the SPH measurements of the values needed for comparisons with experiments are shown
in sections 3.12 and 3.13.

3.2

SPH interpolation

In SPH, the fluid is divided into a set of particles where the fluid properties and their
derivatives are interpolated. The interpolation is made through two successive approximations called the “kernel approximation” and the “particle approximation” (Campbell,
1989).

3.2.1

SPH kernel approximation

In SPH the value of any function f at the point rP is approximated by hf (rP )i:
Z
f (r) WP (r, h) dr
hf (rP )i =

(3.1)

Ω

where Ω is the fluid domain and WP (r, h) is the basis function of the approximation, called
the “kernel function”. It depends on the positions rP and r, as well as a distance h called
the “smoothing length”. This approximation hi is called the “kernel approximation”.
The kernel function in 3.1 is usually a Gaussian-type function of r−rP and the smoothing
length. However, the notation WP (r, h) will be used in the first part of this chapter,
showing that the kernel function is centered at the point rP and calculated at the point
r with the smoothing length h.
The kernel function has the following properties.
Z
WP (r, h) dr = 1

(3.2)

Ω

limh→0 WP (r, h) = δ(r − rP )

(3.3)

where δ is the Dirac function.
Equation 3.2 ensures that a constant function of the space is exactly reproduced by equation 3.1. Equation 3.3 ensures a correct reproduction of the function when the smoothing
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length tends to zero.

3.2.2

SPH Particle approximation

The numerical value of hf (rP )i is obtained by discretizing the integral in equation 3.1
over the fluid particles, giving
X
hf (rP )i∗ =
f (rb ) WP (rb , h) Vb
(3.4)
b∈FP

where FP denotes the set of the fluid particles. This approximation ∗ is called the
“particle approximation”. The volume Vb of particle b can be replaced by the ratio of its
mass and its density mb /ρb .
These two consecutive approximations are the basis of SPH and are illustrated in figure
3.1.

Figure 3.1: Interpolation through particles.

3.2.3

Choice of the kernel function

The pioneer works in SPH used a Gaussian for the kernel function (Gingold & Monaghan,
1977). Later, other types of kernel were used for the better properties they offer. Monaghan & Lattanzio (1985) used a kernel function based on cubic spline functions, with a
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compact support of length 2h. It is in two dimensions:


3 r 2
+
1
−

2 h




10 1

1
r 3
WP (r, h) =
2
−
2
4
h
7π h 




0

3
4


r 3
h

if 0 ≤

r
h



<1

if 1 ≤

r
h



<2

(3.5)

else

where r is the distance ||r − rP ||. Morris (1996) investigated the stability properties of
different kernel functions. The one offering the best stability properties was shown to be
a normalized Gaussian function defined as
2

2

e−(r/h) − e−(τ /h)
Rτ
WP (r, h) =
2π 0 r (e−(r/h)2 − e−(τ /h)2 )

(3.6)

where r = ||r − rP || and τ a cut-off distance defining the length of the compact support.
The so called “cubic kernel” and “normalized Gaussian kernel” have been used in this
thesis. For the later one, a cut-off distance τ = 3h has been used. It implies a bigger
compact support than using the cubic spline kernel of equation 3.5, where the cut-off
distance is 2h and therefore a bigger computational effort when evaluating the sum in
equation 3.4. However, it showed better stability properties and the possibility to use
higher time steps (see section 3.12). Both kernel functions are plotted in figure 3.1.

With these two kernels, the errors evaluating a function of the with SPH using equation 3.1
can be obtained by expanding the integrand as a power series in h. It follows (Colagrossi,
2004)
hf (rP )i = f (rP ) + O(h2 ).
(3.7)
Therefore, the SPH kernel approximation converges as h2 . In order to have the same number of particles within the compact support of the kernel function, a common approach
in SPH is to set h as a multiple of the initial distance between particles ∆x. Typically,
h/∆ is chosen between 1.2 and 1.3.
The error committed at the discrete level i.e. the error due to the SPH particle approximation is more complicated to determinate. It depends on the particles’ positions.
However, if the particles are usually initially placed on a regular grid, their disorder is
growing as they start moving. Attempts to evaluate this error are found in Colagrossi
(2004) and Doring (2005). They showed that corrected kernel functions are needed to
obtain convergence in h at the discrete level, when the particles are disordered.
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Figure 3.2: Cubic kernel (solid line) and normalized Gaussian kernel (dashed line) functions.

3.2.4

Neighbor Search

The sum in the particle approximation, equation 3.4, involves all the fluid particles in the
fluid domain. The use of a kernel function with a compact support allows to reduce this
sum over the “neighbor particles” to a particle a i.e. the particles within a distance lower
to the cut-off distance of the kernel function. In the following, NP will denote the set of
the neighbor particles to the point rP .
This allows the code to be much more efficient. The fluid domain is divided into linked
cells. For each cell, the label of the last particle in the cell is stored, and for each particle,
the label of the previous particle in the same cell is stored too. This way, the sum in
equation 3.4 can be actually done through the particles in the neighbor cells to the one
containing the particles a. The whole process is described in Gray (2001). The consequent cost of the numerical scheme goes with the number of particles while it goes with
the square of the number of particles without any specific treatment of the neighbor search.
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Gradients

Applying the kernel approximation (equation 3.4) to the gradient of any function of the
space f calculated at the point rP gives
Z
h∇f (rP )i =
∇f (r) WP (r, h) dr
Ω

Integrating by part, it comes
Z

Z

h∇f (rP )i = −

f (r) ∇WP (r, h) dr +
Ω

f (r) WP (r, h) dS

(3.8)

∂Ω

where ∂Ω is the boundary of the domain Ω and dS is its normal vector, orientated to the
exterior of the domain. A common approximation done in SPH is to neglect the integral
over ∂Ω, arguing that the kernel function tends to zero at the boundary of the domain.
This approximation would be valid with the kernel functions considered in section 3.2.3
if the boundary of domain was supposed to be at a distance equal to the cut-off distance
of these kernel functions. In practise, this is not true, especially when dealing with
solid boundaries, as discussed in section 3.10. Recently, Marongiu et al. (2007) made
the use of the integral over the contour of the domain to simulate solid boundary, using
characteristics method to calculate the value of the function f at the boundary.
We suppose here that the contour integral can be neglected in 3.8. In this case, the SPH
kernel approximation of the gradient of any function is
Z
f (r) ∇WP (r, h) dr.
(3.9)
h∇f (rP )i = −
Ω

In the integral of equation 3.9, the gradient is taken with respect to the variable r and
could be noted ∂/∂r. The particle approximation 3.4 applied to equation 3.9 gives
h∇f (rP )i∗ = −

X

f (rb )

b∈FP

∂WP (rb , h)
Vb .
rb

(3.10)

Now let’s take directly the gradient of equation 3.4. It comes
∇ (hf (rP )i∗ ) =

X
b∈FP

f (rb )

∂WP (rb , h)
Vb .
∂rP

(3.11)

Therefore, if the spatial derivatives of the kernel functions verify the following relation
∂WP (r, h)
∂WP (r, h)
=−
,
∂rP
∂r

(3.12)
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equations 3.10 and 3.11 are equivalent. In other words, the spatial derivatives in SPH can
be taken independently in the continuous form or the discrete one if the kernel function
satisfies equation 3.12. This is the case of the cubic and the normalized Gaussian kernel
functions studied in section 3.2.3. This property is one of the reason for the good conservation properties of the method, as will be discussed in section 3.6.
Both the cubic and normalized Gaussian kernels are functions of ||r − rP ||. Therefore,
their gradient can be written as
∇WP (r, h) = −F (||r − rP ||) (r − rP )

(3.13)

where F is a scalar function
F (||r − rP ||) =

1
∂WP (r, h)
.
||r − rP || ∂||r − rP ||

This guaranties that equation 3.12 is satisfied. The derivative of these kernel functions
are plotted in figure 3.3.

Figure 3.3: Spatial derivative of the cubic kernel (solid line) and normalized Gaussian
kernel (dashed line) functions.
A constant smoothing length has been assumed to deduce equations 3.10 and 3.11. Increasing the resolution of particles in a special part of the fluid domain can be useful,
for example when studying the impact of a wedge in water (Oger et al., 2006). In this
case, the smoothing length is space dependent and new terms appear when calculating
the gradients of any functions. The SPH formalism with a variable h is detailed in Bonet
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& Rodriguez-Paz (2005). This formulation has not been used in this thesis because it
is not convenient for the type of flows that are resolved in this work. Since h will be
considered constant, WP (r, h) will be noted WP (r) in the following.

3.4
3.4.1

Corrected kernel functions
General

The poor interpolation properties of the SPH approximation (equation 3.4) are extensively
reported in the literature (see for instance Colagrossi (2004) and Oger (2006)). Using the
kernel functions presented in section 3.2.3, the particle interpolation 3.4 does not reproduce correctly a linear function of the space, neither a constant function. Belytschko
et al. (1998) firstly studied the ability of the method to interpolate these functions. They
presented the so called “reproducing conditions”, studying the “completeness” of SPH.

3.4.2

0-order completeness

The ability of SPH to reproduce any constant function of the space can be achieved by the
use of the so-called Shepard functions (Shepard, 1996). They consist in using a modified
kernel function W Sh .
WP (r)
b∈NP WP (rb ) Vb

WPSh (r) = P

(3.14)

The use of W Sh in equation 3.4 ensures the correct reproduction of any constant function.

3.4.3

First order completeness

In two dimensions (r = (x, y)T ), the SPH particle approximation 3.4 reproduces exactly
any constant or linear function of the space if the following condition is fulfilled (Belytschko et al., 1998).
   
1
1
X
WP (rb ) Vb xb  = xP 
b
yb
yP
equivalent to:


X
b

  
1
1



WP (rb ) Vb xb − xP = 0
yb − yP
0

(3.15)
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A way to satisfy the condition 3.15, proposed by Dilts (1999), is to multiply the kernel
function by a first order polynomial, based on the Moving Least Square (MLS) approximation. The resulting kernel function is

WPM LS (rb ) = WP (rb ) β0P + β1P (xb − xP ) + β2P (yb − yP )
(3.16)
where the βiP are calculated for the point rP such that the condition 3.15 is verified for
the modified kernel functions WPM LS .

  
1
1
X

WP (rb ) β0P + β1P (xb − xP ) + β2P (yb − yP ) Vb xb − xP  = 0
(3.17)
b
yb − yP
0
Equation (3.17) can be written in the following form
 P  
1
β0
AP · β1P  = 0
β2P
0
where AP is the symmetric matrix

P b P
P
b
b
(y
−
y
)
G
b
P
P
b
b GP P b (xb − xP ) GP
P
b 
2 b
AP =  ...
b − xP ) (yb − yP ) GP
b (x
b (xb − xP ) GP
P
2 b
...
...
b (yb − yP ) GP

(3.18)

(3.19)

where GbP = WP (rb ) Vb .
The βiP are finally calculated through
 P
 
β0
1
β1P  = A−1

0 .
P
P
β2
0

(3.20)

The βiP are space dependent. In practise, when the point rP gets closer to the boundary,
the absolute value of the βiP increases in order to take into account the lack of interpolation
points, whereas the standard kernel functions tend to zero. Therefore, when evaluating
the SPH kernel approximation of the gradient of any function (equation 3.8), the integral
over the contour of the domain cannot be neglected. If it is neglected, the gradient of
any linear function is not necessarily well reproduced. Therefore, other corrections should
be applied directly on the gradient of the kernel function in order to ensure the correct
reproduction of the gradient of any linear function. The corrections of the gradient of the
kernel function are discussed in Belytschko et al. (1998).
The dependence of the βiP on the interpolation point rP is an issue even if an infinite
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domain (no contour integral) is considered, since the equality 3.12 is no more verified for
the modified kernel.

∂WPM LS (rb , h)
∂WPM LS (rb , h)
6= −
.
∂rP
∂rb

(3.21)

This means that the use of corrected kernel functions does not allow to calculate the
gradients independently in the continuous or in the discrete domains. This affects the
conservation properties of the method, as shown in section 3.6.
In the SPH formulation of the equations of the fluid motion developed in this thesis,
modified kernel functions will be used (1) when re-initializing the density field in section
3.11 and (2) when calculating the pressure on walls in section 3.13.2. No use of corrected
gradients of the kernel functions will be make. Therefore, the anti-symmetric property of
the gradients (equation 3.12) will be supposed to be verified in the following.

3.5

SPH formulation of the Euler equations

The Euler equations for a compressible inviscid fluid are
dρ
= −ρ ∇v
dt
dv
∇P
= −
+ fext
dt
ρ

(3.22)
(3.23)

where ρ, P and v are the density, pressure and velocity fields, respectively. fext represents
the external body forces. Equation 3.22 is called the continuity equation and is deduced
from the mass conservation principle. Equation 3.23 is called the momentum equation
and is similarly obtained from the momentum conservation principle.
In SPH, the fluid is divided into a set of particles where a discrete form of the Euler
equations is written. When integrating the Euler equations in time, the unknowns are
the divergence of the velocity and the gradient of the pressure field. Therefore, a SPH
form of the Euler equation can be obtained by applying equation 3.10 to these two terms.
The SPH formulation of the Euler equations, plus an advection equation for the particles,
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has the form
X
dρa
=
mb Cab ∇Wa (rb )
dt
b∈Na
X
d va
=
mb Mab ∇Wa (rb ) + fext
dt
b∈N

(3.24)
(3.25)

a

dra
= va
dt

(3.26)

The Euler equations 3.22 and 3.23 can be rewritten using equalities on the operator ∇
(Monaghan, 1992). For example, ρ ∇v = ∇(ρv) − v ∇ρ. The consecutive application of
the SPH approximation of gradient and divergence 3.10 leads to a different SPH form of
the Euler equations.
Therefore, the SPH formulation of the Euler equations is not unique. Different formulations are discussed in Colagrossi (2004). As will be shown in the next section, better
conservation properties are obtained if the term Mab ∇Wa (rb ), representing the interactions between particles a and b is symmetric with respect to a and b. In this work, the
SPH symmetrical formulation of Monaghan (1992) has been used:
Cab = va − vb
Pa Pb
+ 2
Mab =
ρ2a
ρb

(3.27)
(3.28)

The density of the particle could have been calculated directly interpolating the density
by means of the SPH particle approximation 3.4. However, the lack of accuracy of the
interpolation, as discussed in section 3.4, would lead to an incorrect density field near
the boundaries of the domain that would corrupt the solution inside the fluid domain.
For this reason, to solve the continuity equation 3.22 is commonly preferred when using
SPH to simulate incompressible fluid. This is one of the improvements with respect to
Souto-Iglesias et al. (2004).
In order to reduce the disorder of the particles, an average velocity v˜a can be used in
equation 3.26. The modified velocity is defined by Monaghan (1989)
X vb − v a
Wa (rb ) mb
(3.29)
v˜a = va + 
ρ
ab
b∈N
a

where ρab is the average density of particles a and b and  = 0.5.
This so-called “XSPH correction” (Monaghan, 1989) does not modify the conservation
properties of the method, presented in the next section. It has been found to increase
the stability properties of the method when the flow gets high velocity, for example in a
breaking wave.
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Conservation

An important feature of a numerical scheme is the way it conserves important quantities
of the fluid such as mass, volume, linear and angular momentum.
Since the particles have a constant mass, the total fluid mass is intrinsically conserved.
The volume conservation will be discussed in section 3.8.
The linear and angular momentum L and A are defined as
X
L =
ma va

(3.30)

a

A =

X

ma ra × va

(3.31)

a

Using the momentum equation 3.25, the variations of the linear momentum are
dL X X
=
ma mb Mab ∇Wa (rb )
dt
a
b
Since Mab = Mba and the gradient of the kernel functions is asymmetric, the conservation
of the linear momentum is ensured.
For the angular momentum :


dva
dA X
ma va × va + ra ×
=
dt
dt
a
Using the momentum equation and the notation of equation 3.13:
XX
dA
=−
ma mb Mab Fab (ra × rab )
dt
a
b
Since ra ×rab +rb ×rba = 0,

3.7

dA
dt

= 0 and the conservation of angular momentum is ensured.

Tensile instability

Swegle et al. (1995) were the first to study the stability of SPH when integrating in
time the Euler equations. They found the so-called ”tensile instability” producing small
clumps of particles, and related it to a combination of a negative pressure and the sign of
the second derivative of the SPH kernel function. The use of corrected kernel functions
(section 3.4) can reduce the effects of the tensile instability (Dilts, 1999). An method to
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reduce this instability has been proposed by Monaghan (2000). It consists in adding to
the force term Mab between particles a and b in equation 3.28 an additive pressure Rab
when the pressure of a particle is negative.


Pa P b
Rab = ζ
(3.32)
+ 2
ρ2a
ρb
where ζ = 0.01. More details can be found in Monaghan (2000). These corrections have
been found to avoid the onset of the tensile instability in certain cases, for instance when
breaking waves are simulated.

3.8

Imposing incompressibility

No incompressibility condition has been established so far. To impose incompressibility
directly by forcing zero variations in the density can be done solving a Poisson equation
for the pressure. Cummins & Rudman (1999) presented the so called “SPH projection
method” and compared with the analytical solution of the cavity driven flow. However,
when dealing with free-surface flows, to impose boundary condition for the resolution of
the poisson equation is more complex. Moreover, a linear system has to be solved numerically at each time step to calculate the pressures of the particles. The numerical cost of
this resolution goes with the square of the number of particles.
A cheaper method is to consider a nearly incompressible flow by the so-called “weakly
compressible SPH”. With this approach, the system 3.24-3.26 is closed with a stiff equation of state (EOS) for the pressure (Batchelor, 1967).
 γ

ρ
ρ0 c2s
−1
(3.33)
P =
γ
ρ0
where ρ0 is the nominal density of the fluid (1000 kg m−3 ), γ is a constant that has been
set to 7, and cs is the numerical sound speed used in the calculation. What is typically
done in SPH is to set the sound speed to 10 times the expected maximum velocity of
the fluid (Vmax ) (Monaghan, 1994). Since the density varies with the square of the Mach
number, it is expected to range around 1% of the fluid nominal density. This way, the
numerical sound speed is low enough to have reasonable time steps.
Initially, the particles are placed on a square lattice and the hydrostatic pressure is attributed to them, with the corresponding density resulting from the inversion of the
equation of state 3.33. The constant mass of the particles is set such that the total liquid
mass M is respected. Then, the volume of a particle a is Va = ma /ρa . The total volume
of the fluid V is
M X 1
V =
N a∈FP ρa
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where N is the number of particles. The variations of volume then are of the same order
of the variations of density, controlled by the Mach number, as aforementioned.

3.9
3.9.1

Viscosity - Navier Stokes equations
The SPH viscous terms

The equations of the compressible flow of a viscous Newtonian fluid are the Navier Stokes
equations. The only difference with the Euler equation is the introduction of viscosity in
the momentum equation 3.23.
ρ

µ
dv
= −∇P + µ∇2 v + ∇(∇ · v) + fext
dt
3

(3.34)

where µ is the fluid dynamic viscosity. The viscous term in equation (3.34) has a part
depending on the Laplacian of the velocity and a “compressible” part that varies with the
gradient of the divergence of the velocity field. This latter term has an unimportant effect
increasing the number of particles because with the weakly compressible approach, the
density variations are low and the residual of the divergence of the velocity field decreases.
The Euler equations lead to the generation of discontinuities. Without dissipation, the
SPH scheme of 3.24-3.26 plus the EOS closure becomes unstable for any time integration
scheme due to the appearance of such discontinuities. Originally, Monaghan & Lattanzio
(1985) introduced an artificial viscosity term in order to ensure stability. Their viscous
term was inspired on Von Neumann viscosity used in finite difference schemes.
Later, different viscosity models have been described in the literature (Balsara, 1995;
Colagrossi & Landrini, 2003). Initially, the viscous term of Monaghan (1997) has been
used in the code developed in this work. This term allows to simulate low Mach number
laminar shear flows with good agreement with analytical solutions, as shown in Monaghan
(2005a). It consists in adding a viscous interaction Πab in equation 3.25 i.e. changing the
interaction term 3.28 into
P a Pb
(3.35)
Mab = 2 + 2 + Πab
ρa
ρb
where the term Πab is
Πab = −α

cs h vab rab
2
ρab rab
+ η2

(3.36)

ρab is the average density of particles a and b, rab and vab represent the position and
velocity difference between particles a and b respectively and cs is the numerical sound
speed, as discussed in section 3.8. α is a viscosity parameter, typically set to 0.02. η is
a parameter included to avoid singularity when the particles get very close. Typically,
η = 0.01h2 .
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A similar viscous term was introduced by Cleary (1998b).
Πab = −

2 ξ µ vab · rab
ρa ρb rab 2 +  h2

(3.37)

where  ≈ 0.01 is introduced to prevent singularities. In 3.37, the fluid dynamic viscosity
appears directly and can be related to the Navier-Stokes viscosity in equation 3.34, using
the approximation of second derivatives introduced by Espanol & Revenga (2003). This
is done in the following sections, where the value of the parameter ξ will be deduced.

3.9.2

SPH formulation of second derivatives in 2D

Espanol & Revenga (2003) deduced the following expression for second derivatives in 2D.
If T is a function of the space, its second derivatives at the particle location a are


∂ 2T
∂xi ∂xj


=−
a

X


Vb

b

∆xi ∆xj
4
− δ ij
∆r2


Tab Fab

(3.38)

where Fab is defined as ∇Wab = rab Fab , δ is the Kronecker symbol and i and j denote the
components.
Now let’s apply equation 3.38 to estimate the second derivatives of the velocity field in
2D, with the notation v = (u, v).



∂ 2u
∂x2



∂ 2u
∂y 2



=
a

=
a


∂ 2u
∂x∂y a
 2 
∂ v
∂x2 a
 2 
∂ v
∂y 2 a
 2 
∂ v
∂x∂y a


=
=
=
=


∆x2
Vb 4
− 1 uab Fab
−
∆r2
b

X  ∆y 2
−
Vb 4
− 1 uab Fab
2
∆r
b
X  ∆x∆y 
−
Vb 4
uab Fab
2
∆r
b

X  ∆x2
−
Vb 4
− 1 vab Fab
∆r2
b

X  ∆y 2
−
Vb 4
− 1 vab Fab
∆r2
b
X  ∆x∆y 
−
Vb 4
vab Fab
∆r2
b
X



(3.39)
(3.40)
(3.41)
(3.42)
(3.43)
(3.44)
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The laplacian of u and the components of the gradient of the divergence of v are:
∂ 2u ∂ 2u
+
∂x2 ∂y 2


∂ ∂u ∂v
+
=
=
∂x ∂x ∂y


∂ ∂u ∂v
=
+
=
∂y ∂x ∂y

∇2 u =
(∇(∇ · v))x
(∇(∇ · v))y

(3.45)
∂ 2u
∂ 2v
+
∂x2 ∂x∂y
∂ 2v
∂ 2v
+ 2
∂x∂y ∂y

Combining expressions 3.39 to 3.41,
X

∇2 u a = −
2uab Fab Vb

(3.46)
(3.47)

(3.48)

b

(∇(∇ ·

u))xa



∆x∆y
∆x2
vab
Fab Vb 4 2 − 1 uab + 4
= −
∆r
∆r2
b


X
X
∆x∆y
∆x2
vab
= −
uab Fab Vb −
Fab Vb 4 2 uab + 4
2
∆r
∆r
b
b
X
(∇2 u)a
vab · rab
= −
Fab Vb ∆x
−4
2
∆r2
b
X



The gradient of the velocity field can be therefore written as
(∇(∇ · u))xa = −

3.9.3

X
(∇2 u)a
vab · rab
−4
Fab Vb ∆x
2
2
rab
b

(3.49)

Incompressible flow

Hu & Adams (2006) noted that when the fluid is assumed to be incompressible, the
divergence of the velocity field is equal to zero and from equation 3.49 it can be obtained
an approximation to the laplacian:
X

vab · rab
(3.50)
∇2 u a = −8
∆xFab Vb
2
rab
b
(∇2 v)a can analogously calculated. Multiplying by µ/ρa and using the identity ∇Wab =
rab Fab , the following consistent expression for the laplacian is obtained:
X 8µ vab · rab
(∇2 v)a
µ
=−
∇Wa (rb )mb
2
ρa
ρa ρb rab
b

(3.51)

This is the Cleary (1998b) viscous term 3.37 with  = 0 and ξ = 4. This means that
the approximation 3.37 is a consistent estimation of the viscous term for incompressible
flows.
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Compressible flow

Now let’s rewrite equation 3.34
dv
= −∇P + V + fext
dt

(3.52)

V = µ ∇2 v + µ0 ∇ (∇ · v)

(3.53)

ρ
with a viscous term V such that

where µ and µ0 are the first and second viscosity coefficients. They are related to the
so-called shear and bulk viscosity coefficients and they have been used for the clarity of
the deduction. The second term takes into account the effect of the compressibility on
the viscosity.
The SPH form of the first component of V, calculated at particle location a, is



2
X
0
0 ∆x
0 ∆x∆y
(Vx )a =
−Fab Vb 2µ − µ + 4µ
vab
uab + 4µ
2
2
∆r
∆r
b

(3.54)

If it is assumed that µ0 = 2µ,
(Vx )a =

X
b

−Fab Vb

2µ
[∆x uab + ∆y vab ] ∆x
∆r2

Doing the same with Vy and since ∇Wab = rab Fab , we obtain


X
uab · rab
∇Wab Vb
Va = −
8µ
rab 2
b

(3.55)

(3.56)

Dividing equation 3.56 by ρa and using Vb = mb /ρb , we obtain the Cleary’s viscous term
3.37.
Therefore, when using Cleary (1998b) viscous term, we are introducing a compressible
viscosity µ0 whose value is twice the dynamic viscosity, and we are hence integrating the
following variation of the momentum equation:
ρ

dv
= −∇P + µ ∇2 v + 2µ ∇ (∇ · v) + fext
dt

(3.57)

instead of the incompressible one:
ρ

dv
= −∇P + µ ∇2 v + fext
dt

(3.58)

which is what we would like to do for the sloshing flows we are resolving. This means that
the term ∇ (∇ · v) has to be under control in order to limit unwanted viscous effects.
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Reynolds number

The Reynolds number of the flow is
Re =

ρU L
µ

(3.59)

where L and U are the characteristic length and velocity of the flow, respectively.
Theoretically, using the SPH viscous term 3.37, the numerical Reynolds number should
be the same than the effective one since the length and the time scaled are not modified.
In practise, when the Reynolds number is high, the relative importance of the viscous
term decreases and numerical instabilities appear in the flow. These instabilities can be
removed by increasing the resolution i.e. decreasing the smoothing length. However, the
computational cost becomes too high and it is sometimes impossible to reach the effective Reynolds number. In those cases, by increasing the dynamic viscosity µ, a lower
Reynolds number for which no numerical instability appear is reached. The agreement
with the reality is proved a posteriori, comparing with experimental data, as done in the
next chapter.
Inversely, when the Reynolds number is low, the thickness of the boundary layer increases and it has been found to play an important role in small depth sloshing problems
(Colagrossi et al., 2008). As a consequence, a proper way to simulate no-slip boundary
conditions is needed, as well a a sufficient number of particles to catch the phenomena
happening inside the boundary layer.
The problems aimed at being solved with SPH in this thesis have high Reynolds numbers.
For this reason, we focus in the following section on the simulation of free-slip boundary
condition with SPH.

3.10

Boundary conditions

No boundary condition has been imposed so far in the SPH forms of the fluid equation.
Actually, the boundary becomes an issue in SPH when dealing with solid boundaries.
While the free-surface does not require any specific treatment with SPH (the particles
move freely at the free-surface), the solid-boundary treatment is a crucial point and exact
free-slip/no slip boundary conditions are difficult to obtain. This is because there are no
specific fluid particles that stay close to the boundaries. The physical values of the magnitudes to be forced on them should come from interpolation with the neighbor particles
but this approach is unpractical.
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Boundary conditions based on a repulsive force

A very simple and computationally efficient way to deal with solid boundaries is to consider that a particle getting closer to a wall suffers an elastic bounce and thus looses a
part of its kinetic energy. This was the technique used in the previous SPH code of the
ETSIN (Souto-Iglesias et al., 2004). Nevertheless, this technique lacks accuracy because
it introduces a lot of distortion in the flow in areas close to solid boundaries.
Another possibility is to place particles on the boundaries that exert a repulsive force
on the fluid particles (Monaghan & Kos, 1999). Due to the analogy of SPH with molecular dynamics, in the first formulations of these boundary particles, a Lennard-Jones
(Lennard-Jones, 1931) type force was used.
Since the interactions between particles are functions of the gradient of the kernel function
in 3.24 and 3.25, Cleary (1998a) introduced a boundary force based on the gradient of
the kernel. The force exerted by a boundary particle b on a fluid particle a has the form
Fba =

BF (r⊥ /h)
P (r// ) n
r⊥

(3.60)

where r⊥ and r// are the perpendicular and the parallel distance between the fluid particle
and the boundary particle. n is the normal vector of the boundary oriented towards the
fluid domain.
BF (r⊥ , h) is the repulsive term depending on the distance to the boundary and based on
the gradient of the kernel function. Since the gradient of the kernel goes to zero when
the distance between two particles goes to zero, the formulation has to be corrected and
the force is made constant from its maximum value, as plotted in figure 3.4. This is done
to avoid penetration of the boundary. Using the cubic kernel function 3.5, the repulsive
term is





2/3
2u − 3u2 /2
BF (u) = f
(2 − u)2 /2



0

if
if
if
if

u < 2/3
2/3 ≤ u < 1
1≤u<2
u≥2

(3.61)

where u = r⊥ /h, and f is proportional to the square of the sound speed. The proportionality constant is 0.01, i.e., f = 0.01 c2s .

The boundary force has a magnitude BF depending on the perpendicular distance to the
boundary but has the direction of the vector joining the fluid particle and the boundary
particle. This means that when a fluid particle is moving parallel to the boundary it
does not receive a constant force from the boundary. This non-constant force introduces
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Figure 3.4: Gradient of the cubic kernel function and function Fb (r/h) in the boundary
force.
disorder in the flow. To have a constant force along the boundary, the normal force is multiplied by an interpolation function P , depending on the tangential distance r// between
the fluid particle and the boundary particle.
P (r// ) =


1
1 + cos(π r// /∆p)
2

(3.62)

with ∆p the separation between two consecutive boundary particles.
If BP a denotes the set of boundary particles seen by the particle a, the momentum
equation 3.25 becomes
X
X
d va
Fba + fext
(3.63)
mb Mab ∇Wa (rb ) +
=
dt
b∈BP
b∈N
a

a

The boundary conditions based on repulsive forces are cheap from a computational point
of view but they present some problems when a special interest exists on the flow near
the solid boundary, as it is the case when pressure measurement are made on solid walls.
On the first hand, the strength of the repulsive force depends on the sound speed used,
the later depending on the characteristic velocity of the problem, as shown in section 3.8.
Therefore, when initially placing the particle on a square regular lattice, the configuration
is not balanced. It means that the fluid particles are initially repelled by the boundary
ones and they reach an equilibrium state once they get disordered, as illustrated in figure
3.5.
On the other hand, once the fluid particles get stabilized, a gap exists between fluid and
ghost particles, as it can be observed in figure 3.5. This gap is function of the equilibrium between pressure force, viscous forces, external forces and boundary forces. When
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Figure 3.5: Initial stage of the simulation after stabilization.
considering a liquid tank at rest, the pressure is the hydrostatic one the viscous force is
null since the particles are not moving, the only external force is due the gravity and
is constant for all the fluid particles, and the boundary force is function of the distance
from a fluid particle to the boundary. Consequently, the upper particles, due to the lower
pressure they have, find an equilibrium state farther from the boundary than the lowest
particles. This becomes a problem when interpolating the pressure on the boundary at
difference positions.

3.10.2

Ghost particle technique

The above problems are partially resolved using the ghost particles technique (Colagrossi
& Landrini, 2003). It consists in reflecting the fluid particles inside the boundary to
create the so-called “ghost particles”, which are introduced in equations 3.22 and 3.25.
No viscosity is considered between the liquid and the ghost particles.
If particle a0 is the reflection of particle a, it is assigned the following properties.
vat 0 = vat
van0 = 2 vBn − van
Pa0 = Pa + ρ0 (raa0 · g)

(3.64)
(3.65)
(3.66)

where raa0 is the vector from particle a to particle a0 , and the superscripts t and n denote
respectively the tangential and normal component of the velocities with respect to the
boundary. vB is the velocity of the boundary at the point of intersection of raa0 and
the boundary. A pressure corresponding to the hydrostatic pressure difference between
particles a and a0 has been introduced to take into account the effects of the gravity field.
The density of particle a0 is calculated by inverting the equation of state (3.33). Even with
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this correction, when a fluid particle gets too close to the solid wall, tensile instability
effects (Swegle et al., 1995) appear. This numerical instability tends to clump the fluid
particle with its corresponding ghost particle and fluid particles can escape outside the
wall. Several different techniques for solving this problem are presented in Oger (2006).
The technique used in this article is to force the trajectory of those fluid particles whose
distance to the wall is smaller than 0.25 times the initial distance between particles to
have a null normal velocity (Colagrossi, 2007). Both the boundary particles technique
and the ghost particles techniques are illustrated in figure 3.6.

Figure 3.6: Left: Boundary particles technique. Right: Ghost particles technique
The ghost particles technique is often preferred for the smoother character of the corresponding flow near the boundary. Initially, the fluid particles are balanced and there is
no need for a “stabilization time” as discussed in the previous section for the boundary
particles technique. However, when dealing with geometries of complex shapes, the ghost
particles technique becomes difficult to implement and the boundary particles can be
more convenient in these cases.

3.11

Density field

The above SPH formulation provides good results in terms of the general dynamics of
the flow and the global forces exerted by the fluid on the tank. However, for local measurements such as the pressure field, especially in the zones where the particle disorder
is high, there are large oscillations inside the fluid domain. One of the causes is that
the initial compatibility between mass, volume, and density of the fluid particles is lost
when they are moving. To restore it, the re-initialization of the density field introduced
by Colagrossi & Landrini (2003) can be performed periodically in the fluid domain. The
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corrected density of a particle a is calculated through
X
ρC
=
WaM LS (rb ) mb
a

(3.67)

b

where WaM LS (rb ) is the MLS kernel function introduced in section 3.4, equation 3.16. It
assures the exact reproduction of any linear function of the spatial variables. However,
if particle a has no or only a few neighboring particles, the procedure fails. Hence, the
variable-rank MLS of Dilts (1999) can be used. It consists in using the MLS kernel
function, the Shepard kernel function (equation 3.14) or the uncorrected one, depending
on the value of the determinant of the matrix 3.19.
Figure 3.7 shows the impact of a wave on a wall. The frame on the left shows the

Figure 3.7: Impacting wave on a wall. Left: Standard SPH formulation. Right: After
applying equation (3.67) to the fluid particles density.
pressure distribution with the standard SPH formulation. The frame on the right shows
the pressure distribution resulting when equation (3.67) is applied to the density field and
the pressure is calculated again through equation (3.33). The smoother character of the
pressure field is observed in all the fluid domain. In the zone of the rebound of the jet,
the noise in the pressure field is reduced. To measure this noise reduction, the pressure
has been measured over the vertical line x/d = 0.53 shown in figure 3.7. The basic SPH
interpolation
X
PP =
Pb WP (rb ) mb / ρb
(3.68)
b∈NP

has been used to calculate the pressure of the point P . The measurement points along
the vertical line are separated by a distance of dz = h/30. The calculated dimensionless
pressure versus the dimensionless height is plotted in figure 3.8.
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Figure 3.8: Pressure measurement with SPH along the line of figure 3.7.
A smoother spatial distribution for the pressure is observed when equation 3.67 is applied.
The density re-initialization acts like a filter for the numerical noise caused by the particle
disorder. The Discrete Fourier Transforms of the pressure curves of figure 3.8 has been
calculated and the power spectra are plotted in figure 3.9.

Figure 3.9: Spectral density of the pressure registers of figure 3.8 as a function of the
wavelength (logarithmic scales).
The filtering effect of the density re-initialization is different depending on the wavelengths
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of the pressure waves, as shown in figure 3.9. Three zones can be identified. First, it can
be noted that for large scales (λ/h > 10), there is no loss of spectral density. Such loss
occurs for scales 1 < λ/h < 10. For wavelengths smaller than h, it is difficult to decide
what is the effect of the density re-initialization, since the pressure has been measured
through a convolution product (3.68), and at these scales, the kernel itself filters most of
the spectral density.
Similar results have been obtained when measuring the pressure over other vertical lines
of the fluid domain. Therefore, the density re-initialization acts in the present case as a
filter for the wavelengths lower than 10h. Hence, if the resolution is not sufficiently high,
the density re-initialization filters the unwanted oscillations of very short wavelengths but
also part of the density variations at intermediate scales due to gravity or flow velocity.
In figure 3.10, the frame on the left is the same as in figure 3.7 and the frame on the right
has been obtained by applying equation (3.67) at every time step. Some differences appear
in the flow, especially in the way the jet rebounds on the free surface. Let’s imagine a
pressure sensor at where the black rectangle is on the wall. The pressure at the sensor
can therefore be quite sensitive to these considerations.

Figure 3.10: Left: Standard SPH formulation. Right: Equation (3.67) has been applied
at every time step.

Density re-initialization is a useful approach for smoothing the pressure field in SPH, but
it has to be used carefully. When it is used at each time step and long time simulations
are performed, numerical instabilities have been observed that did not appear when using
the standard SPH formulation.
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Time integration

The time integration of equations 3.24 to 3.26 can be done by means of different numerical
schemes. At the second SPHERIC workshop (Madrid, Spain, 2007), Prof. Monaghan
presented the advantages to use a reversible integrator (reversible when no viscosity is
considered). The conservation properties are increased by the use of such an integrator.
During this thesis, two numerical integrations have been used. On the one hand, a
reversible predictor-corrector scheme whose steps are the following:
1. Prediction step:
∗

r

v∗
ρ∗

(∆t)2
= r + ∆t v +
2
 n
dv
= vn + ∆t
dt
 n
dρ
= ρn + ∆t
dt
n

n



dv
dt

n

2. The accelerations (dv/dt)∗ and density variations (dρ/dt)∗ are then evaluated with
the SPH formulation of the conservation laws (eqs. 3.24 and 3.25) using the predicted values r∗ , v∗ and ρ∗ .
3. Correction step:
rn+1 = r∗
v

n+1

ρn+1

 ∗  n 
∆t
dv
dv
= v +
−
2
dt
dt
 ∗  n 
dρ
dρ
∆t
= ρ∗ +
−
2
dt
dt
∗

4. The derivatives are finally updated with the final values of position, velocity and
density.
On the other hand, a fourth order Runge-Kutta scheme has been used.
For both of it, the time step is dynamically defined by a Courant condition


h
vab · rab
dt = Cf
with σ = Maxa,b
cs + h σ + vmax
|rab |2

(3.69)

where vmax is the maximum fluid particle velocity.
Although the RK4 integrator is more dissipative and has a higher numerical cost than
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the predictor corrector scheme, it has been found to be more stable than the predictor
corrector scheme, allowing the use of a Courant factor Cf in equation (3.69) of the order
of 2., while the one allowed by the predictor corrector scheme have been found to be of
the order of 0.15. This longer time step also reduces the frequency of the use of density
re-initialization 3.67, limiting its unwanted effects exposed in section 3.11.

3.13

Special features for sloshing problems

3.13.1

Torque calculation

The value of the moment created by the liquid with respect to the rolling axis ML is an
important value when studying sloshing problems, as shown in the previous chapter. In
SPH, it can be calculated through different methods:
1. As the sum of the moments exerted by the fluid particles:
X
dva
∧ ra
ML =
ma
dt
a∈FP
2. As the sum of the moments received by the boundary particles (if they are used):
X
ma Fb ∧ ra
ML = −
b∈BP

where Fb =

P

a∈FP b

Fba (Fba has been defined in equation 3.60).

The action reaction principle makes thats these two ways to calculate the moment
on the axis are equivalent. Nevertheless, it is much faster to calculate the moment
of boundary particles.
P
3. Defining a kinematic moment Mkin = a∈FP ma va ∧ ra and using ML = dMkin /dt.
As shown in section 2.4, the values of interest are the amplitude and phase of the
first harmonic of the moment. Therefore, the Fourier analysis is performed on Mkin
X
Mkin (t) =
Bk ei k ω t+ψk
k

The above expression is derived with respect to the time and the amplitude and
phase lag of the Fourier decomposition of ML is deduced.
X
ML (t) =
i Bk ω ei k ω t+ψk
k

This method is the one that has been preferred in this work, for the smoother
character of the velocity field with respect to the acceleration field.
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Pressure calculation

Pressure measurement is a critical issue in SPH since the pressure field presents large
numerical oscillations that need to be smoothed by the techniques mentioned in the
previous section. While free surface shape and global data such as the total forces exerted
by the fluid on the tank can be calculated with accuracy with relative low resolution
(Souto-Iglesias et al., 2004, 2006), higher resolution is need to evaluate accurately the
pressure at a specific point of the fluid domain. The experimental value of the pressure
is effectively an average over the surface of contact between the transducer and the fluid.
Different methods have been used in the recent past to calculate the pressure with SPH.
1. The most natural approach is to interpolate the pressure value with the SPH
interpolation scheme (3.68). However, few particles enter in the support of the kernel
since it is evaluated near the boundary of the fluid domain. Consequently the accuracy
of the interpolation is poor. It can be increased using a high-order kernel, as was done
for the density re-initialization in equation (3.67). In order to take into account the finite
area of the sensor, the pressure can be calculated at different points of the sensor, and
then averaged.
2. Another simple way to evaluate the pressure is to average only the pressure of both
fluid and ghost particles in the vicinity of the sensor.
3. A more sophisticated method, based on a particle sampling method, has been
proposed by Oger et al. (2006). The fluid particles in the vicinity of the sensor are
projected on the sensor. The projection point is given the pressure of the projected
particle plus a hydrostatic term determined by the particle’s height. The projected points
are then ordered along the surface of the sensor and the final pressure on it is calculated
by discretizing the pressure integral expression along the membrane.
4. A new method to calculate the pressure on the solid boundaries is proposed here.
It is based on the use of the ghost particles technique.
The momentum equation for the evolution of the velocity of a particle, in the presence of
gravity, is
X
X
d va
=
(Pab + Πab ) ∇Wab mb + g +
Pab ∇Wab mb
dt
b∈FP
b∈GP
a

(3.70)

a

where Pab denotes the pressure term Pa /ρ2a + Pb /ρ2b . The viscosity between fluid particles
and ghost particles is not considered.
Multiplying equation (3.70) by the mass of particle a and summing over all the fluid
particles, gives
X X
X
d va
=Mg+
Pab ∇Wab mb
(3.71)
ma
dt
a∈FP
a∈FP
b∈GP(a)

where M is the total fluid mass and FP denotes the set of fluid particles. The contributions from the self interaction of the fluid particles cancel because of the anti-symmetry
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of the gradient of the kernel.
The last term in equation (3.71) represents the total force exerted by the tank on the
fluid. In this term, the sum over all the fluid particles can be replaced by the sum over
the particles within a distance of 3h from the wall, since otherwise GP a is empty. It
follows that the total force exerted by the tank on the fluid near a flat sensor S is
X X
FS =
Pab ∇Wab mb ,
(3.72)
a∈S b∈GP(S)

where S and GP (S) are the two zones shown in figure 3.11. S is the rectangular zone of
the fluid domain whose dimensions are the length of the sensor dsensor and, in the direction
normal to the surface of the sensor, and the length of the support of the kernel, 3h in the
present case. GP (S) comprises all the ghost particles seen by particles in zone S.
The resulting pressure on the sensor is

Figure 3.11: Fluid and ghost particles near the pressure transducer. Lk = 3h. More
details in the text.
PS = (FS · nsensor ) /dsensor

(3.73)

The four different methods for measuring pressure described here yielded very similar
results, including for the impact pressure. Major differences in the pressure curves were
noted upon varying the viscosity (section 3.9) or applying corrections to the density field
(section 3.11). Method number 4 has been used for the SPH pressure results presented
in the next chapter.
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3.14

Conclusions

The SPH features of the code developed in this thesis have been presented in this chapter. Even if the SPH formulism is the same for all the simulations presented in the next
chapters, many different features enter into account when performing an SPH simulation.
Selecting the adequate ones is crucial to obtain results that compared well with experiments. These features are summarized in table 3.1, where the characteristics of the code
at the beginning and at the end of the thesis are compared.
The modification of the kernel function improved the stability of the code, as discussed in
SPH feature
Kernel function
XSPH correction
Tensile instability correction
Viscosity
BC
Density correction
Time integration
Courant factor
Moment measurement
Pressure measurement

Beginning of the thesis
Cubic
Yes
No
Artificial viscosity
Elastic rebound
No
Leap-Frog
≈ 0.15
1
-

End of the thesis
Normalized Gaussian
Yes
Real viscosity
GP
Yes
RK4
≈ 2.0
3
4

Table 3.1: Table summarizing the type of SPH simulations used at the beginning and at
the end of the thesis.
section 3.2.3. The stability is improved by the different time integration used. Moreover,
the RK4 scheme allows faster simulation (higher Courant factor), as discussed in section
3.12. The XSPH correction has been found to have few effects for our liquid sloshing
problems. Similar conclusion is make for the tensile instability correction (equation 3.32).
However, the latter has been introduced in the code to prevent the cases where a breaking
wave is formed in the tank, where negative pressure can be found near the tip.
The main progress were made in terms of the treatment of the viscosity and the solid
boundaries, as discussed in sections 3.9 and 3.10, respectively.
When the pressure on the walls is needed, the re-initialization of the density field, equation 3.67 is performed periodically in the fluid domain. The pressure is then measured as
presented in section 3.13.2.
Tables similar to table 3.1 will be present in the next chapter for all the simulations performed, including the number of particles and the numerical sound speed used, in order
to have a fast overview of the code used for each case study of the thesis.

Chapter 4
Experimental versus Numerical
results
4.1

General

This chapter presents the comparisons between the experiments described in chapter 2
and the numerical results obtained with the SPH code whose features have been detailed
in chapter 3. While the comparisons for the anti-rolling tank Iberus in section 4.2 are
made in terms of moment created over the rolling axis, section 4.3 focuses on the pressure
measurement on the walls. The dynamics of the flow is discussed for both cases.
The interest and relevance of these series of experiments have been discussed in chapter 2.
The first group of experiments is expected to assess the validity of the method to design
anti-roll tanks. The second family of experiments, when dealing with impact pressures,
is crucial in understanding the flow dynamics inside LNG tanks, very important for the
gas shipping industry.

4.2
4.2.1

Iberus - Anti-rolling tank
Features of the SPH code used

The characteristics of the SPH code used for these simulations are summarized in table
4.1. The relatively “low” number of particles allowed to perform long time simulations.
For each excitation frequency, 12 periods have been studied. The amplitude and phase
lag of the moment created by the liquid over the rolling axis are then obtained following
the process described in section 2.4.
Another type of results is presented. It is qualitative corresponding to the shape of
125

126

CHAPTER 4. EXPERIMENTAL VERSUS NUMERICAL RESULTS
SPH feature
Number of particles
Kernel function
XSPH correction
Tensile instability correction
Sound speed (m/s)
Viscosity
BC
Density correction
Time integration
Courant factor
Moment measurement

2541
Cubic
Yes
Yes
25
Equation 3.36 (α = 0.02)
Boundary particles
No
Leap-Frog
0.15
3

Table 4.1: Features of the SPH code used the anti-rolling tank study.

the free surface aimed at comparing experimental data with numerical predictions for the
most representative frames in the motion.

4.2.2

Phase lags

The comparison of experimental and simulation values of the phase lags for the test case
is shown in figure 4.1. The similarity between these values is very good for the frequencies
close to the resonance frequency. There is a lack of accuracy for the highest frequencies
where the motion starts to become chaotic and the amplitude of the experimental data is
smaller, a fact that always affects accuracy.

An image of a high frequency point, 7.43 rad/s can be observed in figure 4.2 and in the
whole experimental video available online1 .

4.2.3

Moment amplitudes

The previous SPH papers published by the CEHINAV group (Souto-Iglesias et al., 2004;
Souto-Iglesias & González, 2001; Souto-Iglesias et al., 2001) showed good results in terms
1

http://canal.etsin.upm.es/oe05
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Figure 4.1: Experimental vs SPH simulation phase lag curves

Figure 4.2: Frame for ω = 7.43 rad/s

of phase lag but failed in calculating the amplitude of the moment. It is very important
not only to have accurate results regarding phase lags but also to corroborate these results
with accurate data for moment amplitudes if we want to use the simulations to design
anti-roll systems, for instance.
The comparison of experimental and simulation values of the moment amplitude for the
test case is shown in figure 4.3. The agreement is good.
A comparison with the results of Verhagen & Van Wijngaarden (1965), based on shallow
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Figure 4.3: Experimental vs SPH simulation moment amplitude curves
water theory, is presented. They are meant to be accurate for the region close to the
first resonance frequency ω0 = 2.6534 rad/s. They are effectively accurate when a main
wave is traveling in the tank. They start to diverge for frequencies greater than the first
sloshing frequency, for which the liquid in the tank gets the behaviour of a rigid body.
It is very interesting to notice that the simulation reproduces all the changes in the tendencies of the experimental data, including the dramatic fall of moment amplitude for
ω ≈ 4.5 described in section 2.6. It is also interesting to notice that for the highest frequencies, the method keeps the error within a narrow gap, although the phase lags are
not so accurate in this part of the curve, as we have already commented on in 4.2.2.

4.2.4

Phase diagrams

The phase diagrams, as plotted for the experimental results in figure 2.14, are aimed
at simultaneously comparing moment amplitude and moment phase lag. The horizontal
component of every point in the phase diagram shown in figure 4.4 is obtained by projecting the moment amplitude with the cosine of the phase lag. Hence, the horizontal
component is the part of the response that follows the motion. The vertical component
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is obtained by projecting the moment amplitude with the sine of the phase lag. Hence, it
is the part of the response that counteracts the motion. Both have to be analyzed when
designing an anti-rolling tank. The phase diagrams for the numerical simulation and the
experimental data are shown in figure 4.4. The agreement is good for most of the points.
The error in terms of both phase lag and amplitude can be simultaneously appreciated.

Figure 4.4: Experimental vs SPH simulation moment phase diagrams

4.2.5

Free surface shape

It is difficult to obtain good visualizations of the free surface shape. The numerical values
are more important because they are not subjected to ambiguous exegesis. Nevertheless
it is extremely interesting to check whether the general dynamic of the flow corresponds
to the experimental one. The images reflect the experimental problems that happened
in this first investigation of this thesis, such as drops of water from previous frames remaining stuck to the roof of the tank disturbing the visualization and the lack of contrast
between the fluid and the tank walls. These problems have been overcome, as shown in
section 4.3.
Specific frames are compared with numerical results for the two frequencies A and B in
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figure 2.12, that we have been focusing on in section 2.6. An experimental image and the
simulation is presented in figure 4.5 (vectors of the velocity applied at the particle positions) for the frequency A and a rolling angle α = 0◦ . There is a clear lack of resolution
regarding the splash and breaking but the general dynamic is very well reproduced, thus
justifying the accuracy of the global result regarding phase lag and moment.

Figure 4.5: ω = 4.34, α = 0◦
The case corresponding to the maximum inclination where α = 6◦ is also presented. It is
interesting to see the lag in this image (figure 4.6). The tank is at its maximum angular
position to the right but the bulk of the water is still on the left, and as a result generates
a counter moment. The wave breaking and splashing is not well resolved due to the lack
of resolution. The whole process is very quick and from one frame to another the differences are important. A superimposed video of both experimental video and numerical
simulation is available online2 .

In the following two pictures (fig. 4.7 and 4.8), results regarding point B are presented for
the same angles. For α = 0◦ there is a big difference with respect to the case A. There is
no overturning wave. As we have already commented in section 2.6, for the frequency B,
the motion of the tank is too quick for the waves to develop and reach the sides. Therefore, they clash along the breadth of the tank.

With this first work aimed at validating the SPH for 2D sloshing problem, the ability
of SPH to simulate complex flows with overturning waves has been demonstrated. More
2

http://canal.etsin.upm.es/oe05
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Figure 4.6: ω = 4.34, α = 6◦

Figure 4.7: ω = 4.87, α = 0◦

than images, SPH also reproduces correctly the moment created by the liquid over the
rolling axis.
An other issue for a numerical code is to reproduce the pressure on the wall, especially
when waves impact on the structure. This is the purple of the second investigation done
during this thesis in the framework of the project STRUCT-LNG.
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Figure 4.8: ω = 4.87, α = 6◦

4.3
4.3.1

Project STRUCT-LNG. Pressure results
SPH features

In this section, the SPH results are compared with the experimental ones presented in
section 2.8. The case A, B and C are defined depending on the ratio of the excitation
frequency T and the first sloshing frequency T1 .

• Case A : T /T1 = 1.1
• Case B : T /T1 = 1.0
• Case C : T /T1 = 0.9
The SPH code used for these simulations incorporates some modifications with respect to
the one used in the previous section in terms of time integration, viscosity, solid boundary
treatment and smoothing of the density field. The features of the code are presented in
table 4.2. These modifications were needed in order to not only be able to have global
magnitudes like the total moment, but to be able also to estimate local quantities like the
pressure values on the tank walls.

In the present case, the reference velocity has been taken as the phase velocity of the
wave (Vcrest = 2B/T ≈ 1 m s−1 ). The sound speed used in this work is cs = 15 m s−1

4.3. PROJECT STRUCT-LNG. PRESSURE RESULTS
SPH feature
Number of particles
Kernel function
XSPH correction
Tensile instability correction
Sound speed (m/s)
Viscosity
BC
Density correction
Time integration
Courant factor
Pressure measurement
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9300
Normalized Gaussian
No
Yes
15
Real viscosity, equation 3.37
Ghost particles
Yes, (every 20 time steps)
RK4
2.0
4 in section 3.13.2

Table 4.2: Features of the SPH code used for the STRUCT project.

but simulations done with different numerical sound speeds did not present significant
differences in the results, especially in the value of the impact pressure, as illustrated in
figure 4.9. The SPH results of figure 4.9 have been obtained previously to the others simulations of this section. Repellant boundary particles were used there and they have been
found to introduce unphysical oscillations in the pressure register. For this reason ghost
particles have been preferred for the smoother flow fields near the boundary. Figure 4.9
illustrates the independence of the SPH pressures with sound speed and this confirms the
experimental (Bass et al., 1985) and numerical (Lee et al., 2007) investigations showing
that in the weakly compressible regime (Mach number < 0.1), the variation of the speed
of sound has generally a limited effect.

For these experiments, the experimental Reynolds number is high (Re ≈ 106 ). The SPH
viscous term of Cleary (equation 3.37), related with a real viscosity in section 3.9, has
been used for these simulations. With 5. 104 fluid particles, the SPH formulation used can
simulate Reynolds number until Re ≈ 4 104 . Above this number, numerical instabilities
appear that can be avoided using more particles with a consequently higher numerical
cost. However, experimental studies (Bass et al., 1985) of low filling level sloshing showed
little variation in the impact pressure as the Reynolds number varied from 4.1 103 to
1.1 107 . The dependence of the breaking and the impact events on Re is illustrated for
SPH simulations in figures 4.10 and 4.11.

In figure 4.10, the first breaking event in case A is compared for different Reynolds numbers, all of them separated by a factor of 4. It shows that no plunge breaker is formed
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Figure 4.9: Experimental and SPH pressure time series obtained with different sound
speeds. Experimental results have been reproduced for clarity.

for Re = 625 while it appears for all the cases with larger Re. The pressure registers at
the still water level sensor are shown on figure 4.11 for the impact following the instant of
figure 4.10. They confirm that no impact happens for Re = 625. For the three larger Re,
the pressure curve does not change significantly among them. Nevertheless, the pressure
curves present higher numerical noise as the Reynolds number increases because of the
disorder of the particles near the measurement point.

The simulations presented in the following are made with Re ≈ 104 , to take into account
the previous considerations, and because the breaking and impacting waves are well reproduced at this Reynolds number, as illustrated in figure 4.12.
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Figure 4.10: First breaking event in case A for different Reynolds number. t/T = 1.17.
Initial particle spacing dx/d = 1.4 10−2

Figure 4.11: SPH pressure measurement of the impact event following the instant of figure
4.10, for different Reynolds numbers
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Figure 4.12: Case A: Comparison between experiment (left) and SPH (right). t/T = 1.54

4.3.2

Dynamics of the flow

As expected, and obtained in the previous section, the free surface motion is well reproduced with SPH. Figures 4.13 and 4.14 show the particles at instants equal to those
of figure 2.29 and 2.30, respectively. The agreement is good even when the phenomena
involve high nonlinearities, overturning waves, and impacts on the wall.

Figure 4.13: Case B: SPH results. Frames of figure 2.29

Figure 4.15 shows SPH frames for the first five impacts for all cases, corresponding to the
experimental results shown in figure 2.34. Here again, the agreement is good. In case A,
the plunging breaker is fully developed before reaching the wall. Case B presents similar
characteristics, while in case C the wave breaks just before impacting on the wall.
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Figure 4.14: Case B: SPH results. Frames of figure 2.30

Figure 4.15: SPH results of the instant before impact. Top: Case A. Middle: Case B.
Bottom: Case C.

4.3.3

Pressure results

More than 10 oscillation cycles were needed for the simulations, in order to see the repeatability of the impact phenomena. The angle and pressure time series are shown in
figure 4.16 for cases A, B, and C. Comparing with the experimental time series of figure
2.32, it can be observed that the maximum pressure at each cycle calculated with SPH is
greater than the experimentally measured one. This can be explained by the fact that a
single phase simulation was performed while the presence of air can become important in
the impact phenomena (Pastoor et al., 2005) and tends to smooth the pressure curves.

Nevertheless, it can be seen that in a single impact event (figure 4.17), the global shape
of the pressure curve is well reproduced with SPH for all the studied cases. A numerical high frequency component appears that can be removed in the post-processing stage.
The variation of sound speed affects only this numerical “noise” (see figure 4.9) which is
correlated to the weakly compressible approach that has been adopted.
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Figure 4.16: Dimensionless SPH pressure (red) and dimensionless angle (blue) Vs. dimensionless time for cases A, B and C.

Figure 4.17: Zoom of figure 4.16 over the first impact event, including the experimental
curves (red ones).
To document the differences between experimental and numerical values over the impact
duration, the pressure impulse (section 2.8.6) has been calculated with SPH and averaged
in order to provide the mean value of the pressure impulse over the oscillation cycles. The
results are summarized in table 4.3. It can be seen that SPH tends to overestimate the
pressure impulse, and also the pressure maxima, but the agreement is quite good. Here
again, the main reason is probably the bi-phasic character of the impact phenomena.
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Case
Pressure Impulse - Exp
Pressure Impulse - SPH
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A
B
C
0.21 0.26 0.22
0.24 0.27 0.26

Table 4.3: Experimental and numerical mean values for the pressure impulse
.

4.3.4

Summary and concluding remarks

This chapter showed the ability of SPH to solve the difficult shallow water sloshing problems. This has been done by comparing with the experimental results described in chapter
2.
In section 4.2, the comparisons have been done in terms of moment created by the
water over the rolling axis, since it is a crucial data when designing anti-roll tanks. The
agreement of the first harmonic of the moment is very good, as well as the general dynamics
of the liquid flow, for all the studied excitation frequencies.
In section 4.3, the comparisons have been done in terms of pressure at the still water
filling level, resulting from the impact of a breaking wave on the sensor. The following
conclusions are drawn:
1. The SPH formulation used allows to simulate breaking waves impacting on the walls.
The code does not break and the simulation keeps on after the impact.
2. The influence of the Reynolds number on the breaking and impact events has been
studied numerically. It has been found that in the studied cases, for Reynolds
numbers lower than 2.5 103 , no breaking event, and consequently no impact event,
occurs.
3. Experimental and SPH results showed very good agreement in terms of free surface
shape and global dynamics of the flow, including the impact phenomenon. The
shape of the pressure curve over the impact is well reproduced too. Nevertheless,
pressure maxima, as well as the pressure impulse, have been found to be overestimated by the present SPH formulation.
4. This discrepancy needs further study. Since the presence of air is an issue in the impact event, the accuracy of SPH simulating such phenomena requires more validation
by performing bi-phasic simulations or experiments with reduced ullage pressure in
the tank.
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Chapter 5
Coupling between ship roll motion
and sloshing flows
5.1

Introduction

Instead of imposing the motion of the tank, as done in chapter 4 cases, it is possible to
analyze the coupled motion of the liquid and the external system. In the case of anti-roll
tanks, this analysis is important to determine the ship motion.
The coupling between sloshing flows and body motion has been studied in the past in
sway/roll cases using analytical or numerical models for the fluid motion, not only in the
field of Naval Architecture. Ikeda & Nakagawa (1997) and Frandsen (2005) studied a horizontal moving tank, aiming at reproducing Tune Liquid Dampers (TLD) for buildings. In
the naval field, Francescutto & Contento (1999) applied simplified mathematical models
to the coupling of sloshing and roll motion. Rognebakke & Faltinsen (2003) applied non
linear potential theory for the liquid flow in tank and studied sway motion, comparing
with experiments.
In this chapter, the ship motions are approximated with a one DOF roll model where the
coupled effects with the tank liquid behavior are easily observable. Results are presented
for a generic box barge with on-board tanks. Two configurations of the tank have been
studied. In the first one, the roll resonance frequency of the barge is half the first sloshing
frequency of the tank. In the second configuration, the roll resonance frequency is tuned
to match the first sloshing frequency. A range of frequencies including the resonance frequency of the barge has been tested for each configuration.
For comparison/validation, SPH results are confronted to others obtained with the multimodal theory by Faltinsen and coauthors (Faltinsen & Timokha, 2000, 2001, 2002) for
which the flow is considered as irrotational and the free surface is decomposed in different
modes using a Fourier basis, as introduced in 1.3 and as is will be detailed in 5.3
141
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5.2

Analytical modelling of the 1-DOF roll motion of
the ship

Figure 5.1 shows the sketch of the studied problem. The reference system G XY Z is
centered on the center of gravity of the ship. The XY plane is parallel to the free surface,
the Z axis is vertical and directed upward. The X axis is directed from stern to bow.
Y axis from starboard to portside. The system is right handed. The heel angle φ is the
only degree of freedom of the motion and the ship is assumed to rotate with respect to
its center of gravity G.
It is to be said, however, that the assumption of a fixed rotation point, being it the centre
of gravity G or any other point, although often used, is quite rough and likely far from
the reality (Hutchison, 1991). Nevertheless, for the sake of simplicity, and as the primary
interest of this paper is the comparison of SPH calculations to a simplified multi-modal
approach, an archetypal 1-DOF model for roll is considered to be qualitatively sufficient.
In addition, 1-DOF models for roll are often used to simulate the roll behaviour not only
in beam seas (Bulian & Francescutto, 2004), but also in longitudinal seas (Bulian, 2005,
2006; ABS, 2004; McCue & Bulian, 2006).
For the two dimensional analysis of sloshing in the tank, the reference system O yz is
used, as shown in figure 5.1. The y axis is parallel to the unperturbed free surface in the
tank and O its center. The center of mass of the liquid is the point C. The velocity of
the point O in the coordinate system O yz is v0 = (−φ̇ GO, 0)T .

Figure 5.1: Sketch of the problem. More details in the text.
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Now the equation of motion for roll is written as
JS φ̈ = Madd + Mrest + Mdamp + Mw + Mf l

(5.1)

where
φ is the roll angle, expressed in [rad].
JS [kg*m2 ] is the ship moment of inertia with respect to axis X, without taking into
account the liquid in the tank.
Madd = −A44 φ̈ is the moment due to the added mass
¯
Mrest = −ρ g∇(φ) GZ(φ)
is the restoring moment, where ρ is the fluid density, ∇(φ) is
¯
the barge volume and GZ(φ) the heeling arm
Mdamp is the moment due to damping forces :
Mdamp = −B44 φ̇ − Bq φ̇|φ̇|
The additional nonlinear term has been used in order to take into account the effect of
vortex shedding.
Mw is the wave moment calculated according to the linear theory:
¯ α0 πsw sin ωw t
Mw = ∆GM
¯ its metacentric height. α0 is the effective wave
where ∆ is the barge displacement, GM
slope, sw the wave steepness and ωw the wave frequency.
Mf l is the moment that the fluid exerts on the tank, calculated by means of potential
theory or SPH method. The reduction point of this moment is the ship center of gravity
G.
As will be shown later, the hydrodynamic coefficients have been considered constant
at each discrete frequency. Convolution integrals have not been employed because the
primary focus of this work is the steady state roll response in regular waves.

5.3

Multimodal solution

The motion of the fluid in the tank can be described by the multi-modal analysis of
Faltinsen and coauthors (Faltinsen & Timokha, 2000, 2001, 2002) within the following
hypothesis
• The fluid is incompressible and the flow irrotational.
• The tank has vertical walls.
• The amplitude of the roll motion is small
• The water depth in the tank divided by the tank beam is higher than 0.28 (Faltinsen
& Timokha, 2000). A multi-modal approach for small fluid depth has been developed by
Faltinsen & Timokha (2002) but has not been implemented for this work.
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Since the flow is irrotational, it can be described by a velocity potential Φ satisfying the
Laplace equation with boundary conditions, written on the tank wall and on the free
surface position η(y), which is decomposed into Fourier series with time dependent coefficients (generalized coordinates). The mobile system of coordinates (O, y, z) of figure 5.1
is used to write the multimodal equations.

η(y, t) =

N
X

βi (t) fi (y)

i=1

where the fi (y) form a Fourier basis of the free surface satisfying volume conservation
condition.


iπ
(y + Bt /2)
fi (y) = cos
Bt
The boundary value problem is decomposed into two. The first one has the translation
and rotation of the tank as Neumann boundary condition. Its solution is Ω + v0 · r where
r is the vector (y, z) and Ω is expressed in term of Stokes-Zhukovsky potentials (Faltinsen
& Timokha, 2001). The second boundary value problem has zero Neumann boundary
condition and is decomposed into Fourier series with time dependent coefficients as done
for the free surface.
Φ(y, z, t) = Ω + v0 · r +

N
X

Ri (t) Φi (y, z)

i=1

where
Φi (y, z) = fi (y)

cosh (iπ(z + h)/Bt )
cosh (iπh/Bt )

and Bt is the breadth of the tank.
The variational procedure gives an infinite-dimensional system of nonlinear ordinary differential equations coupling the generalized coordinates βi and Ri . Expressing the Ri as
function of the βi and β̇i , a modal system can be deduced by considering the lowest primary mode as dominant, and conserving coupling terms between the three lowest modes
(Faltinsen & Timokha, 2000). The modal system has the following form:


A (β) · β̈ = B β, β̇, φ, φ̈
(5.2)
where β = {βi , i = 1, . . . , N }, N being the number of modes. 11 modes have been
 consid
ered for the results presented in this work. The matrix A (β) and the vector B β, β̇, φ, φ̈
depend on the geometrical properties of the problem.
Faltinsen & Timokha (2002) discussed the dissipation to add in the multimodal model
in order to take into account dissipation due to free-surface and bulk viscosity. They
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deduced expressions for linear dissipation to introduce in the multimodal system (5.2),
depending on the fluid kinematic viscosity in the tank. Such linear dissipation term has
been introduced in order to compare with SPH results, where viscosity is took into account.
In the moving coordinate system, the position of the mass center is:
N

yc

L X βi (t)
= − 2
(1 + (−1)i+1 )
2
π h n=1 i

zc

1 X 2
h
β (t)
= − +
2 4h i=1 i

N

The hydrodynamic force vector FH and the moment MO over an axis passing through
point O depend on the position of the center of mass and β. Expressions can be found
in Faltinsen & Timokha (2001), equations 3.2 and 3.3.
The final moment of the fluid over the rolling axis Mf l is a function of the generalized
coordinates β and the position of the tank.


Mf l = Mf l β, β̇, β̈, φ, φ̇, φ̈
(5.3)
Equations (5.1), (5.2) and (5.3) form a coupled system from which the roll motion of the
barge is calculated taking into account the motion of the fluid in the tank and corresponding coupled effects.

5.4

SPH formulation used

The SPH features used for these simulations are summarized in table 5.1. All the particularities are explained in chapter 3.

5.5

Case study

The case studied is a rectangular barge with a liquid tank inside, as shown in figure 5.1.
Barge is 2.0 m long, 0.333 m wide and has a depth of 0.14 m. The draft with the tank is
0.07 m. This is also assumed to be the draft of the barge in the ”ballast” condition, i.e.
when no force exerted by the fluid inside the tank is considered in equation (5.1). The
vertical position of the center G of the solid masses (i.e. for the ship without considering
the contribution of the tank) is KG = 0.07 m such that the center of gravity is on the
waterline. The corresponding metacentric height is GM = 0.097 m. The vertical position
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SPH feature
Number of particles
Kernel function
XSPH correction
Tensile instability correction
Sound speed (m/s)
Viscosity
BC
Density correction
Time integration
Courant factor
Moment measurement

≈ 3000
Cubic
Yes
Yes
10
Equation 3.36 (α = 0.01)
Ghost Particles
No
Leap-Frog
0.15
3

Table 5.1: Features of the SPH code used the anti-rolling tank study.

of the center of gravity is assumed to be the same also in the ballast condition.
It is to be noted that, because the barge is rectangular and symmetric with respect to the
free surface, and the rotation point is assumed to be on the waterline, then the volume in
calm water is independent of the rolling angle and equal to upright volume.
Added mass coefficient, linear damping and effective wave slope have been calculated with
a linear BEM code and results are presented on figures 5.2, 5.3 and 5.4. In the figures,
Bb is the breadth of the barge.

Figure 5.2: Linear added mass as function of the non-dimensional oscillation frequency
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Figure 5.3: Linear damping as function of the non-dimensional oscillation frequency
q

GM
The resonance frequency of the barge ω0 = J∆0 +A
depends on the wave frequency but
44
has low variations between 6.37 rad/s and 6.55 rad/s. Figure 5.5 shows the variations
of the non-dimensional resonance frequency as function of the non-dimensional wave frequency.

Figure 5.4: Effective wave slope as function of the non-dimensional oscillation frequency
Two configurations of the tank have been tested. For both, 13 wave frequencies have
been applied, with the corresponding linear added mass, linear damping and effective
wave slope, interpolating the data of figure 5.2, 5.3 and 5.4. Used values are presented on
Table 1. The quadratic damping coefficients Bq has been assumed frequency independent
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Figure 5.5: Resonance frequency of the barge as function of the non-dimensional oscillation
frequency
and equal to 0.473 N m /rad. A constant dry moment of inertia JS = 0.692 kg m2 has
been used.

5.5.1

Case 1 : Finite depth

In the first case, tank breadth is equal to half the barge
q breadth and the water depth
g Bπt tanh(πh/Bt ) = 12.0 rad/s,
is 0.056 m. The first sloshing frequency is ω1 =
approximately twice the resonance frequency of the barge. The length of the tank is set
to 1.0 m such that the weight of the liquid in the tank is 20 % the weight of the barge.
The effects observed in this case can be considered physically to emulate the ones of an
LNG ship when typical sloshing frequencies are higher than the roll resonance frequency
off the ship, and where the free surface tank reduces the static stability of the vessel.
The studied wave steepness is sw = 7.35 10−3

5.5.2

Case 2 : Small depth

In this case, tank breadth is equal to the barge breadth and the water depth is h =
0.056 m. The first sloshing frequency is ω2 = 6.69 rad/s. In this case it matches the roll
resonance frequency of the barge and the case can be considered close to a shallow water
case.
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ω[rad/s]
4.61
4.99
5.37
5.76
6.14
6.52
6.91
7.29
7.68
8.06
8.44
8.83
9.21

A44 [kg m2 ]
0.396
0.390
0.383
0.374
0.366
0.359
0.352
0.347
0.344
0.342
0.341
0.341
0.341

B44 [N m s−1 ]
0.159
0.204
0.243
0.272
0.287
0.290
0.281
0.263
0.238
0.209
0.179
0.149
0.121

α0
0.623
0.574
0.521
0.467
0.412
0.358
0.308
0.261
0.219
0.182
0.151
0.124
0.103

Table 5.2: Coefficients for the roll model.

The length of the tank is set to 0.05 m such that the fluid weight is 2 % the weight of the
barge. This ratio is typical of anti-roll tank devices. Here, the desired effect of the tank
is to stabilize to roll motion of the vessel.
Two different wave steepness have been tested for this case : sw = 7.35 10−3 and sw =
4.9 10−3 .

5.6
5.6.1

Results
Case 1: Finite depth

In this case, the ratio fluid depth / tank breadth is 0.336, greater than the 0.28, limit value
proposed by Faltinsen & Timokha (2000) for the validity of the multimodal analysis. Multimodal system (5.2) have been solved using 11 modes. SPH simulations were performed
using 3200 fluid particles, corresponding to an initial smoothing length h = 2.2 10−3 .
Computational time is about one hour for one second of real time on a Pentium IV,
500 MHz. For each frequency of Table 1, 30 excitation periods have been performed in
order to reach a steady state motion of the barge. Figure 5.6, 5.9 and 5.10 shows time
series of the roll angle for excitation frequencies ωw = 4.61 rad/s, ωw = 6.91 rad/s and
ωw = 8.83 rad/s, respectively. The ballast case Figure 5.10 illustrates the fact that 30
periods are not sufficient to reach a perfect steady state for the last 3 studied frequencies
of Table 1 due to the slow decay of the primary roll oscillation. The amplitude of the
steady state is taken from the maximum of the roll angle over the last 3 excitation periods.
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Figure 5.6: Roll angle versus time. Finite depth. ωw = 4.61 rad/s. In the transitory
regime, multimodal curve has higher picks. Then at steady state, SPH and multimodal
curves have the same higher amplitude, “ballast condition” curve has lower amplitude

Figure 5.7: Heel angle versus time. Case 5
The roll angle for the ”ballast” condition is compared in figure 5.6, 5.9 and 5.10 with
the free surface tank results obtained using the multimodal analysis and SPH. Good
agreement between both theories can be observed from the comparison in those figures.
Nevertheless, it can be seen in figure 5.10 that maximum roll angle at transitory stage is
higher with multimodal approach. Figure 5.11 shows the steady state amplitude response.
There, at resonance of the barge, the SPH response is lower than the mulimodal one. The
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Figure 5.8: Heel angle versus time. Case 6

Figure 5.9: Roll angle versus time. Finite depth. ωw = 6.91 rad/s. Multimodal and SPH
curve are similar, ”ballast condition” curve has higher amplitude in the steady state.
SPH moment exerted by the fluid on the tank, is lower using SPH, as illustrated by figure
5.12 showing time series of this moment using both methods.
As previously discussed, a linear damping depending on the viscosity can be added in the
multimodal system. In figure 5.11 multimodal results are presented both without linear
damping and with linear damping from Faltisen and Timokha (2002). Since their linear
damping depends on the kinematic viscosity, it has been calculated using a kinematic
viscosity close to the one from the SPH simulations ν = 4.0 10−5 . The difference in the
response has been found to be negligible in this case.
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Figure 5.10: Roll angle versus time. Finite depth. ωw = 8.83 rad/s. The amplitudes
of the picks for the different curves are, from highest to lowest, ”ballast condition” case,
Multimodal, SPH

Figure 5.11: Amplitude of the roll motion at steady state. Finite Depth case. sw =
7.35 10−3
In figure 5.11, the shift of the peak, and the increase of the roll amplitude at low frequency
is statically explained by the free surface effect. In particular, the static reduction of the
metacentric height due to free surface can be determined as:
δ GM = Bt3 Lt/(12 Bb Lb T ) = 0.008251 m
so the corrected GM is
GMcorr = GM − δ GM = 0.08875 m.
The corrected
p natural frequency becoming approximately
ω0,corr = ω0 GMcorr /GM = 0.957 ω0 = 6.222 rad/s.
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Figure 5.12: Moment created by the fluid on the barge. Comparison between SPH results
and multimodal results. Finite depth. ωw = 6.52 rad/s

5.6.2

Case 2: Small depth

In order to accelerate the achievement of a steady state motion of the barge, the wave
moment in equation (5.1) has been multiplied by a ramp function D(t) during the first
ten wave periods Twave = 2π/ωw . Its expression is


t
π
2
(5.4)
D(t) = 1. − cos
2 10 Twave
In this case, the breadth of the tank is Bt = 0.333 m and the fluid depth in the tank is
h = 0.056 m, such that h/Bt = 0.168. Multimodal analysis is no more valid, since the
primary mode is no more dominating. The free surface shape presents high nonlinearities,
even for low wave slopes, as illustrated by figures 5.18 and 5.19, where the SPH particles
are plotted at different times, for the excitation frequency equal to the first sloshing
frequency and wave steepness sw = 7.35 10−3 . As mentioned previously, Faltinsen &
Timokha (2002) developed a theory for small depth, but it has not been implemented for
this work.
SPH results are presented here for two different wave steepnesses, sw = 7.35 10−3 and
sw = 4.9 10−3 . Simulations have been performed with 3384 fluid particles, corresponding
to an initial smoothing length h = 3.0 10−3 m. Computational time is similar to the
previous case, about 1. hour for 1 second of real time on a Pentium IV, 500 MHz.
Figures 5.13, 5.14 and 5.15 show time series of the roll angle for the steepness sw =
7.35 10−3 . Here, the first sloshing frequency matches the roll resonance frequency of the
barge and the tank has a stabilizing effect on the barge. Near resonance, the fluid motion
in the tank is mainly composed by a travelling in opposite direction as the barge. Hence,
the moment created by the fluid over the rolling axis is at a 90 degrees phase lag with
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respect to the barge motion, as illustrated in figure 5.16, where the wave moment, the
restoring moment and the moment exerted by the fluid in the tank are plotted for the
excitation frequency ωw = 6.52 rad/s.

Figure 5.13: Roll angle versus time. Small depth. sw = 7.35 10−3 , ωw = 6.52 rad/s. SPH
curve has the lowest amplitude.

Figure 5.14: Roll angle versus time. Small depth. sw = 7.35 10−3 , ωw = 6.91 rad/s. SPH
curve has the lowest amplitude.
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Figure 5.15: Roll angle versus time. Small depth. sw = 7.35 10−3 , ωw = 8.83 rad/s

Figure 5.16: Moments over the rolling axis. Small depth. sw = 4.9 10−3 , ωw = 6.52 rad/s.
For visibility, the amplitude of the restoring moment has been divided by a factor 5.
Once past resonance, there is no main wave in the tank and the fluid behaviour looks like
“rigid body” motion. Figure 5.15 shows time series of the roll angle for high excitation
frequency ωw = 8.83rad/s. There, the barge moved as in the “ballast” case.
Figure 5.17 shows the steady state response for wave steepness sw = 7.35 10−3 . Reduction
of the roll motion of the barge is effective at the resonance frequency.

156CHAPTER 5. COUPLING BETWEEN SHIP ROLL MOTION AND SLOSHING FLOWS

Figure 5.17: Amplitude of the roll motion at steady state. Small depth. sw = 7.35 10−3

Figure 5.18: Particles’ position, Bt = 0.333, ω = 6.52 rad/s, sw = 7.35 10−3 , time =
20.8 sec.
Figure 5.20 and 5.21 show time series of the roll angle for two frequencies near resonance for
the second wave steepness used, sw = 4.9 10−3 . In figure 5.22 the steady state response for
the same wave steepness is presented. Comparing with the other studied wave steepness,
the results are qualitatively similar. It is important to note that, due to the limited
number of tested frequencies, the actual maximum of the roll response curves is likely
to have not been precisely captured, especially in the ballast case. For this reason the
maximum quantitative reduction obtainable from Figures 15 and 20 should be considered
with caution. At excitation frequency ωw = 6.52 rad/s, the roll reduction is 39 % for
sw = 7.35 10−3 and 47 % for sw = 4.9 10−3 .
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Figure 5.19: Particles’ position, Bt = 0.333, ω = 6.52 rad/s, sw = 7.35 10−3 , time =
29.0 sec.

Figure 5.20: Roll angle angle versus time. Small depth. sw = 4.9 10−3 , ωw = 6.52rad/s
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Figure 5.21: Roll angle angle versus time. Small depth. sw = 4.9 10−3 , ωw = 6.91rad/s

Figure 5.22: Amplitude of the roll motion at steady state. Small depth. sw = 4.9 10−3

5.7

Summary and Conclusions

The results of coupling a 1-DOF modelling of roll motion, with nonlinear sloshing simulations have been presented in this chapter for a rectangular box. Two different filling
levels in the tank have been tested, one corresponding to a finite depth case, the other
one to a shallow water case.
In the finite depth case, both potential multimodal and SPH results are presented. The
results obtained from the two approaches agree well, but dissipation plays an important
role when fluid motion in the tank is large.
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For the shallow water case, only SPH results are presented. Multimodal theory for small
water depth (Faltinsen & Timokha, 2002) could be implemented for comparisons; however, it cannot deal with breaking waves in the tank.
Both methods can be seen complementary. For finite water depth, multimodal approach
has been validated by Faltinsen & Timokha (2000) while SPH simulations are computationally expensive since the fluid domain to discretize is big. On the other hand, for
shallow water cases where strongly nonlinear phenomena as overturning waves appear, the
multimodal approach is invalid while these phenomena can be simulated with SPH, with
relatively little computational effort, since the size of the fluid domain is smaller. Moreover, SPH can handle more violent conditions but this requires a more complex problem
for the external hydrodynamics problem.
Computational time is still a prohibitive point of SPH for engineering applications. Nevertheless, it can be applicable to more realistic cases and the extension to U-tube tanks
or tanks with baffles, to check their effects on roll reduction efficiency, is an interesting
future field of application.
The literature on experiments on coupling of sloshing in tanks and ship motion is not complete. The experiments reported for instance by Rognebakke & Faltinsen (2003), similar
to those shown in figure 5.23 left, are difficult to compare with numerical simulations due
to their big uncertainties. To obtain useful experimental data in order to study a liquid
tank free to move in roll, excited externally, our tank testing device, presented in section
2 has been modified. The rotation axis has been disconnected from the electrical engine
in such a fashion that the motion is not imposed any longer, with the tank being free to
oscillate. To simulate the effect of waves, a moving mass has been mounted on a linear bar
passing through the center of rotation. A periodic moment is created over the rolling axis
by imposing an harmonic motion to this mass; the coupling of this system with the water
inside the tank can be studied. The mechanism is shown in figure 5.23. No exploitable
results have been obtained in time to be shown in this thesis, but it is one of the most
promising future experimental research of the CEHINAV.
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Figure 5.23: Left, coupling between roll motion and a tank at model scale. Device that
holds the moving mass in the coupling experiment

Chapter 6
Concluding remarks
6.1

General

The basic aim of this thesis was to gain understanding of some phenomena associated with
two dimensional sloshing both experimentally and numerically, the latter by assessing the
possibilities of SPH to simulate those phenomena. This thesis is finished with a summary
of conclusions, a discussion on the success in meeting this aim, and remarks concerning
future directions in which work should proceed. This discussion is kept brief as a result
of summaries being provided throughout this thesis.

6.2

Discussion and conclusions

1. Experimentally, in chapter 2, the nature of liquid flows inside anti-roll tanks has been
studied, showing the frequency range of the resonance phenomena and measuring
the moment created by the liquid over the rolling axis. The experiments have been
made after setting up a new experimental device for the CEHINAV group. It has
been shown that the maximum in the amplitude response as well as the 90◦ phase
lagged one do not correspond to the first sloshing frequency ω1 but to slightly greater
ones, for the cases studied.
2. Also in chapter 2, experiments on a section of a tank of an LNG tanker have been
performed for different filling levels and excitation frequencies, focusing first on the
amplitudes and phase lags, and also on how the steady state is reached depending on
the frequency and the water level. The conclusions obtained from these experiments
are that when w/w1 < 0.66, the liquid follows the tank motion, whilst when w/w1 >
1.4 the liquid tends to behave as a rigid body. The transition between both states
varies for the cases studied. It has been concluded that when the dissipation is low
i.e. when no breaking nor impacting waves appear, the liquid can take a long time
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before reaching a steady state, with beating waves dominating the free surface flow
during this transitory period.

3. Experiments with the same tank have been performed focusing on the very important matter of the wave impact pressures. The maximum pressures have been
found for the lower level tested, at frequencies slightly greater than the first sloshing
frequency. Breaking waves impacting on the walls have been studied in details for
excitation frequencies close the first sloshing frequency. The variability and values
of the pressure peaks during the impact have been found to increase as the amount
of entrapped air decreases.
4. The experiments with this LNG tank section have been well documented. As a
consequence they have been used as test cases for the Network of Excellence in
Marine Structures MARSTRUCT, funded by the European Union.
5. The SPH method has been described in chapter 3. The improvements brought to
the CEHINAV SPH code during this thesis have been presented. The resulting new
code is able to deal with sloshing problems with breaking and impacting waves. The
main progress has been made in terms of the treatment of the viscosity and the solid
boundaries, as discussed in sections 3.9 and 3.10, respectively.
6. When the pressure on the walls is needed, a re-initialization of the density field
with a corrected kernel function is performed periodically in the fluid domain. The
pressure is then measured as presented in section 3.13.2.
7. The validation of the code, comparing numerical results with experimental ones, has
been presented in chapter 4. Showing the ability of SPH to simulate these sloshing
experiments is the main contribution of this thesis. The agreement has been very
good in terms of dynamics of the flow and the moment created over the rolling axis,
both its amplitude and phase lag, as discussed in Souto-Iglesias et al. (2006).
8. The dynamics of the impact pressure events has been also simulated with promising
results, presented in Delorme et al. (2008).
9. Finally, the coupling problem between sloshing flows and roll motion has been investigated in chapter 5. Pioneer SPH results in this matter have been compared
with non-linear potential theory since the direct comparison with experiments was
not possible at this stage due to lack of experimental data. The ability of SPH to
sustain long simulations has been demonstrated with this problem.

6.3. FUTURE WORK
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Future work
General

The thesis can be divided in two areas, experimental and numerical work on sloshing.
Some of the directions for future work about to be discussed are interlinked in the sense
that better experiments will provide valuable data for the numerical validations. The
numerics will in turn help in the physics understanding and the eventual application of
simulation techniques in Engineering.

6.3.2

Experiments

There are improvements in the experiments concerning on one side the CEHINAV facilities
and on the other side, on the enriching of the scarce and CCSS dominated literature on
sloshing experiments. Let’s summarize some of them.
1. As described in section2.7, the sampling rate to capture the pressure registers during
the wave impact event has not been satisfactory in the experiments. Unfortunately,
not even one proper public experiment description can be found in the literature
useful to serve as reference case for a numerical validation regarding wave impact
pressures. The aim is to implement the installation of a piezoelectric pressure sensor
able to sample at 19.2khz and to provide such information for the tank subjected
to roll motion.
2. As discussed in section 2.5, the scaling of impact pressures is yet an open problem.
In order to have better scaling even using Froude scale for the velocities, the ullage
pressure has also to be scaled. To achieve this, it is necessary to be able to control
the ullage pressure inside the model. This is technically not so easy, as well as
expensive. To achieve this goal with the roll motion tank testing device is one
interesting experimental goal for the immediate future.
3. Standard 25 frames per second video technology has been used to record the experiments. It is a goal of the CEHINAV group to migrate to more sophisticated video
acquisition systems with high speed and resolution cameras.
4. Surprisingly, the interest in the study of sloshing phenomena has not been accompanied by developments in the estimation of the errors associated with the experiments
and the simulations performed. Actually, there are just a few seminal references on
uncertainty analysis in the naval field by the IIHR Iowa group (Gui et al., 2001a,
2002, 2001b; Longo & Stern, 2005; Stern et al., 1999). Within this scenario, it
seems reasonable to devote some effort in the near future to asses the quality of
experimental results in order to make them much more useful and risk-free when
validating numerical results or more importantly when using them in Engineering.
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Quoting Stern et al. (1999), Experimental uncertainty estimates are imperative for
risk assessments in design both when using data directly or in calibrating and/or
validating simulation methods

5. The literature on experiments on coupling of sloshing in tanks and ship motion is not
complete. The experiments reported for instance by Rognebakke & Faltinsen (2003)
are difficult to compare with numerical simulations due to their big uncertainties.
As described in section 5.7, we have been working on a device that could provide
high quality experimental results for a one DOF coupled system. Unfortunately, no
exploitable results have been obtained in time to be shown in this thesis.

6.3.3

SPH

The SPH formulation used for the simulations have been documented in chapter 3. The
evolution that the CEHINAV’s code and the method will follow in the next years if it is
intended to extensively apply them to sloshing industrial related fields have to comprise
at least the next items:
1. The code should be parallelized to face computations with a higher number of
particles and 3D simulations.
2. It should be possible to change the particle resolution in areas of greater gradients,
like boundary layers, fragmentation areas, etc.. To our knowledge there are not
yet satisfactory formulations for hydrodynamics problems although some ideas have
suggested by Monaghan (Monaghan, 2005b) for instance.
3. Turbulence: The model scale sloshing is turbulent in many ares and the full scale
one is mainly turbulent. It is important to accurately modeling the turbulent flows
or at least the turbulent dissipation.
4. It is difficult with SPH to simulate high Reynolds number flows. The time integrators become unstable when the amount of dissipation is small. Effort has to be
given to the development of implicit time integration schemes that would minimize
these limitations.
5. In wave impact problems it is important to simultaneously model the liquid phase
and the gas phase. Some attempts have been to perform these simulations with
SPH (Colagrossi & Landrini, 2003). Nevertheless the numerical cost is high and
better algorithms should be devised.
6. Some experiments have been performed by the CEHINAV group on FSI and sloshing
(Idelsohn et al., 2008). A near future target is to simulate these FSI flows with SPH,
using distinct formulations for the flow field and for the solid body dynamics.
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Figure 6.1: Box impacting on water.
7. A next challenge related to the naval field is to simulate accurately and efficiently
the motion and eventual capsizing of a solid body in water. An attempt has been
done during this thesis (figure 6.1) and has been reported in McCue et al. (2006)
but further work has to be done in this regards, modeling correctly the drag and the
coupled motion of the solid object and the fluid. Other simulations were performed
for a section of a ship moving in waves, as illustrated in figure 6.2.
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Figure 6.2: Ship moving in a liquid tank.
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Souto-Iglesias, A., Pérez-Rojas, L. & Zamora-Rodrı́guez, R. 2004 Simulation
of anti-roll tanks and sloshing type problems with smoothed particle hydrodynamics.
Ocean Engineering 31, 1169–1192.
Stern, F., Muste, M., Beninanti, M. L. & Eichinger, W. E. 1999 Summary of
experimental uncertainty assessment methodology with example. Tech. Rep. IIHR No.
406. IIHR-Hydroscience and Engineering, The University of Iowa.
Stigter, C. 1996 The performance of u-tanks as a passive anti-rolling device. Tech.
Rep.. Nederlands Scheeps-Studiencentrum TNO.
Sun, L. & Fujino, Y. 1994 A semi-analytical model for tuned liquid damper (tld) with
wave breaking. J. Fluid. Struct. 8 (5), 471–488.
Swegle, J., Hicks, D. & Attaway, S. 1995 Smoothed particle hydrodynamics stability analysis. Journal of Computational Physics 116, 123–134.
Tulin, M. & Landrini, M. 2000 Breaking waves in the ocean and around ships. In
23rd ONR Symp. on Naval Hydrodyn. Val de Reuil, France.
Van Den Bosch, J. & Vugts, J. 1966 On roll damping by free-surface tanks. Trans.
RINA .

176

BIBLIOGRAPHY

Veldman, A. E. P., Gerrits, J., Luppes, R., Helder, J. A. & Vreeburg, J.
P. B. 2007 The numerical simulation of liquid sloshing on board spacecraft. Journal of
Computational Physics 224 (1), 82–99.
Verhagen, J. & Van Wijngaarden, L. 1965 Non-linear oscillations of fluid in a
container. J. Fluid Mech. 22 (4), 737–751.
Waterhouse, D. 1994 Resonant sloshing near a critical depth. J. Fluid Mech. 281,
313–318.
Watts, P. 1883 On a method of reducing the rolling of ships at sea. Trans. I.N.A. p.
165.
Watts, P. 1885 The use of water chambers for reducing the rolling of ships at sea. Trans.
I.N.A. p. 30.
Wemmenhove, R., Luppes, R., Veldman, A. E. P. & Bunnik, T. 2007 Numerical
simulation and model experiments of sloshing in LNG tanks. In International Conference on Computational Methods in Marine Engineering, MARINE 2007 . CIMNE.
Youssef, K., Ragab, S., Nayfeh, A. & Mook, D. 2002 Design of passive anti-roll
tanks for roll stabilization in the nonlinear range. Ocean Engineering 29 (2), 177 – 192.
Zhong, Z., Falzarano, J. & Fithen, R. 1998 A numerical study of u-tube passive
anti-rolling tanks. In Eight International Offshore and Polar Engineering Conference,
Montreal, Canada, , vol. 3, pp. 504–513.

Appendix A
Sloshing related regulations
Inside the Naval Architecture field, the consideration of the sloshing loads has been revealed as fundamental in the design of oil tankers, LNG’s and FPSO’s, quoting some of
the most characteristic examples. The importance of sloshing for these types of ships
is related with the dimensions of their tanks, their distance to the centre of gravity of
the ship and the metacentric height of the ship itself. These parameters have a special
importance in the floating structures because they define the response of the structure
to periodical external loads that can produce resonance magnifying the effects of the dynamic loads caused by sloshing.
In the case of ships for the carriage or storage of oil, the consideration of the sloshing
loads can affect the scantling of some structural members, as for example the plates and
longitudinals of the upper part of the tanks (typical case). For these ships, in those cases
when large sloshing loads are expected, the common practice is to arrange wash bulkheads
inside the tank (they can be extensions of the main girders) to reduce the fluid motions.
On the other hand the oil tankers above certain dimension usually have two or three tanks
in the breadth which can reduce the effect of sloshing loads caused by roll. Even when
all these configurations help to reduce the importance of sloshing, this effect is always
present and need to be considered in the scantling of structural members.
In the case of LNG’s the sloshing loads can be much more important depending on the
cargo containment system used. Some possibilities are summarized in figure A.1, with
the main limitations shown in table A.1. As can be seen, with the membrane system the
sloshing loads introduce strong limitations in the filling levels. It has to be noted that
this system is the most used in recent buildings. Extract from the recommendations of
the classification societies ABS and Bureau Veritas are reported in figures A.2 and A.3.
In addition, other causes exist which bring to the main scenario the sloshing inside the
gas transportation business. Navigation for the North Atlantic, Barents sea and transpacific voyages will represent hardest requirements than those imposed in Mediterranean’s
routes. The accumulation of fatigue effects in North Atlantic is about twice as fast as in
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Figure A.1: Some actual containment systems.
System
Membrane (Gaztransport&Technigaz)
MOSS
IHI-SPB

Limitation
No filling allowed between 10%L-70/80%H
Without limits due spherical geometry
Possibility to arrange wash bulkheads

Table A.1: Cargo containment systems
other environments more favourable as the Mediterranean sea. On the other hand exists
a growing interest between the owners in overcome the restrictions in the filling levels
imposed by the sloshing loads, in order to make the traffics more flexible or to solve novel
problems as for example the new designs of floating gas storage units similar to the FPSO
for crude oil. Also the new trends pointing to ships with even more cargo capacity can be
affected by sloshing because the increase of the cargo tanks dimensions make this problem
worse. For the new developments the owners are demanding ships with capacities between
200 000 and 250 000 m3 which represent a considerable jump from the abt. 140 000 m3
of the standard ships in service.
Generally speaking it can be established that the foremost tank in the ship is the most
affected by sloshing loads if it is in the maximum breadth zone but usually the reduction
of the dimensions of the foremost tank to fit inside the hull form translate the problem to
the tank immediately aft. Typically is the upper structure in the tank the most affected
for this effect in the most unfavorable filling level. The pitch motion combined with heave
can play a role as important as the rolling motion or even more, but as a matter of fact
the complete effect is produced by the combination of all the different motions of the ship.
When the filling restrictions are no longer possible and other solutions as wash bulkheads
cannot be used it is needed to condition the scantling of the structure by the sloshing
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Figure A.2: Extract of ABS Guide for building and classing”, section 3 -11.5.2, 2004.
effect over hydrostatic ones, which is not rare in the membrane LNG ships.
Actually exists a great number of investigations devoted to improve our understanding
of sloshing inside marine applications, as for example the project STRUCT-LNG before
mentioned inside which the results presented in chapter 2 were developed and which
partially supports this research.
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Figure A.3: Extract of BUREAU VERITAS, Rules for the Classification of Steel Ships,
Pt. B Ch.5 Sc.6, 2003.

Appendix B
Project STRUCT : pressure results
This section presents the pressure results of the experiments presented in section 2.7
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Figure B.1: Pressure results for the case 1 for the different excitation frequencies. The
sensor is located at the still free surface level. The pressure (red curves) is given in mBar
and time in sec. The rolling angle (blue curves) has been divided by the maximum angle
(4 degrees). First sloshing period is T0 = 1.91s.
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Figure B.2: Same as previous figure for case 2. First sloshing period is T0 = 1.32s.
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Figure B.3: Same as previous figure for case 3. First sloshing period is T0 = 1.21s.
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Figure B.4: Same as previous figure for case 4. First sloshing period is T0 = 1.11s.
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Figure B.5: Same as previous figure for the sensor located on the top of tank.
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