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RESUMEN

Los recientes desarrollos tecnológicos permiten la transición de la oceanografía observacional
desde un concepto basado en buques a uno basado en sistemas autónomos en red. Este
último, propone que la forma más eficiente y efectiva de observar el océano es con una red de
plataformas autónomas distribuidas espacialmente y complementadas con sistemas de
medición remota. Debido a su maniobrabilidad y autonomía, los planeadores submarinos
están jugando un papel relevante en este concepto de observaciones en red.
Los planeadores submarinos fueron específicamente diseñados para muestrear vastas zonas
del océano. Estos son robots con forma de torpedo que hacen uso de su forma hidrodinámica,
alas y cambios de flotabilidad para generar movimientos horizontales y verticales en la
columna de agua. Un sensor que mide conductividad, temperatura y profundidad (CTD)
constituye un equipamiento estándar en la plataforma. Esto se debe a que ciertas variables
dinámicas del Océano se pueden derivar de la temperatura, profundidad y salinidad. Esta
última se puede estimar a partir de las medidas de temperatura y conductividad.
La integración de sensores CTD en planeadores submarinos no esta exenta de desafíos. Uno
de ellos está relacionado con la precisión de los valores de salinidad derivados de las
muestras de temperatura y conductividad. Específicamente, las estimaciones de salinidad
están significativamente degradadas por el retardo térmico existente, entre la temperatura
medida y la temperatura real dentro de la celda de conductividad del sensor. Esta deficiencia
depende de las particularidades del flujo de entrada al sensor, su geometría y, también se ha
postulado, del calor acumulado en las capas de aislamiento externo del sensor.

xv

Los efectos del retardo térmico se suelen mitigar mediante el control del flujo de entrada al
sensor. Esto se obtiene generalmente mediante el bombeo de agua a través del sensor o
manteniendo constante y conocida su velocidad. Aunque recientemente se han incorporado
sistemas de bombeo en los CTDs a bordo de los planeadores submarinos, todavía existen
plataformas equipadas con CTDs sin dichos sistemas. En estos casos, la estimación de la
salinidad supone condiciones de flujo de entrada al sensor, razonablemente controladas e
imperturbadas.
Esta Tesis investiga el impacto, si existe, que la hidrodinámica de los planeadores submarinos
pudiera tener en la eficiencia de los sensores CTD. Específicamente, se investiga primero la
localización del sensor CTD (externo al fuselaje) relativa a la capa límite desarrollada a lo
largo del cuerpo del planeador. Esto se lleva a cabo mediante la utilización de un modelo
acoplado de fluido no viscoso con un modelo de capa límite implementado por el autor, así
como mediante un programa comercial de dinámica de fluidos computacional (CFD). Los
resultados indican, en ambos casos, que el sensor CTD se encuentra fuera de la capa límite,
siendo las condiciones del flujo de entrada las mismas que las del flujo sin perturbar.
Todavía, la velocidad del flujo de entrada al sensor CTD es la velocidad de la plataforma, la
cual depende de su hidrodinámica. Por tal motivo, la investigación se ha extendido para
averiguar el efecto que la velocidad de la plataforma tiene en la eficiencia del sensor CTD.
Con este propósito, se ha desarrollado un modelo en elementos finitos del comportamiento
hidrodinámico y térmico del flujo dentro del CTD. Los resultados numéricos indican que el
retardo térmico, atribuidos originalmente a la acumulación de calor en la estructura del
sensor, se debe fundamentalmente a la interacción del flujo que atraviesa la celda de
conductividad con la geometría interna de la misma. Esta interacción es distinta a distintas
velocidades del planeador submarino. Específicamente, a velocidades bajas del planeador
(0.2 m/s), la mezcla del flujo entrante con las masas de agua remanentes en el interior de la
xvi

celda, se ralentiza debido a la generación de remolinos. Se obtienen entonces desviaciones
significantes entre la salinidad real y aquella estimada. En cambio, a velocidades más altas
del planeador (0.4 m/s) los procesos de mezcla se incrementan debido a la turbulencia e
inestabilidades. En consecuencia, la respuesta del sensor CTD es mas rápida y las
estimaciones de la salinidad mas precisas que en el caso anterior.
Para completar el trabajo, los resultados numéricos se han validado con pruebas
experimentales. Específicamente, se ha construido un modelo a escala del sensor CTD para
obtener la confirmación experimental de los modelos numéricos. Haciendo uso del principio
de similaridad de la dinámica que gobierna los fluidos incompresibles, los experimentos se
han realizado con flujos de aire. Esto simplifica significativamente la puesta experimental y
facilita su realización en condiciones con medios limitados. Las pruebas experimentales han
confirmado cualitativamente los resultados numéricos. Más aun, se sugiere en esta Tesis que
la respuesta del sensor CTD mejoraría significativamente añadiendo un generador de
turbulencia en localizaciones adecuadas al interno de la celda de conductividad.
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ABSTRACT

Recent technological developments allow the transition of observational oceanography from
a ship-based to a networking concept. The latter suggests that the most efficient and effective
way to observe the Ocean is through a fleet of spatially distributed autonomous platforms
complemented by remote sensing. Due to their maneuverability, autonomy and endurance at
sea, underwater gliders are already playing a significant role in this networking observational
approach.
Underwater gliders were specifically designed to sample vast areas of the Ocean. These are
robots with a torpedo shape that make use of their hydrodynamic shape, wings and buoyancy
changes to induce horizontal and vertical motions through the water column. A sensor to
measure the conductivity, temperature and depth (CTD) is a standard payload of this
platform. This is because certain ocean dynamic variables can be derived from temperature,
depth and salinity. The latter can be inferred from measurements of temperature and
conductivity.
Integrating CTD sensors in glider platforms is not exempted of challenges. One of them,
concerns to the accuracy of the salinity values derived from the sampled conductivity and
temperature. Specifically, salinity estimates are significantly degraded by the thermal lag
response existing between the measured temperature and the real temperature inside the
conductivity cell of the sensor. This deficiency depends on the particularities of the inflow to
the sensor, its geometry and, it has also been hypothesized, on the heat accumulated by the
sensor coating layers.
xviii

The effects of thermal lag are usually mitigated by controlling the inflow conditions through
the sensor. Controlling inflow conditions is usually achieved by pumping the water through
the sensor or by keeping constant and known its diving speed. Although pumping systems
have been recently implemented in CTD sensors on board gliders, there are still platforms
with unpumped CTDs. In the latter case, salinity estimates rely on assuming reasonable
controlled and unperturbed flow conditions at the CTD sensor.
This Thesis investigates the impact, if any, that glider hydrodynamics may have on the
performance of onboard CTDs. Specifically, the location of the CTD sensor (external to the
hull) relative to the boundary layer developed along the glider fuselage, is first investigated.
This is done, initially, by applying a coupled inviscid-boundary layer model developed by the
author, and later by using a commercial software for computational fluid dynamics (CFD).
Results indicate, in both cases, that the CTD sensor is out of the boundary layer, being its
inflow conditions those of the free stream. Still, the inflow speed to the CTD sensor is the
speed of the platform, which largely depends on its hydrodynamic setup. For this reason, the
research has been further extended to investigate the effect of the platform speed on the
performance of the CTD sensor. A finite element model of the hydrodynamic and thermal
behavior of the flow inside the CTD sensor, is developed for this purpose. Numerical results
suggest that the thermal lag effect is mostly due to the interaction of the flow through the
conductivity cell and its geometry. This interaction is different at different speeds of the
glider. Specifically, at low glider speeds (0.2 m/s), the mixing of recent and old waters inside
the conductivity cell is slowed down by the generation of coherent eddy structures.
Significant departures between real and estimated values of the salinity are found. Instead,
mixing is enhanced by turbulence and instabilities for high glider speeds (0.4 m/s). As a
result, the thermal response of the CTD sensor is faster and the salinity estimates more
accurate than for the low speed case.
xix

For completeness, numerical results have been validated against model tests. Specifically, a
scaled model of the CTD sensor was built to obtain experimental confirmation of the
numerical results. Making use of the similarity principle of the dynamics governing
incompressible fluids, experiments are carried out with air flows. This significantly simplifies
the experimental setup and facilitates its realization in a limited resource condition. Model
tests qualitatively confirm the numerical findings. Moreover, it is suggested in this Thesis
that the response of the CTD sensor would be significantly improved by adding small
turbulators at adequate locations inside the conductivity cell.
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CHAPTER 1
INTRODUCTION

The marine environment is an extremely complex dynamical system. Its turbulent nature
implies strong interactions between a wide range of spatio-temporal scales [Kuragano and
Kamachi, 2000]. As a consequence, ocean environments are significantly variable in space
and time. According to Kamenkovich et al. [1986], the ocean spatio-temporal variability can
be classified in (Figure 1.1):
(a) Small-scale motions. This variability is characterized by spatial scales ranging
from 0.1 mm to 100 m and time scales from seconds up to several hours. These
scales are not affected by the Earth’s rotation and thus, Coriolis’ acceleration is
unimportant. Several physical phenomena are under this regime like isotropic
turbulence in weakly stratified layers, the vertical microstructure appearing in
strongly stratified fluids, the acoustic waves induced by compressibility effects,
surface waves generated by wind and finally internal waves induced by
buoyancy.
(b) Mesoscale motions. These motions are characterized by length scales ranging
from 100 m up to 10 km and time scales up to several days. Ocean processes
included in this category are long internal waves limited by inertial frequency
and maximum lengths up to 1 km, inertial oscillations with latitude dependent
periods and tides which depend on the coastline and topography of the area and
with time periods fixed by the sun and the moon.
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Figure 1.1 Spatial and temporal scales of different oceanic processes (following Kamenkovich et al,
1986).

(c) Synoptic scale motions. These motions have dominant spatial scales in the range
of tens to hundreds of kilometres and dominant temporal scales in the range of
weeks to months. Eddies, fronts, Rossby waves and topographic waves are
physical processes belonging to this category generated by the internal ocean
dynamics. Other motions are directly forced by the atmospheric cyclones and so
their periods are determined by the atmospheric synoptic variability.
(d) Gyre/basin scale motions. These include motions with length scales from 1000
km up to basin dimensions and time scales of seasons, decades and beyond.
Repeated annual cycles, the interannual climatic variations like El Niño and the
long-term climatic variability related to global warming or ice ages are the most
representative ocean processes inside this category.
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Marine chemical and biological processes are strongly affected by the described physical
interactions [Robinson et al., 1999; Gargett and Marra, 2002; Griffiths et al., 2005]. Thus, the
high spatio-temporal physical variability and the relevance of the interactions between the
physical, chemical and biological fields make the study of the ocean difficult: first it requires
simultaneous measurements of the physical, chemical and biological parameters, and second
these measurements must be done with an adequate spatio-temporal resolution.
Ocean observations are mainly based on sensors and observing platforms [Dickey, 2003].
While the multi-parameter character of the observations depends on sensor payloads, the
spatio-temporal resolution of ocean observations relates to the characteristics of the observing
platform. An observation platform must be capable of providing sustained synoptic
observations, i.e., to map ocean structures at adequate spatial resolution and faster than
significant changes occur. This requirement is not met by many traditional platforms of
oceanographic sampling due to their physical, economic and/or operational limits. For this
reason, ocean observations are transforming from platform based capabilities to networks of
sensor nodes [Curtin et al., 1993; Curtin and Bellingham, 2009]. It is envisioned that future
ocean observations will be done by heterogeneous ocean observing networks, involving static
nodes (moored profilers, bottom mounted systems), nodes with uncontrolled motion (drifter
buoys and profiling floats) and nodes with controlled motion (ships, autonomous underwater
vehicles-AUVs, gliders and autonomous surface vehicles-ASVs) [Pascual et al., 2010]. This
in situ networked observing system will then be complemented by remote sensing
platforms/sensors (including acoustic, aerial or space based). Present ocean observatories
such as the US Integrated Ocean Observing System-IOOS and the Australian Integrated
Marine Observing System-IMOS among others, are heading towards this observational
concept.
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A new generation of robotic ocean observing platforms has been developed to provide
networking capabilities to ocean observing systems [Curtin et al., 1993]. Gliders constitute an
example of recently developed technologies for ocean observation [Stommel, 1989;
Bachmayer et al., 2004; Rudnick et al., 2004]. These autonomous underwater platforms make
use of buoyancy changes and hydrodynamic shape to carry out zig-zag motions between the
surface and bottom of the ocean with a net horizontal displacement [Eriksen et al., 2001;
Sherman et al. 2001; Webb et al., 2001]. Nominal horizontal speed is about 0.3 m/s with
spatial cycle periods depending on the programmed pitch and immersion depths. Unlike
profiling floats, glider motions are controllable up to some degree determined by the strength
of the current field. Gliders have an endurance of one to several months, covering distances
of thousand kilometers (recently, a glider crossed the Atlantic Ocean (~5300 km) in a 7
month mission [Shapiro, 2010]).
Numerous field experiments reported in the literature, have demonstrated the capability of
underwater gliders to provide high resolution measurements of physical (temperature, salinity
and average velocities over a dive) but also biogeochemical parameters such as dissolved
oxygen and fluorescence/optical backscattering, providing estimates of chlorophyll, dissolved
organic matter, phycoerythrin concentrations, water turbidity and particle sizes [Testor et al.,
2005; Hatun et al., 2007; Davis et al., 2008; Eriksen and Rhines, 2008; Glenn et al., 2008;
Gourdeau et al., 2008; Nicholson et al., 2008; Niewiadomska et al., 2008; Perry et al., 2008;
Martin et al., 2009; Ruiz et al., 2010]. Networks of gliders are still incipient but there are first
initiatives to install them [Bachmayer et al., 2004; Leonard et al., 2007; Alvarez and Mourre,
2012a,b; Alvarez et al., 2013a; Alvarez and Mourre, 2014].
The advent of glider technology for ocean research also creates technological demands. Most
research efforts found in the literature have been devoted to optimizing their control and use
[Galea, 1999; Leonard and Graver, 2001; Alvarez et al., 2007; Zhang et al., 2007;
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Mahmoudian and Woolsey, 2008; Leonard et al., 2007; Alvarez and Reyes, 2010; Mourre
and Alvarez, 2012a]. Other research efforts were focused on increasing the diving depth
[Osse and Eriksen, 2007], on expanding sensing capabilities to determine sea state conditions
[Alvarez 2015], on directly measuring current fields [Thurnherr et al., 2015] and on
performing surveillance and reconnaissance tasks [Maguer et al., 2013], among others. The
technological requirements to use gliders as an underwater mobile communication gateway
have also been explored by Send et al. [2012] and Song et al. [2014].
Most of the previous technological studies on gliders focused on the integration and
demonstration of new sensors in glider payload sections. However, many of these sensors
have been designed to work under conditions that may not be fulfilled by the operating
procedures of new unmanned platforms. Thus, onboard sensors may suffer from interferences
of platform dynamics that may affect their performance. This could be the case of the
Conductivity-Depth-Temperature (CTD) sensor which is the sensor most used with glider
platforms. This instrument provides measurements of the conductivity (salinity), temperature
and depth of the water masses from which dynamical variables (like geostrophic velocities)
are derived. Deriving accurate estimates of salinity from conductivity requires a simultaneous
measurement of temperature and conductivity. This is difficult due to the different response
times of the temperature and conductivity sensors [Luek 1990; Morison et al. 1994].
Although corrections to this problem for CTD sensors onboard ships [Morison et al. 1994]
and gliders [Bishop 2008; Garau et al., 2011] have been proposed, these are based on
heuristic approaches derived from simple thermal models of the sensor [Luek 1990]. A
detailed study about the existence of hydrodynamical interferences between glider platforms
and their hosted CTD sensors is still missed.
This Thesis attempts to cover this gap by investigating the existence, if any, of interferences
of the glider hydrodynamics in the performance of an onboard CTD sensor. The Thesis is
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organized as follows: Chapter 2 details the underwater glider and CTD sensors considered in
this study. Both are most popular with glider users which facilitates applicability of the
results. Moreover, the motivation of this Thesis is further detailed in this Chapter. Unlike
Luek [1990], this Thesis relies more on numerical techniques than on theoretical analysis.
Specifically, Computational Fluid Dynamics (CFD) is used in Chapters 3 and 4 to investigate
if the CTD sensor is in or out the boundary layer developed along the glider fuselage. This is
accomplished by coupling an inviscid model of the glider hydrodynamics (Chapter 3) with a
semi-empirical boundary layer model (Chapter 4). Results of the model developed by the
author were validated by experimental data and commercial CFD codes. Chapter 5 further
extends the work of Luek [1990] by investigating the dependence of the thermal response of
the CTD sensor on the speed of the glider. For this purpose, a Large Eddy Simulation model
of the CTD sensor was implemented by the author in Matlab. The finite element technique
(FEM) was considered in order to accurately represent the internal geometry of the sensor.
Numerical results are qualitatively validated in Chapter 6 by the implementation of an
experimental set up that considers a scaled model of the CTD sensor. Finally, Chapter 7
concludes the present Thesis and provides recommendations for glider operations and future
research.
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CHAPTER 2
THE SLOCUM GLIDER, THE CTD SENSOR AND THEIR INTERACTION
2.1 The Slocum glider
Slocum gliders are manufactured by Webb Research Inc., Falmouth, MA, [Webb Res. Co.Teledyne, Falmouth-MA; Webb et al., 2001] Figure 2.1. The platform has a hull length of 1.79

m, a diameter of 0.213 m and a weight of 52 Kg. The hull is formed by a frontal ellipsoidal
section of 0.21 m length, a central cylindrical part of 1.21 m and second ellipsoidal portion of
0.37 m at the rear part of the body. The wings, located at 0.76 m from the nose, have a total
surface of 0.0972 m2 and a wing span of 0.99 m. Their tip and hull chords are 0.145 and 0.11
m respectively. The wing has swept angles of 0.77 rad and 0.72 rad at the leading and trailing
edges. The resulting aspect ratio AR is 6.5. The glider has a vertical fin where a satellite
antenna and a movable rudder are located.
The platform takes in and expels sea water to change its buoyancy. This is done by a piston
located at the nose of the vehicle. Buoyancy changes up to  250 cc by this method [Graver
et al., 2003]. The pitch of the glider is controlled by the longitudinal displacement of a battery
pack with a weight of 9 Kg. These batteries power the sensors and the navigation computer.
During a mission, a glider periodically surfaces to re-position and establish communications
with the base station. The time at surface is programmable and it usually ranges from few
minutes up to an hour depending on the amount of information to be transmitted. Underwater
navigation is performed by dead reckoning. Specifically, the glider fixed its position by GPS
when surfaces [Graver et al., 2003]. It also estimates the current field of the environment by
comparing the present location and the expected surfacing based on the nominal speed. An
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Figure 2.1 Top panel: Slocum glider. Bottom panel: Drawing of the Slocum glider. Units are in mm (courtesy of E. Pasqualetto).
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Figure 2.2 Top panel: Drawing of the SBE-4 conductivity cell. Shaded areas inside the cell indicate electrodes’
locations. Bottom panel: Drawing of the coating layers out of the conductivity cell. Units are in mm (from Luek
[1990]).
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Figure 2.3 Top (top panel), side (central panel) and frontal (bottom panel) views of the CTD location in the
Slocum glider. Units are in mm (courtesy of E. Pasqualetto).
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effective heading is then computed to reach the next waypoint. In order to establish
communication with the on-shore station, the platform puts full forward the battery pack as
well as inflates an air bladder of 1400 cc in the rear end of the vehicle to ensure that the
antenna is properly lifted out of the water.
2.2 The CTD sensor
A wide variety of scientific sensors can be hosted in gliders. The CTD sensor is probably the
most common among them. This sensor samples the basic physical variables from which the
density of the field and dynamical magnitudes can be derived. In essence, a CTD contains a
temperature sensor, a pressure gauge and a conductivity cell.
Slocum gliders host the so called CTD “SBE 41CP” built by Sea-Bird-Electronics, Inc. No
drawing of the structure of the SBE 41CP conductivity cell is currently available. Instead, this
study uses the information provided by Luek [1990] of the SBE-4 conductivity cell. Based on
the similar dimensions and sketches of the SBE 41CP, it is speculated that the SBE-4 shares
the design of the conductivity cell of the SBE 41CP. The former is a hollowed circular
cylinder made of pyrex glass of about 0.004 m radius and 0.18 m length where a set of three
electrodes are placed along the walls of the cylinder, Figure 2.2. The sensitivity section of the
cell is confined to the region between the outer electrodes. Specifically, a potential difference
is applied to the electrodes to determine the conductivity of the fluid media filling the space
between electrodes. The refreshment of the fluid inside the conductivity is usually induced by
the motion of the platform or, more recently, by pumping systems that ensure constant flow
rates inside the sensor. The outside surface of the glass cell is covered with epoxy to provide
mechanical protection and to seal the contacts with the electrodes.
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2.3 The interaction
The salinity of the water column is not a physical variable directly measured by sensors.
Instead, this property is derived from measurements of the temperature and the conductivity.
The latter is a linear (nonlinear) function of salinity (temperature) for the range of values in
the ocean. For example, Ellison et al. [1998] provide the following relationship,

 T , S   c1 T   c 2 T S

c1 T   0.086374  0.030606T  0.0004121T 2

c 2 T   0.077454  0.0016876T  0.00001937T

(2.1)
2

Where and S are the conductivity, temperature and salinity, respectively. Knowing the
conductivity and the temperature, the salinity can be determined by inverting Eq.(2.1) or
another equivalent expression. According to Eq.(2.1), most of the conductivity signal is due
to the temperature. Thus, simultaneous temperature and conductivity measurements are
required to obtain accurate salinity estimates.
Similarly to other conductivity cells, conventional CTD sensors suffer from a mismatch
between the temperature and the conductivity measurements induced by the thermal inertial
of the conductivity sensor. The adjustment of the conductivity cell to the temperature of the
surrounding waters is slower than the response of the temperature sensor. This mismatch
between the responses of temperature and conductivity sensors leads to erroneous salinity
calculations, referred to as thermal lag effects.
The thermal response of the conductivity cell of a SBE-4 CTD was theoretically investigated
by Luek [1990]. This author considered an idealized hollowed glass cylinder and a simplified
thermal model to assess the factors that govern the signal reported by this sensor. The thermal
model assumes the development of a laminar boundary layer along internal and external
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walls of the cylinder, and a temperature distribution inside the circular annulus governed by a
diffusion law:
T
 T T 
 kg  2 
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 r
T
g L
 Nu i T  T  at r  R i
r
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 Nu o T  T  at r  R o
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(2.2)

T  1 for t  0

Where T is the temperature inside the glass annulus, T is the temperature of the free stream,
L is a characteristic length, Ri(o) is the internal (external) radius, ( g ) is the thermal
conductivity of water (glass), k g is the thermal diffusivity of glass, and Nu i ( o ) is the Nutsselt
number of a flat plate for the internal (external) wall. The heat transfer across the boundary
layer is also considered quasi-steady. Nu i and Nu o differ due to the existence of an epoxy
coating ( Nu o  0 ) and/or different flow speeds at the internal and external walls (the cell is
supposed pumped). Under these hypothesis, Luek [1990] found that the bulk of the sensor
response is dominated by the flushing of the cell (with a time scale of about 0.05 s for free
streams of 1 m/s), the responses associated to the thermal and saline boundary layers (with
time scales of 0.1 s and 0.4 s, respectively), and the influence of the heat stored in the wall
(with a time scale of 6 s for free streams of 1 m/s). The latter strongly depends on the
dimensions and the geometry of the cell. The author attributes to the epoxy coating a
detrimental effect on the performance of the SBE cell.
Different studies after Luek [1990] considered the mitigation of the effects of the thermal lag
on salinity estimations. Morison et al. [1994] proposed a practical method to correct the
thermal lag effect based on minimizing the salinity separation of temperature-salinity curves
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Figure 2.4 Left panel: Root mean square error (RMSE) in temperature from the un-pumped SBE 41CP CTD
(blue) and pumped SBE Slocum Glider Payload CTD (red); Right panel similar than the left panel but for the
salinity (from Alvarez et al. [2013b] ).

from a sequence of down- and up-cast CTD profiles. Johnson et al. [2007] derived the
thermal lag corrections for the SBE 41CP based on CTD profiles of Argo profiling floats.
Finally, Mensah et al. [2009] revised the thermal lag correction of the SBE-4 studied by Luek
[1990].
It is expected that the response of a CTD sensor, in general, and the SBE 41CP, in particular,
will be affected by the sampling procedures of the platform where the sensor is hosted.
Unlike conventional CTD casts from a surface vessel, the free stream flushing through the
conductivity cell is variable when the sensor is onboard a glider. The rate of flushing depends
on the glider altitude and speed and both vary depending on the glider hydrodynamics as well
14

as during the course of a diving cycle. Moreover, the inflow to the sensor may be perturbed
by hydrodynamic phenomena developed along the fuselage due to its proximity to the hull
(see Figure 2.3). Thus, interference between the glider hydrodynamics and the performance
of an onboard CTD sensor may be hypothesized.
Up to now, salinity determination in Slocum gliders has been done by means of unpumped
SBE 41CP conductivity cells to conserve power and extend the mission of the glider
platform. Only recently, the unpumped SBE 41CP has been substituted by a pumped version,
the SBE Slocum Glider Payload CTD, that guarantees a constant flow condition inside the
CTD. Pumped CTD sensors do not solve the problem of thermal lag. Instead, their benefit
comes from decoupling the CTD sensor from the glider hydrodynamics. Filters to correct the
effect of the thermal lag resulting from in-lab calibrations of pumped CTDs, are applicable
during the operations. This is because the pumping system ensures a stationary inflow to the
conductivity cell in all circumstances. This advantage does not exist in the unpumped SBE
41CP.
A field experiment conducted on July 19th-20th 2012 offshore La Spezia (located at the
northwestern coast of Italy), exemplified the differences in the performance of pumped and
unpumped CTD sensors in a Slocum glider [Alvarez et al., 2013b]. A special scientific
payload section was built for the glider with the purpose to simultaneously host an unpumped
SBE 41CP and a pumped SBE Slocum Glider Payload CTD. CTD sensors were
symmetrically located on both sides of the hull. To enable comparisons with a reference
CTD, a special frame was designed to attach a Slocum glider onto the protection structure of
a Seabird SBE 911plus CTD. During July 19th, a total of 10 profiles up to 130 m depth have
been done with the dual CTD glider attached to the structure of the Seabird SBE 911plus
CTD. Figure 2.4 evidences the difference in performance between both sensors. Notice that
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the thermal lag effect varies also with the water column stratification. The stronger is the
stratification (like at the most surface layers), the larger is the expected thermal lag effects.
As it was previously indicated, the SBE Slocum Glider Payload CTD has been recently
incorporated to Slocum glider platforms and thus it is not yet widely found in existing
Slocum platforms. Besides, the unpumped SBE 41CP is being commonly used to increase the
endurance of the glider at sea. For this reason, investigating the response of this CTD sensor
and finding ways to correct its thermal lag are still subjects of current interest in
observational oceanography.
Several studies in the literature have considered the correction of the thermal lag of the SBE
41CP on board a glider. Bishop [2008] proposed for the first time a procedure to correct the
thermal lag of an unpumped SBE 41CP on board a glider. The proposed methodology relies
on the approach of Morison et al. [1994]. More recently, Garau et al. [2011] proposed to
correct the thermal lag of the unpumped SBE 41CP hosted in a glider by minimizing an
objective function that measures the area between two T-S curves obtained from consecutive
down-upcasts. Unfortunately, to the best of my knowledge, no further studies have been done
after Luek [1990] to understand the physical mechanisms out and inside the conductivity cell
that may impact its thermal response.
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CHAPTER 3
INVISICD HYDRODYNAMIC MODELLING OF UNDERWATER GLIDERS

3.1 Introduction
Hydrodynamics is the field of study concerned with predicting the forces and moments
experienced by bodies moving in water. Since the viscosity of water is very small, a wide
variety of practical engineering problems (including the glider motion) fall within the
Reynolds number- Re 

UL



 1 , where U and L are a characteristic velocity and length,

respectively, and is the kinematic viscosity of water. In these situations the viscous term of
the Navier-Stokes equations:

 
u    1 
 u  u  P   u  g
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u  0

 

(3.1)





(where u  (u x , u y , u z ) is the velocity vector, P is the pressure, is the density and g represents an
external force) becomes small compare with other terms. Thus, viscous effects can be

neglected outside the immediate vicinity of a solid surface. On the other hand, near the solid
boundaries in the fluid the effects of viscosity cannot be neglected even for high Reynolds
numbers. Still, the Navier-Stokes equations can be reduced to the classical boundary layer
equations [Schlichting, 1979]. Besides, it has also been shown that the vorticity in the high
Reynolds number is confined to the boundary layer and wake regions; the flow is irrotational
outside these confined regions.
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Concluding, for high Reynolds number flows there are two dominant regions in the flow
field: an outer flow where viscosity and vorticity are negligible and a thin boundary layer
near the solid boundaries where the viscous effects cannot be neglected. A complete solution
for the flow field can be obtained by finding the inviscid and irrotational flow past the body.
The pressure distribution along the body surface is obtained from the tangential velocity at
the body surface. This pressure distribution can then be injected into the boundary layer
equations to obtain the velocity profile close to the body surface. Solving for a high Reynolds
number with the assumption of an inviscid and irrotational fluid is, therefore, the first step
toward solving the complete physical problem.
The scope of this Chapter, based on Alvarez [2010], is to find the inviscid and irrotational
flow past a Slocum underwater glider. The resulting flow will be the basis, together with the
boundary layer equations, to determine in the next Chapter the boundary layer thickness in
order to assess whether it influences the CTD sensor readings.
3.2 Mathematical model
A Slocum glider moving with a small angle of attack (AoA) in an incompressible, irrotational
and inviscid fluid is considered. The hypothesis of an inviscid, irrotational and
incompressible fluid is justified by the excellent agreement found between fully viscous and
inviscid numerical computations of the subsonic flow over missile forebodies, flying at
Reynolds numbers and AoAs similar to those considered here [Tunzer et al., 1997].
Under the previous physical framework, the Slocum glider is hydrodynamically modelled by
a non-lifting central body with attached lifting surfaces of zero thickness. This is supported
by wind tunnel measurements which have shown that the total lift in the Slocum glider is
mostly generated by the wings for small AoAs [Berman, 2003]. The contribution of the lift
induced by the fuselage only becomes significant for AoA bigger than 12o. On the other
18

hand, in-water flight tests revealed that steady glides of the Slocum glider are usually
characterized by small AoAs (2o~ 3o) [Gravert et al., 2003]. The thin plate structure of the
wings used in the Slocum glider thus justifies the zero thickness assumption of the lifting
surfaces.
Under the physical assumptions considered, the flow field can be described by a velocity
potential  x, y, z  satisfying the Laplace equation:

 2 x, y, z   0

(3.2)

With boundary conditions imposing zero normal flow across the body solid surfaces:

    .nˆ  0

(3.3)

With   and n̂ being the velocity potential of the unperturbed incident flow and the normal
to the body surface, respectively. Besides the radiation condition:

lim   0

(3.4)

r 

 
with r  x  x  must be held. The solution of Equations (3.2-3.4) can be expressed in terms
of source singularities distributed over the fuselage and vortices over wing and wakes [Katz
and Plotkin, 2001]. The strength of these elementary solutions is obtained from applying
boundary condition Equation (3.3):
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(3.5)

Figure 3.1. Meshing of the Slocum glider surface.

 

being  and  the strength of sources and vortex densities, respectively, r  x  x 

with



x representing the source or vortex position vector and x  and nˆ  are an arbitrary position
vector on the vehicle surface and the normal vector to the vehicle surface corresponding this
location, respectively. The solution of Equation (3.5) is not unique unless a value of the
circulation  in the lifting surfaces is selected. This is done using the so called Kutta
condition that states that the flow leaves the sharp trailing edge of an airfoil smoothly and
with finite velocity. This condition is implemented imposing a zero value to the strength of
the vortices located at the trailing edge of the lifting surfaces [Katz and Plotkin, 2001].
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3.3 Computational method
A panel method has been programmed to solve the Laplace equation (3.2) for the velocity
potential over the glider body and wings. Following the description provided in Section 2.1,
the numerical glider model has a hull length of 1.79 m and a diameter of 0.213 m, with a
frontal ellipsoidal section of 0.21 m length, a central cylindrical part of 1.21 m and second
ellipsoidal portion of 0.37 m at the rear part of the body. The wings, located at 0.76 m from
the nose, have a total surface of 0.0972 m2 and a wing span of 0.99 m. Their tip and hull
chords are 0.145 and 0.11 m respectively. The wing has swept angles of 0.77 rad and 0.72 rad
at the leading and trailing edges.
The panel model used for the nonlifting part of the glider derives from the panel code
developed and validated in Alvarez et al. [2009]. This model follows the work of Hess and
Smith [1964], distributing singularities with constant strength over each panel on the
fuselage. The impermeability condition (3.5) is enforced at the collocation points positioned
at the center of the fuselage panels. A total of 1054 panels were used to mesh the hull of the
Slocum glider. The panel model for the fuselage was coupled to a vortex lattice method
(VLM) where vortex rings were employed to model wings. Following the approach described
in Katz and Plotkin [2001], the wing was also divided into panels. The leading segment of the
vortex ring was placed on the panel’s quarter chord line and the collocation point placed at
the center of the three-quarter chord line. To satisfy the Kutta condition, vortexes of the
trailing panels were cancelled by aligning the wake vortex panels parallel to the local
streamlines and their strengths equal to the strengths of the trailing panels [Katz and Plotkin,
2001]. Condition (3.5) is then discretized using N and M source and vortex panels
respectively, and applied to each i-th collocation point:

21

1
4

N

 j S j rij nˆ i

j 1

rij3



M

   j v ij nˆ i    nˆ i ,

i  1,, N  M

j 1

(3.6)


 
Where rij  x j  xci with x j , j  1,, N is the location of the j-th panel on the fuselage
with an area S j and unknown source strengths  j ,


x ci and n̂i are the locations of the

collocation points over the fuselage/wings and corresponding normal vectors to the solid
surface and  j and v ij are the unknown circulation of the j-th vortex ring, j  1,, M and
the velocity generated at the i-th collocation point by the j-th vortex ring with unit circulation
(  j  1 ), respectively. Equation (3.6) results in a system of (N+M)2 linear equations for the
source strengths and vortex circulations.
3.4 Results
Numerical computations of the lift (CL), drag (CD) and pitch moment (CM) coefficients of the
Slocum glider have been confronted against wind tunnel measurements reported by Berman
[2003] and estimations obtained by Graver et al. [2003] from parameter identification
analysis using in-water flight tests with real gliders. Following the criterion of Berman
[2003], coefficients CL and CD are normalized by the square length of the hull while CM is
referred to the geometrical center of the hull (located at 0.87 m from the body nose) and
normalized to the cube of the body length. Values from Graver et al. [2003] have been
accordingly rescaled because in that work the glider’s frontal area was taken as reference area
for coefficient normalization. The scope of the comparisons is to evaluate if the proposed
numerical model produces results in the range of acceptance determined by existing
measurements and estimation approaches. Figure 3.1 displays the mesh generated for the
Slocum glider body. This mesh had 1054 quadrilateral and triangular panels on the hull and
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216 quadrilateral panels for the wing. The resulting grid discretizes the body with a resolution
of about 0.04 m. The number of panels was determined after numerical convergence of
computed values was obtained.
Figure 3.2a compares the computed CL with wind tunnel measurements by Berman [2003]
and estimations by Graver et al. [2003]. Unlike for CD and CM, Graver et al. [2003] do not
provide an empirical estimation of CL but a value resulting from the analysis of aerodynamic
reference data, CFD computations from Humphreys et al. [2003] and preliminary wind tunnel
measurements. Results indicate that the numerical model slightly underestimates measured
and estimated CL. The slope determining the linear relationship between CL as a function of
the AoA, CL, is 0.11 rad-1 for the present numerical case, 0.14 rad-1 for lift measurements in
the wind tunnel [Berman, 3003] and 0.13 rad-1 for the estimations given by Graver et al.
[2003]. For AoAs smaller than 3o, numerical results are consistent with reported
measurements and estimations.
Inherently the numerical model developed can only estimate the induced drag CDi, discarding
other sources of drag present in Berman [2003] and Graver et al. [2003]. To make
comparisons feasible, numerical CDi is first referred in Figure 3.2b to the drag coefficient
resulting from subtracting the drag measured at zero AoA (base drag or zero-lift drag) from
the drag measured at nonzero AoAs. An important contribution of the induced drag on the
resulting drag coefficient would be expected. For this reason the notation CDi is employed in
the vertical axis of Figure 3.2b, but it should be stressed that the experimental drag
coefficient obtained from the procedure just described (circled and star lines in Figure 3.2b)
includes other drag contributions than just the induced drag. Its consideration in Figure 3.2b
was motivated to provide a reference to the computed induced drag as well as a comparison
of the drag values obtained from Berman [2003] and Graver et al. [2003].
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A more appropriate comparison of the numerical induced drag results when the measured lift
is employed to derive it. Specifically, an empirical induced drag is obtained from the
equation:

C Di

C 2L

 AR e

(3.7)

Where e is a wing efficiency factor that accounts for taper ratio and fuselage effects on the
wing. A reasonable estimate of this factor for a large range of taper ratios and sweep angles is
given by [Corke, 2003]:

  d 2 
e  0.98 1    
  b  

(3.8)

with d/b being the ratio of the fuselage diameter (d) to the wing span (b). Coefficients in
Equation (3.7) are referred to the gross wing area, the product of the wing span and the mean
chord, thus appropriate forward and backward rescaling was applied. A good agreement is
found in Figure 3.2b between computed numerical values and the empirical CDi derived from
wind tunnel measurements of Berman [2003].
Only values of CM obtained by Gravert et al. [2003] from in-water flight tests with real
gliders are used for comparison with numerical results. This was motivated by the technical
difficulties discussed by Berman [2003] to measure CM with the employed experimental set
up, resulting in a substantial degradation in the estimation of this coefficient. Similarly to the
previous case, computed CM cannot be directly compared with the values provided by Graver
et al. [2003]. This is so because Graver et al. [2003] estimated the total hydrodynamic
moment, including the effect of wings and the moment of Munk generated by the pressure
distribution over the hull. The latter has been calculated using the equilibrium vertical and
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Figure 3.2. a) Lift coefficient from Breman [2003] (circled solid line), Gravert et al. [2003] (dotted line) and
computed by the panel method (dashed-dotted line), b) induced drag coefficient inferred from Breman [2003]
(squared-dotted line) and computed by the panel method (dashed-dotted line). Circled and crossed lines are the
drag coefficients resulting from subtracting the base drag, obtained from Berman [2003] and Gravert et al.
[2003] respectively. c) Moment coefficient estimated by Gravert et al. [2003] (crossed-solid line) and computed
with the panel method (dashed-dotted line).
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horizontal speeds, 0.2 m/s and 0.42 m/s respectively, provided by Graver et al. [2003] and
added-masses determined numerically. The resulting moment of Munk with a coefficient
slope of -0.00128 rad-1, was subtracted from empirical estimations to approximate the
momentum generated by the lifting surfaces. Figure 3.2c reveals good agreement between
computed CM and values obtained from the re-analysis of the data provided by Gravert et al.
[2003].
3.5 Discussion
Empirical and numerical evidence suggest that the hydrodynamic description of a Slocum
glider as a non-lifting central body with attached lifting surfaces of zero thickness and
moving in an incompressible fluid is realistic enough. Thus, a panel method has been
employed in this Chapter to analyze the hydrodynamic coefficients of Slocum gliders derived
from inviscid and irrotational assumptions. The computational approach was first validated
using available experimental data. Specifically, numerical estimations of the lift, induced
drag and moment coefficients were confronted against wind tunnel measurements and
estimations derived from in-water flight tests. The agreement found between numerical and
experimental values confirmed the adequacy of the selected mathematical and numerical
framework. Thus, inviscid calculations capture a significant part of the platform
hydrodynamics. However, water is a viscous flow and computations based on inviscid and
irrational flows reach limits of applicability.
The relevance of viscosity can vary greatly from case to case. For the problem considered in
this Thesis, the relevance of viscosity is reduced to determine if the CTD sensor is located in
or out the boundary layer developed along the fuselage. Thus, the next step involves to use
the results from the inviscid model to determine the width of the boundary layer expected at
the location of the CTD inflow.
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CHAPTER 4
BOUNDARY LAYER ANALYSIS
4.1 Introduction
Inviscid modeling is the most practical method to compute flow fields over an underwater
glider. However, water is a viscous fluid and the effects of viscosity can be relevant under
certain circumstances. Location close to the body hull is among them. This is because the
crucial difference between the slip and no-slip boundary conditions which define,
respectively, the flow tangency condition in inviscid flows and the no flow condition of real
fluids on the body surface. The latter may be regarded as an empirical observation or as due
to an equilibration between the fluid molecules close to the boundary and the solid particles.
Due to the low viscosity of water, the Reynolds numbers of most flows of practical interest
are usually very high. Prandtl [1904] postulated that under these conditions the influence of
viscosity is confined to a thin boundary layer in the immediate neighborhood of the solid
wall, while the region outside the boundary layer behaves as an inviscid fluid. Thus, the
boundary layer is a thin layer of fluid adjacent to the wall where the flow is assumed viscous
and where the tangential velocity grows from zero at the wall to the inviscid value at the
edge. This is expected to hold in the case under study, which considers the flow over a
streamline body at a small angle of attack [Smetana, 1997]. The effects of viscosity can then
be derived from the inviscid pressure distribution along the streamlines of the inviscid flow
[Smetana, 1997]. The viscous effect of interest in the present study, concerns the scale or
thickness of the viscous boundary layer and its growth along the streamlines of the inviscid
flow over the glider fuselage. This parameter will determine the location of the CTD sensor
in or outside the boundary layer, i.e., the inflow conditions to the sensor.
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The boundary layer equations introduce many physical simplifications that may be invalided
in some cases like in near separating boundary layers. Although boundary layer separation is
not likely to occur at the location of interest, the doubt about the accuracy of a boundary layer
model remains. Validation of the results would require their experimental determination or
their comparison with more sophisticated hydrodynamic models. The former has high costs
associated to the model construction and testing. Instead, commercial codes for CFD are
presently available to get insight into local flow details. Assessment of the boundary layer
along a body fuselage with models underlying different physical complexity contributes to
increasing the credibility of the final result.

4.2 Mathematical model
Boundary layer theory is a very wide topic and the interested reader is referred to the
different monographs on this subject, e.g. [Schlichting, 1979]. For completeness, this Section
is limited to describe the basic approximations involving the boundary layer model and the
coupling between the inner viscous and the outer inviscid flows.
Under the assumptions that: i) the flow is along the inviscid streamlines (2D); ii) inertial
terms in the along streamline coordinate, x, and the coordinate perpendicular to the hull, z,
are of the same order of magnitude in the boundary layer; iii) the larger of the viscous terms
is comparable to the inertia terms within the boundary layer; and iv) the pressure gradient
terms are as large as the inertial terms, the flow within the boundary layer is governed by:

u w
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x z
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u
u  1 p
 2u
w
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x
z
 x
z

(4.1)
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p
0
z
u(x,) = U(x,0)
Where u and w are the velocity components along the streamline and normal to the wall,
respectively, p refers to the pressure field, U is the inviscid surface value of the nonzero
tangential velocity, and is the density of the fluid. Equations (4.1) describe a fluid flowing
in layers past one another at speeds varying from zero at the surface to U at the edge of the
boundary layer . Eqs. (4.1) implicitly assume that the body surface is essentially flat on the
scale of the boundary layer. Corrections to the boundary layer model for the curvature to the
surface were investigated by Van Dyke [1969], Cebeci and Bradshaw [1977] and Schlichting
[1979]. According to their results, corrections for the curvature of the body surface involve
terms with order Re



1
2

and thus they are negligible for high Reynolds numbers.

Equations (4.1) can be further simplified by assuming that the flow lacks an appropriate
characteristic length. The scaled velocity profile at any streamwise station is a function of a
scaled version of the transverse coordinate. This assumption transforms Eqs (4.1) into a onedimensional problem described by a third-order, nonlinear, ordinary differential equation
called the Falkner-Skan equation [Falkner and Skan, 1930]. Still, estimates of some flow
variables can be obtained without solving the Falkner-Skan equation but using an integral
version of the boundary layer equations called the von Karman Integral Momentum equation:
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Where and  are the displacement and momentum thickness, H is the shape factor, Cf is
the skin-friction coefficient and w is the shear-stress. This study is interested in the
displacement thickness  which is defined as the distance the external flow streamlines are
displaced by the boundary layer. This is because, assuming a polynomial velocity profile
within the boundary layer, the boundary layer and displacement thicknesses are related by

  3.3 * [Katz and Plotkin, 2001].
A common approach to solve the von Karman Integral Momentum equation is attributed to
Thwaites [Thwaites, 1949]. The method supplements the momentum integral equation with
algebraic relations among the unknowns , H and Cf. Specifically, considering the parameter
l  0.5 Re Cf (with Re 

U



),

and

the

dimensionless

 2 dU
parameter  
, the integral momentum equation can be written as:
 dx

U6

d 2
dU
 6 2U 5
 0.45 U 5
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(4.3)
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pressure-gradient

Together with the algebraic relations [Cebeci and Bradshaw, 1977]:

 0.22  1.57  1.82
0.018
l    
0.22  1.402 

  0.107
2.61  3.75  5.242
0.0731
H    
2.088 

0.14  

for 0    0.1
for - 0.1    0
for 0    0.1

(4.4)

for - 0.1    0

Thus, for a given non-zero tangential velocity at the body surface U(x) and initial value of ,
x) can be determined from the numerical integration of Eq. (4.3). Once x) is known, ,
H( and l() are then computed. Either the boundary layer starts with zero thickness or at a
stagnation point.
It is assumed that for the flow past a streamline body, the boundary layer starts out as laminar
at the stagnation point. At a certain point of the growing process of the boundary layer,
laminar layers become unstable, and any small disturbance initiates the transition to a
turbulent flow. For incompressible flows without heat transfer, experimental observations
suggest that transition should be expected when [Michel, 1951]:

 22400  0.46
 Re x
Re  1.1741 
Re x 


With Re x 

Ux



(4.5)

. Equation (4.5) account for the effect of pressure gradients but it does not

include the effect of surface roughness. It is based on data taken for airfoils and its range of
application may be case dependent. Still, Eq. (4.5) will be used in this study to compute the
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transition point from laminar to turbulent flow. Validation will assess its applicability to the
problem under study.
The von Karman integral momentum equation does not rely on similarity assumptions, and
the shape of the velocity profile along the streamline can change significantly. Thus, the
method can be easily extended beyond the laminar flow to provide estimates about the
turbulent part of the boundary layer. An approximate solution of the integral momentum
equation in the turbulent regime is attributed to Head. Following Cebeci and Bradshaw
[1979], the approach is implemented by the following formulas:

d 
dU
 2  H 
 0.5Cf
dx U
dx
1 d UH 1 
 0.6169
 0.0306H 1  3
U
dx
3.3  0.8234H  1.11.287 for H  1.6
H1  
3.064
for H  1.6
3.3  1.5501H - 0.6778
  *
H1 

(4.6)



Cf  0.246 10 -0.678H Re 0.268

The last equation that completes the Head’s method is known as the Ludwieg-Tillman skinfriction law.
This study has also made use of the Star CCM+ software to validate the results of the
boundary layer model and further investigate the flow conditions at the sensor inflow. The
physical model solved by Star CCM+ is based on the Reynolds-averaged Navier-Stokes
(RANS) equations resulting from decomposing velocities and pressures into a time average
and fluctuation components, to bring the Navier-Stokes equations closer to a form with a
tractable numerical solution. Time averaging eliminates fluctuations in all terms of the
Navier-Stokes equations except the Reynolds stresses. These are determined by coupling the
RANS with a turbulent model which links the Reynold stresses to the average velocities
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Figure 4.1. Coordinate transformation for the computation of streamlines on the body surface.

[ITTC, 1990]. The most widely used turbulence model is the k- model [Launder and
Spalding, 1972].
4.3 Computational method
The semi-empirical method for the boundary layer described in the previous section, was
implemented in Matlab following Moranta [1988]. First, the streamlines on the body are
evaluated from the velocities at the panel centroids resulting from the panel code. This is
done by considering a function X : R 2  E 3 that maps two variables, x’ and  into a
Euclidean 3-space-E3 producing the 2-surface of the glider hull. Specifically, X(x’,)=(x,y,z):
x  x'

y  r ( x' ) sin  
z  r ( x' ) cos  

(4.7)
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Where x is the x-coordinate of a point on the body surface with origin in the nose of the
vehicle, r(x) is the radius of the vehicle hull at coordinate x and is the angle between the zaxis and the distance vector of the point at surface an the x-axis. The basis vectors in the E3
are therefore:





1

X  r x'
ex' 

sin  
x'  x'

 r x' cos  
 x'

0


X 
e 
  r  x' cos   

 r  x'sin  

(4.8)

Next, the potential velocity field on the glider surface is expressed in terms of the
basis e x ' , e , providing a velocity vector field in the plane [x’, ]. Then, streamlines are
computed in the plane [x’, ] by using the Matlab function stream2.m. The streamlines and
the corresponding velocities at each curve point are mapped back to the body surface by the
function X : R 2  E 3 .
The value of  at the stagnation point is obtained from the equation [Moranta, 1997]:

 0 

0.075
dU

ds s 0

(4.9)
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Where s is the length coordinate along the streamline. Thwaites’s method is then used to
calculate , H and Cf up to transition. This is done by formally integrating Eq. (4.3) between
two stations with the trapezoidal rule. The numerical integration proceeds until the final point
of the streamline is reached, laminar separation occurs (<-0.0842), or transition to
turbulence is predicted by Eq. (4.5). In the last case, the program shifts to Head’s method
Eq.(4.6). Then, the first two differential equations of Eq.(4.6) are integrated with a secondorder Runge-Kutta method. Integration follows until the last point of the streamline is
reached or turbulent separation is detected (H>2.4).
A digital model of a Slocum underwater glider has been implemented into Star CCM+ under
request of the author, by E. Pasqualetto, M. Maganzi and G. Lombardi of the Department of
Aerospace Engineering at the University of Pisa (Italy). CAD models of the glider with and
without the mounting around the sensor were developed using the software CATIA V5R19,
Figure 4.2 and 4.3. The models do not consider the rudder as it is not relevant for the present
study.
A computational grid was built from the CAD model using the Star CCM+ Software. For the
surface mesh, the Surface Remesher model was used to improve the surface origin
triangulation and so prepare the geometry for the next mesh volume. For this, the Polyhedral
Mesher and Prism Layer Mesher were selected. The Prism Layer Mesher model allows
improving the generation of the boundary layer at the wall by creating elements of
parallelepiped shape along the surface. The height of the prism layer was calculated in the
first instance through solving the Blasius equation [Moranta 1988].

An “All y+” wall

treatment was employed to increase the accuracy of the solution based on a finite volume
method [FVM; Ferdiger and Peric, 1996]. Around 40 (30) million cells were used for the

35

model with (without) mounting. Figure 4.4 displays the computational domain embedding the
glider model.
4.4 Results
The boundary layer thickness has been computed with the semi-empirical methodology for a
total of 35 streamlines on a glider surface, moving at speeds of 0.2, 0.3 and 0.4 m/s and with
AoA of 1o, 3o and 5o. This range of speeds and angles of attack covers the operational
conditions expected on an underwater glider. The streamlines were generated by integrating
the tangent velocity field from a set of initial locations, equally distributed along the circular
section of the fuselage at the first station after the nose. These locations are, in fact, the
second point of the streamlines after the stagnation point. Figures 4.5, 4.6 and 4.7 summarize
the results obtained for the different speeds at AoA of 1o, 3o and 5o, respectively. Analysis of
the figures reveals few distinction issues among the different cases. Specifically, the
boundary layer thickness reduces when increasing the speed, as expected from the theory.
The influence of the AoA is more notorious at the trailing edge of the wing, where
streamlines are deflected upwards. Turbulent boundary layer separation is predicted by the
numerical model to occur at a range of 0.14 m to 0.22 m from the end point of the body.
Figure 4.8 provides a more quantitative analysis of the boundary layer thickness along the
streamline closest to the sensor location. Transition from laminar to turbulent conditions is
found at x-coordinates 0.192 m, 0.198 m and 0.208 m for AoA of 1o, 3o and 5o, respectively.
The most significant differences in the development of the boundary layer at different AoA
are found at the location of the wing. More relevant for the scope of the present study is that
the boundary layer thickness is less than 0.03m at the sensor location for
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Figure 4.2 CAD model of the Slocum glider with the mounting structure

Figure 4.3 Simplified CAD model of the Slocum glider
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20 m

32 m

Figure 4.4 Computational domain employed for the hydrodynamic simulations of the Slocum glider with Star
CCM+.

all the cases examined. Thus, the inflow conditions to the sensor would not be perturbed by
the boundary layer developed along the glider hull.
Flow solutions for speeds of 0.2, 0.3 and 0.4 m/s and with AoA of 3o were also computed
with Star CCM+ code. Convergence to the stationary solution was achieved after 700
iterations. Figure 4.9 summarizes the results obtained from the simulations. Results show that
the inflow section of the sensor is slightly affected by the hydrodynamics effects generated at
the mounting of the sensor (Figures 4.9a, b and c). The CTD mounting induces a slow down
of the flow at the inflow of the sensor of about 1 to 2 % of the free stream velocity. The near
stagnation area at the fore-body of the sensor is not realistic. It is generated by the fact that
the sensor is simulated as a filled cylinder. This is
38

Figure 4.5 Streamlines and associated boundary layer thickness computed with the semi-empirical method for a
Slocum glider with speeds of a) 0.2 , b) 0.3 and c) 0.4 m/s for an AoA of 1o. Color scale is in meters.
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Figure 4.6 Same as in Figure 4.5 but for an AoA of 3 o
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Figure 4.7 Same as in Figure 4.5 but for an AoA of 5o
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Figure 4.8 Boundary layer thickness obtained by the semi-empirical method along the streamline closest to the
sensor location for glider speeds of 0.2 (black line), 0.3 (dark gray) and 0.4 m/s (light gray) for AoA of 1 o (a), 3o
(b) and 5o (c). Circles in b) display the boundary layer thickness derived from the simulations with Star CCM+
at 0.2 (black), 0.3 (dark gray) and 0.4m/s (light gray). Dotted red line represents the sensor location.
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clear in the simulations without the mounting structure (Figures 4.9d, e and f). In these cases,
the sensor is fully decoupled from the boundary layer developed along the glider fuselage.
These simulations offer the possibility to validate the magnitude of the boundary layer
thickness derived from the boundary layer model. This comparison is provided in Figure 4.8b
for speeds of 0.2, 0.3 and 0.4 m/s and with AoA of 3o. Specifically, the boundary layer
thickness from the Star CCM+ simulations has been compared with the corresponding values
of the potential-boundary layer model, at three stations along the inviscid streamline closest
to the sensor location. The potential-boundary layer model overestimates the boundary layer
thickness by 40%, 60% and 30 % of the value derived from the Star CCM+ code for speeds
of 0.2 m/s, 0.3m/s and 0.4m/s, respectively. This discrepancy may be explained by factors
ranging from the difference in the computational complexity up to the difference of the
underlying physics. The latter deserves a further analysis: simulations with Star CCM+ do
not include the development of a laminar boundary layer and its posterior development into a
turbulent behavior. The development of the boundary layer is assumed turbulent from its
starting point. Instead, the semi-empirical boundary layer model coupled to a potential
velocity field considers a transition between laminar and turbulent nature of the boundary
layer flow. The transition point is determined by empirical relationships with uncertain global
character. For further comparison, transition to turbulence has been enforced into the semiempirical and coupled boundary layer model after the stagnation point. Results show that the
value of the boundary layer thickness remains overestimated, being about 0.005 m bigger
than the case including the laminar development along the hull. Thus, it is possible to argue
that, in any case, the semi-empirical boundary layer tends to overestimate the boundary layer
with regards to the k- turbulence model.
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4.5 Discussion
This chapter has investigated if the boundary layer that naturally develops along the fuselage
of the underwater glider could generate an hydrodynamic interference in the working
performance of the CTD sensor external to the hull. This interference would be manifested by
perturbing the inflow conditions at the sensor entrance. These perturbations could imply
changes in the velocity magnitude with respect to the free stream or by transforming the
nature of the inflow to a turbulent character. Two numerical models of different complexity
were employed to investigate this issue. The first model considers to coupling of the potential
velocity field obtained in Chapter 3 with a semi-empirical boundary layer model built from
literature. The second model contemplated a sophisticated commercial CFD software of
common use in naval research. Results from both models indicate that the CTD sensor is out
of the area of influence of the boundary layer developed along the hull. More realistic
simulations reveal, however, the slow down of the flow at the CTD inflow section by a
negligible factor due to the effects of the mounting structure. Thus, it has been assessed in
this Chapter that the inflow conditions at the entrance of the CTD sensor are given by the free
stream flow.
The boundary layer does not exhaust the possibility of the platform hydrodynamics to
interfere with the performance of the CTD sensor. Specifically, the free stream flow
conditions are determined by the velocity of the platform, which largely depends on its
hydrodynamics. In general, CTD sensors are designed to work under a given range of inflow
conditions, generally 1 m/s. This is twice and even three times the velocity developed by the
Slocum glider. It remains to consider, then, how is the response of the CTD sensor to the
velocity developed by the glider. This aspect will be investigated in the next two Chapters.
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a)

b)

c)

d)

e)

f)

Figure 4.9 Sections of the modulus of the velocity along a plane of z constant for the model mounting structure and speeds of 0.2 (a), 0.3 (b) and 0.4 m/sand AoA of 3o.
Figures (d), (e) and (f) are similar to (a), (b) and (c) but for the model without mounting.
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CHAPTER 5
RESPONSE OF THE CTD SENSOR TO GLIDER SPEED
5.1 Introduction
The response of a SBE-4 CTD to the gliding speed of an underwater glider is now
investigated using the two-dimensional geometry displayed in Fig. 5.1. The model
corresponds to a longitudinal section of the three-dimensional sensor geometry detailed in
Chapter 2. It is constituted by a central area, the conductivity cell, where the water flows
through and its conductivity is measured. This conductivity cell has different section sizes
and it is surrounded by layers of glass, epoxy and silicon rubber of different thickness. Heat
transfer occurs between the different layers that constitute the wall of the sensor and the
flowing fluid, due to the changing thermal signature of the latter. The time required to relax
the thermal gradients existing between the different components of the sensor, depends on the
circulation inside the cell as well as the thermal properties of the coating layers. In
underwater gliders, the former is determined by the motion of the platform which ultimately
depends on the glider hydrodynamics. Then, the investigation of the response of the sensor to
changes in the glider speed requires, first, to determine the circulation of the flow inside the
conductivity cell, and second to calculate the heat exchanges between the fluid and the solid
walls [Luek, 1990]. In the proposed approach, the glider and the sensor are supposed to move
with uniform motion while crossing water layers with different thermal signature. Only the
stationary circulation of the fluid inside the conductivity cell is of interest in this study. This
is because, as it was shown in the previous Chapter, the effects of the boundary layer on the
inflow of the sensor are negligible. Instead, the transient behaviour of the thermal field is of
interest.
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Figure 5.1. A slide of the SBE-4 CTD sensor. The glass wall (light gray) is surrounded by epoxy layers (black)
and silicon rubber (dark gray). (Adapted from Luek [1990]).

5.2 Mathematical model
The problem of computing the stationary circulation inside the conductivity cell will be
defined in terms of the unsteady incompressible Navier-Stokes equations. This is because the
Reynolds number expected inside the cell is significantly smaller than the value defining the
platform hydrodynamics. For this reason, the effect of viscosity may not be limited to a
boundary layer thin relative to the section of the cell. Besides, the complicated internal
geometry constituted by basins of different sections may lead to flow separation phenomena
and re-circulations, which are difficult to handle in the framework of potential flow theory.
In two dimensions, the Navier-Stokes equations read:


 
u    1 
 u  u  P   u  g
t


u  0

 

(5.1)


Where u  (u x , u y ) is the velocity vector, P is the pressure, is the density,  is the kinematic

viscosity and g represents an optional external forcing.
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The hydrodynamics of flows at relatively large Reynolds numbers are characterized by the
interaction of a wide range of spatio-temporal scales. The need to resolve all the dynamical
scales in a turbulent fluid rules out the direct numerical simulation (DNS) of Eq.(5.1). Still,
methodologies have been developed to model turbulent flows [Griebel et al., 1998]. The
Reynolds Averaged Navier-Stokes (RANS) equations are widely used in industrial
applications [Alfonsi, 2008]. In this approach, the instantaneous value of a specific flow
variable is separated into its mean value and a fluctuation around it. The fluctuating
component of the field impacts the dynamical evolution of the mean part through the
Reynolds stress components. These stress components are parameterized in terms of the
mean value and artificial parameters [Launder and Spalding, 1972].
An alternative approach to RANS uses a grid filter that separates eddies of different scales
into large eddies and subgrid scales (SGSs). The former are associated to the low frequencies
and they are originated by the geometry of the domain. The latter are associated to high
frequencies with isotropic and homogeneous distribution. The strategy of the large eddy
simulation (LES) technique is to simulate the large eddies directly, whereas SGSs are
simulated using closure models. In this framework, the conservation equations for
momentum for the large eddies in an incompressible flow are [Krajnovic and Davidson,
2002]:

~~
u~i ui u j 
1 ~
p  ij ~



 gi
t
x j
 xi x j

(5.2)

Where the tilde reflects an implicit spatial filtering. The effects of the unresolved scales are
contained in the sub-filter stress (SFS):
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 ij  ui u j  u~i u~ j

(5.3)

Many different models to modelling the SFSs have been proposed, dating from the
introduction of the linear eddy-viscosity model [Smagorinsky, 1963]:

~

 ij  2 SGS S ij

(5.4)

~
Where the filtered strain rate component S ij and the eddy viscosity  SGS are given by:

~
1  u~ u j
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(5.5)

~ ~
2S ij S ij

In Eq.(5.5), Cs is the Smagorinsky’s constant which value determined by Lilly [1967] ranges
~
from 0.1 to 0.25.  is a length scale representing the filtering width. Usually, in two~
dimensional flows and in the finite element context,  may be taken as the square root of the

area of the element. In the more refined Smagorinsky-Lilly model, the eddy-viscosity is
modelled by:

~ ~

 SGS  L2S 2S ij S ij

(5.6)

~
Where LS is the mixing length for SGSs determined as the minimum between d and Cs  ,
where  is the von Karman constant and d is the distance to the closest wall.
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This study will use of the LES technique to compute the flow inside the conductivity cell of
the CTD sensor. The selection is based on the fact that large eddies are expected to be
generated inside the cell due to its internal geometry. Besides, present computational
capabilities allow to partially resolve the large eddy field. In particular, the Kolmogorov
length scale (the smallest hydrodynamic scale) expected in this problem has been
estimated to be around 3x10 m (Re  2000 ,
-5

K
D

3
4

 Re , where D the diameter of the sensor).

Numerical simulations based on a DNS are constrained by the Reynolds number restriction
(

K
x

1
4

 Re ; [Boris, 2011]), requiring the cell size x to be at least 6 times smaller than 

As it will be shown below, the spatial resolution of the computational implementation ranges
from 10-4 to 5 10-4m being half millimetre the minimum scale adequately resolved. Thus, the
grid size is larger than so some assurance is needed that not resolving the small scales has
only small detrimental effect on the large scales that are being computed.
Equations 5.2 must be complemented with boundary and initial conditions. On the upper and
lower glass walls of the conductivity cell, a zero no-slip boundary condition is prescribed. A
Neumann boundary condition on the pressure and a Dirichlet boundary condition given by a
parabolic inflow on velocity are fixed on the left boundary:


nˆP  0

4U max r  y r  y 
4r 2
u 2 0, y, t   0

u1 0, y, t  

(5.7)

Where Umax is given, n̂ is the vector normal to the section, and r is half of the height of the
inflow section. A zero boundary condition on the pressure and Neumann boundary condition
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on velocity are enforced on the right outflow section. There are no external forces and zero
initial conditions are assumed.
The thermal model of the whole sensor can be mathematically formalized once the flushing
conditions inside the sensor cell is determined from Eq.(5.2) and corresponding boundary
conditions. Specifically, the thermal evolution of the different parts of the sensor is
prescribed by:

 T 
T
    T
    u~ j
 x 
t
j 


(5.8)

Where  differentiates the different parts in the sensor (fluid volume, glass, epoxy and
silicon rubber),   is one in the fluid volume and zero otherwise,

u~ 
j

j 1, 2

is the velocity of

the flow in the fluid volume,   is the thermal diffusivity of the  -region of the sensor and
is the Laplacian operator. Thus, Eq. (5.8) defines a thermal advection-diffusion model in
the fluid region and a pure thermal diffusion model in the remaining regions of the sensor.
Initially the CTD sensor is assumed to be submerged into a thermal bath with temperature T1,
except its leading section that is in contact with the boundary of a second thermal bath
characterized by a temperature T2. The boundary between both thermal regions is sharp. In
this model, the CTD sensor intrudes the second bath at a speed Vctd. Dirichlet boundary
conditions are then considered at the inflow section and external walls of the sensor.
According to the model presented, the temperature at each point of the external wall changes
from the initial value, T1, to a new value, T2, when its x-coordinate is less than Vctd*t.
Specifically,
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T ( xboundary, yboundary, t )  T2 if x boundary  Vctd t

(5.9)

T ( xboundary, yboundary, t )  T1 if x boundary  Vctd t

This hypothesis implies that the thermal response of the boundary points is much faster than
other temporal scales. This is justified by the high thermal diffusivity of the silicon rubber in
comparison to the other components (an order of magnitude bigger). Finally, initial
conditions are given by:

T x, y,0  T1 if x  0

(5.10)

T (0, y,0)  T2

5.3 Computational method
Two main numerical procedures are required to solve Eq. (5.2). The first one is the numerical
discretization of the problem into forms that are solvable using linear algebra methods. In
order to do so, a 2-dimensional finite element mesh regular grid is considered. Specifically,
the physical domain is subdivided into a finite number of area elements (triangles) such that
the intersection of two elements is either an edge, a corner, or empty. A corner of an element
cannot lie on the edge of an adjacent element. The corners of the elements are called the



nodes. A continuous scalar function  x  is then approximated in terms of the nodal values
and certain interpolation functions within each element,



3

 x     i r , s  i

(5.11)

i 1
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Figure 5.2 Partition into triangular elements of the a) front part, b) and c) real part of the conductivity cell.

where  i is the value of the function at node or grid point i and  i r , s  represents the
interpolation functions expressed in a local coordinate system {r,s} [Dhatt and Touzot, 1984].
Piecewise polynomials of low order or spline functions are usually employed as the
interpolation functions. The specific mathematical expressions of these functions are not
replicated here, as they can be found in textbooks about finite elements [e.g. Dhatt and
Touzot, 1984; Zienkiewicz and Taylor, 1995]. Eq.(5.11) defines a continuous piecewise



linear approximation of the continuous function  x  . In this study, the interior of
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Figure 5.3 Characteristic size of the elements of the triangular mesh displayed in Figure 5.2.

the conductivity cell has been tessellated into 18956 triangular elements Figure 5.2. The rear
part of the sensor has been artificially extended to keep the back boundary section far from
the area of interest, Figure 5.2c. This was motivated to keep the stability of the outflow jet.
The typical size of the elements, estimated as the root square of the element area, ranges from
1.15 10-4m to 5.6 10-4m, Figure 5.3. Smaller elements are located along the walls.
A second numerical procedure is required to perform the time integration in Eq. (5.2). There
are different ways to do this, each of them with pros and cons regarding accuracy and
computational cost. Here, the Chorin’s projection method has been selected to favour
computational speed. The approach is based on an operator splitting that gets a decoupling of
the convection and diffusion of the velocity, and the pressure which acts to enforce the
incompressibility constraint. Specifically, the discrete time integration can be described by:
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u*  u n
1 
 u n  u n  P n  u n  0  Computation of a tentaive velocity field
t

t
u * 
P n  Solve Poisson equation for pressure
(5.12)
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P n  Update velocity field

t is the time step which is limited by the use of the forward Euler scheme. Numerical

stability is achieved if t 

h
(where h a typical size of the element), for convection
u

dominated flow (  hu ) and t 

h2

for diffusion dominated flow (  hu ). After finite



element discretization and in matrix notation, these equations take the form:
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(5.13)

n

Where np is the total number of nodes in the mesh, M is the mass matrix, C is the convection
matrix and A is the stiffness matrix. Although the derivation of these equations is based on
the explicit Euler method, they are implicit, because the mass matrix M is not diagonal, in
general. The matrix form for pressure is:

AP n





B U
1

*

 B2V *
t



(5.14)
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Figure 5.4 Partition into triangular elements of the a) front part, b) and c) rear part of the CTD sensor. Gray
scale refers to areas of epoxy (black), silicon rubber (gray), glass (light gray) and fluid (dark gray).
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Where B1 and B2 are convection matrices with corresponding convection fields [1 0] and [0
1], respectively. Finally, the discrete form for the updated velocity:

MU n 1  MU *  tB1 P n

(5.15)

MV n1  MV *  tB 2 P n

The standard Galerkin FEM and the forward Euler scheme have been also employed to get a
numerical model of the transport equation (5.8). Figure 5.4 displays the triangular mesh at
different areas of the sensor. In this case, the mesh has 36378 triangles with characteristic
size ranging from 4.4 10-6m to 1 10-3m, Figure 5.5. Discretization of Eq. (5.8) results in:

1
M n
n1
n1
n
MT   AT  T   CT
t
t

(5.16)

It is known that the FEM discretization of the convective terms is akin to a central difference
approximation, and so it tends to produce spurious oscillations, also known as wiggles.
Moreover, an explicit time integration scheme may become unstable. Different stabilization
procedures have been developed to correct these deficiencies. In the classical artificial
diffusion method, the stabilization operator is given by a diffusivity tensor. Typically, the
amount of artificial diffusivity depends on the local mesh size h and the magnitude of the
velocity u . A simple way to correct this deficiency is to apply an anisotropic balancing
dissipation operator of the form:
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U   w 

U U h
2

;V   w 

V V h
2

 Pe hU ,(V ) 

6 


 U ,(V )  min 1,
Pe hU ,(V ) 

(5.17)

U V h

w

Where  w is the thermal diffusivity of water and Pe is the Peclet number. Equations (5.17)
are evaluated separately for each element and do not guarantee a perfect choice in
multidimensional problems, variable coefficients and unstructured meshes. Still these
definitions are frequently used by default in FEM codes [Donea and Huerta, 2003].

5.4 Results
The numerical model described by Eqs (5.12)-(5.15) has been employed to simulate the flow
through the convective cell when the CTD sensor moves at speeds of 0.2, 0.3 and 0.4 m/s.
For each simulation, the viscosity, time step and simulated time were fixed to 10-6 m2s-1, 10-4s
and 1s, respectively. Figure 5.6 reveals no significant changes in the kinetic energy of the
simulated flow after 1s and for this reason, the flow pattern at this time will be considered as
a stationary solution. To what extend this assumption is realistic, will be discussed in the next
Section. Figure 5.7 display the flow patterns resulting for the cases under consideration.
Specifically, the figure displays the velocity profiles at different stations of the conductivity
cell. The flow shows a well structured pattern inside the conductivity cell when the velocity
of the sensor motion is 0.2 m/s, Figure 5.7a. The vorticity of the flow is mostly represented
by a shear component. Part of this vorticity due to shear is transformed into a rotational
motion when the speed of the sensor is increased to 0.3 m/s, Figure 5.7b. As a result, profiles
loss their symmetry along the x-axis reflecting wavy displacements. This effect is even more
evident for the case of higher speed, Figure 5.7c. The circulation at the location of the
electrodes is of special interest for the scope of the present study. Specifically, Figure 5.8
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Figure 5.5 Characteristic size of the elements of the triangular mesh displayed in Figure 5.4.

shows the Lagrangian trajectories of virtual particles released at a station located at the
entrance of the central basin. Figures 5.8a and b suggest that, for 0.2 m/s and 0.3 m/s
respectively, the circulation at this portion of the sensor is represented by a jet flowing along
its central axis, and secondary cyclonic (anticyclonic) circulation between the jet and the top
(bottom) wall of the sensor. This circulation pattern is broken for speeds of 0.4 m/s, Figure
5.8c. These differences in the circulation patterns may introduce interesting consequences on
the thermal response of the sensor. Specifically, the cases described in Figure 5.8a and b
show an inflowing jet isolated from the sensor walls by secondary circulations encircling
water masses with a thermal signature different from the incoming water. Heat transfer
between the jet and the sensor wall is expected to be dominated by diffusion, slowing down
the sensor response. Instead, certain convective contribution to the heat transfer is expected at
a velocity of 0.4 m/s, speeding up the thermal response of the sensor. A similar situation is
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Figure 5.6 Evolution of the kinetic energy during the fist simulated second for Umax=0.2 m/s (black),
Umax=0.3 m/s (dark gray) and Umax=0.4 m/s (light gray).

expected to occur at the location of the last electrode on the basis of the results displayed in
Figure 5.9. Again, the main jet is isolated from the walls of the sensor by secondary
circulations for the case with a sensor speed of 0.2 m/s, implying a diffusive mechanism for
the heat transfer. Instead, instabilities observed in the flow would allow a convective heat
transfer for the cases of 0.3 m/s and 0.4 m/s.
A set of numerical simulations of the thermal response of the sensor with the resulting flow
patterns in the conductivity cell, have been developed by implementing Eq (5.16) in Matlab.
A total of 30 s have been simulated for each flow pattern. The temperature of the moving
sensor was initially set up to 1 oC, except at its inflow where the temperature is 0 oC. The
interior and external walls of the sensor start to cool down as the sensor intrudes the new
thermal environment. Figures 5.10 to 5.14 display the thermal snapshots at different times for
the cases under consideration. As expected, the most notorious differences between the cases
are found at the location of the second and third electrodes. Thermal conditions inside
60

Figure 5.7 Velocity profiles at different sections of the conductivity cell for a) Umax=0.2 m/s, b) Umax=0.3 m/s, c) Umax=0.4 m/s.
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the conductivity cell are close to the environmental values after 1 s, 3 s and 9 s for sensor
motions of 0.4 m/s, 0.3 m/sand 0.2 m/s, respectively. In order to provide a more quantitative
assessment, both water masses with different thermal signature are supposed to have a
constant salinity of 35 ppt. Thus, inconsistencies of the sensor readings with the real salinity
value will be exclusively due to the thermal response of the sensor. Salinity readings of the
sensor were simulated by computing, first, the conductivity of the water with salinity 35 ppt
and a temperature given by the bulk temperature between the electrodes. Then, the salinity
was derived from the computed conductivity value and the temperature readings at the inflow
of the conductivity cell. Three bulk temperatures were considered, one corresponding to the
bulk value of the area of the conductivity cell between the first and central electrodes, a
second one corresponding to the bulk value between the central and last electrodes and,
finally, the bulk temperature of the area between the first and last electrodes. The latter case
is representative of the real sensors. The decomposition, however, allows identifying the
contributions from the different conductivity paths involved in the measurements.
Figure 5.15 shows the hypothetical readings of the salinity field obtained from the different
numerical simulation. Specifically, Figures 5.15a and b display the responses obtained from
the first and second electric paths constituted by the fluid space between the front and central
and the central and back electrodes, respectively. The overall reading is provided in Figure
5.15c.
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Figure 5.8 Streamlines at the central part of the conductivity cell for simulations with a) Umax=0.2 m/s, b)
Umax=0.3 m/s, c) Umax=0.4 m/s.

63

Figure 5.9 Streamlines at the back part of the conductivity cell for simulations with a) Umax=0.2 m/s, b)
Umax=0.3 m/s, c) Umax=0.4 m/s.
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Figure 5.10 Temperature distribution in oC at 0.5 s for simulations with a) Umax=0.2 m/s, b) Umax=0.3 m/s, c) Umax=0.4 m/s.
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Figure 5.11 Temperature distribution in oC at 1 s for simulations with a) Umax=0.2 m/s, b) Umax=0.3 m/s, c) Umax=0.4 m/s.
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Figure 5.12 Temperature distribution in oC at 2 s for simulations with a) Umax=0.2 m/s, b) Umax=0.3 m/s, c) Umax=0.4 m/s .
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Figure 5.13 Temperature distribution in oC at 20 s for simulations with a) Umax=0.2 m/s, b) Umax=0.3 m/s, c) Umax=0.4 m/s.
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Figure 5.14 Temperature distribution in oC at 30 s for simulations with a) Umax=0.2 m/s, b) Umax=0.3 m/s, c) Umax=0.4 m/s.
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Figure 5.15 Salinity readings with Umax=0.2 m/s (black line), Umax=0.3 m/s (dark gray line) and Umax=0.4
m/s (gray line) inferred from the (a) front-central, (b) central-back and (c) front-central-back electrodes.

70

Results reveal that most of the delay in the response is introduced by the second path of the
electric circuit. To make this assessment more quantitative, the time evolution of the response
is modelled by:

S t  

Ac
t

e



Bc
t

(5.18)

Where S t  is the salinity anomaly, t is time and Ac, Bc are fitting parameters. Eq. (5.18)
represents a one-dimensional diffusion process which normalization constant and diffusion
time are encoded by parameters Ac and Bc, respectively. This model attempts to represent an
effective model of the time evolution of the response. Thus, the corresponding parameters are
not only encoding the real thermal diffusion but also the effect of the heat convection by the
fluid circulation. Figure 16 exemplifies the fittings for the cases of salinity readings from the
electrical circuit defined by the central and back electrodes when the velocity of the platform
is 0.2 m/sand 0.4 m/s. Physically, parameter Bc represents a diffusion time defined by the
ratio of a square length by an effective diffusion coefficient. Thus, it is possible to establish
the strength of the effective diffusion of the different cases relative to a reference. This
reference is given by the readings of the case with 0.3 m/s as this is considered to be the usual
glider speed. Table 5.1 shows that, at 0.20 m/s, the response of the sensor is significantly
slowed down at the central-back electrodes. Its value corresponds to one fifth of the
reference. This magnitude cannot be justified in terms of differences on the artificial thermal
conductivity (Eq. 5.17) which would predict a ratio of about 0.4. Conversely, the main
difference with respect to the reference is found in the response of the
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Velocity

BFC 0.3ms 1

BCB0.3ms 1

BFCB 0.3ms 1

BFC

BCB

BFCB

0.2 m/s

0.4

0.2

0.3

0.4 m/s

4

1.3

2.7

Table 5.1 Fitting coefficient Bc obtained for the front-central (BFC), central-back (BCB) and front-central-back
(BFCB) electrode configuration for Umax=0.2 m/s and Umax=0.4 m/s. Values are referred to the corresponding
fitting coefficient for the case of Umax=0.3 m/s.

Figure 5.16 Evolution of salinity difference (S(t)-35) for the central-back electrodes (black line) and fitting by
Eq. (5.18) (gray line) for a) Umax=0.2 m/s and b) Umax=0.4 m/s.
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front-central electrodes for the case of 0.4 m/s. This value differs from the ratio 1.7 derived
from the difference in the artificial thermal conductivity. These differences are attributed to
the existence of re-circulations and flow instabilities at the expansion chambers of the
conductivity cell.

5.5 Discussion
The response of a CTD sensor to the speed of the glider platform has been investigated in this
Chapter by using CFD. Specifically, a numerical model of the time evolution of the
temperature field inside the conductivity cell was developed and implemented in Matlab. The
implementation was based on a FEM approach due to its versatility to represent complicate
geometries like the one of the conductivity cell of the CTD sensor. The model computed first
the stationary flow inside the conductivity cell. The time evolution of the temperature field
followed on the basis of the stationary flow, as the effects of transients in the velocity field
were neglected. Thus, the numerical set up describes the case of a glider platform moving at a
constant speed that crosses a sharp horizontal thermal gradient.
Results show that modifications of 0.1 m/s in the speed of a glider, strongly impact the
response of the conductivity cell and the estimate of the salinity field. This is mostly
originated by the circulation patterns generated by changes in the internal geometry of the
conductivity cell. At 0.2 m/s, the inflow jet with the new temperature detaches from the wall
at the geometrical expansions and crosses the chambers along the axis of symmetry. Bubbles
of fluid with an ancient thermal signature remain between the electrodes and the inflow jet. A
weak anti-cyclonic circulation surrounds the bubbles. Thus, thermal equilibration is mostly
due to diffusion which implies long times to reach the thermal equilibrium. Turbulent thermal
exchanges increase when increasing the speed of the glider. Conversely, the size of the
bubbles of ancient fluid between the electrodes and the inflow jet is reduced. This effect
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translates into a faster approach to internal thermal equilibrium. Further increments of the
speed conduct to stronger turbulent exchanges (including convection) as well as the
development of instabilities that significantly contributes to speed up the response of the
sensor. These findings complete the work of Luek [1990] who attributed the response of the
conductivity cell to the flushing inside the sensor through the development of boundary
layers and the heat storage in the body of the sensor. The results of this Chapter add the
internal circulation patterns to the mentioned mechanisms. Moreover, they suggest that it is
the structure of the internal flow circulation which mostly controls the response time of the
conductivity cell.
Operationally, this study implies that, for oceanographic studies, glider platforms must be set
up to achieve the maximum velocity with the glider in order to induce fast response times in
the CTD sensor.
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CHAPTER 6
MODEL TESTS OF THE FLOW THROUGH THE SBE-4 CTD SENSOR
6.1 Introduction
The concept of physical similarity is central to conduct experimental measurements of the
physical response of objects that, due to their size or economic cost, would be unfeasible to
conduct at the real scale. Physical phenomena are called similar if they differ only in the
values of the dimensional governing parameters but having identical their corresponding
dimensionless parameters [Barenblatt, 1996]. Specifically, a certain phenomenon of interest,
prototype, is modelled by using a phenomenon, model, that exhibits similar behaviour to the
prototype, i.e., the results for the model can be transferred to the prototype by a
proportionality factor.
In general, geometrical, kinematical and dynamical similarities between the model and the
prototype are required when investigating fluid phenomena. Geometrical similarity implies
that the ratio of the characteristic scale of the prototype to that of the model appears to be the
same. Keeping constant the ratio between the characteristic time scales of the prototype and
model, imposes the kinematical similarity. Finally, dynamical similarity is achieved by
keeping constant the ratio between the forces acting on the prototype and the model.
In viscous flows, the same Reynolds number between the prototype and the model ensures
dynamical similarity if only inertial and frictional forces are present. These are the forces
governing the flow through the conductivity cell. Thus, it would be possible to build a scaled
model of the conductivity cell to experimentally investigate the flow through it under the
dynamical ranges considered in the previous Chapter. More specifically, the interest is
focussed to assess the existence or not of fluid re-circulations at the central part of the
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Figure 6.1 Model of the conductivity cell of the SBE-4 CTD sensor

conductivity cell of the SBE-4 CTD sensor. The following describes the model tests
developed to qualitatively assess the validity of the numerical simulations done in the
previous Chapter.
6.2 Materials and Methods
On board a glider, the conductivity cell of the SBE-4 CTD sensor (or equivalent) is expected
to operate at Reynolds numbers ranging from 2x103 to 4x103. In principle, sensor size and the
operating Reynolds numbers allow the direct experimentation with the prototype in water.
Difficulties appear from the technological set up of the experiment, which is always more
technically demanding than to find a model with similar dynamical behaviour, but using air
instead of water as a fluid. To do that, the glass wall of the conductivity cell of the SBE-4
CTD sensor has been reproduced at scale 3:1 in a metachrylate composite, Figure 6.1.
Considering that the ratio between the kinematic viscosity of air (1.5x10-5 m2s-1) to that of
water (10-6 m2s-1) is about 15 and imposing a similar range of Reynolds numbers, the flow of
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Figure 6.2 Side (top panel) and front (bottom panel) views of the air diffuser and flow generator.
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Figure 6.3 From left to right: anemometer, smoke generator, led lantern and laser level employed in the
experiment.

air in the model tests corresponding to operation speeds of the prototype of 0.2 m/s, 0.3 m/s
and 0.4 m/s, should be 1 m/s, 1.5 m/s and 2 m/s respectively. Besides the model of the sensor,
an air diffuser has been employed to generate a laminar flow of air. The diffuser consists of a
cylindrical structure with 0.12m diameter, with semi-spherical and open ends. The semispherical end cap is connected to a generator of air flow through a flexible tube of 0.033 m
diameter. The semi-spherical structure distributes the air inflow from the generator into 55
tubes of 0.002 m diameter and 0.12 m length, resulting in a laminar outflow of air at the exit
of the diffuser. The speed of the air outflow can be modulated from 0.5 m/s to 12 m/s. Air
inflow speed at the entrance of the model has been measured with an Inovalley 8001 pocket
anemometer with capability to measure wind speeds of 0.2 m/s to 30 m/s with an accuracy of

 0.1 m/s.A Chimney Pillow Smoke Pencil has been employed to inject smoke inside the
model of the conductivity cell. This instrument is employed by professional energy raters to
identify drafts and air leaks. The generator integrates a fan inside its tip to force
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Figure 6.4 Full (top panel) and detailed (bottom panel) views of the experimental set up.

the smoke out in a 0.12 m stream. A lantern with three white LEDs was used to illuminate the
central chamber of the model. Finally, a laser level served to align the central points of the
entrance of the model and the exit of the air diffuser. Figure 6.4 display the set up of the
model tests.
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The experiments intend to track (with smoke) the circulation generated in the central chamber
of the model. Tracking will be based on the images recorded during the injection of the
smoke. Image processing methodologies are then required to extract quantitative information
from a sequence of frames. Specifically, the deformation field that maps a frame onto the
consecutive one partially encodes dilatations, contractions and displacements of the patterns
registered in the frame. The deformation mapping of two consecutive intensity images,

F(x,y) and I(x,y), is computed by looking for the displacement field Dx, y  = [Dx(x,y),

Dy(x,y)] that minimizes the log-prior:
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Where is the standard deviation of the intensity in the image F(x,y). The first term in the
cost function (Eq. 6.1) measures the distance between the deformed and target images, while
the second integral is a regularizing term that imposes smoothness to the tentative
deformation fields. Specifically, the latter corresponds to penalizing large distances between


the mapping under Dx, y  of two nearby pixels.

The procedure suggested by Amit [2002] has been implemented in Matlab to solve the
minimization problem described in Eq. 6.1. The method relies on a multi-scale approach
based on the Fourier Transform of Eq 6.1. In this spectral parametrization, minimization is
first done in the first few coefficients of the Fourier transform. This provides the large and
smooth coarse deformation. Once convergence is obtained for the coarse scales, the number
of coefficients in the Fourier expansion is increased to obtain more detailed matches.
Minimization is done by using a gradient-descent algorithm.
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6.3 Results
Model tests were carried out with the experimental set up described in the last section. The
smoke dispersion at the central chamber of the model was tracked by video recording. The
recording rate was 50 frames per second. A total of 10 tests where done for air-flow speeds of
1 m/s and 2 m/s corresponding to water inflows of 0.2 m/s and 0.4 m/s, respectively. Figure
6.5 summarizes the results obtained during one of the tests done at the lowest inflow speed.
Specifically, Figure 6.5a corresponds to the background frame, i.e. the image of the central
chamber. The first moments of the injection of the smoke are characterized by Figure 6.5.b.
The frame reveals the separation of the main jet from the walls of the basin, in agreement
with the numerical results shown in the previous Chapter. Re-circulations along the wall of
the basin are then observed. These re-circulations are characterized by patches of smoke
moving in the reverse direction of the main stream. Figures 6.5c-f attempts to exemplify one
of these re-circulations events observed after 3.6 s of the smoke injection. Interested readers
can

access

the

videos

of

the

experiment

https://www.youtube.com/watch?v=oo73-NufaAY

and

through

the

web

address

https://www.youtube.com/watch?v=x-yF-

QIp8W8.

Further analysis of the frames displayed in Figure 6.5, has been done in order to get
quantitative estimates of the speed of the reversal propagation of the smoke patches.
Specifically, a rectangular region of 250 by 800 pixels was considered from the frames
displayed in panels Figure 6.5 c, d and e. The selected region embeds the motion of the
smoke patch from 3.6 to 3.68 s after injecting the smoke. The background frame in the area
was removed and the image contrast adjusted to enhance the smoke patch. The motion of the
smoke front became highlighted after the imagery processing, Figure 6.6. The registration
algorithm previously described, was then applied to each pair of consecutive images in order
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a)

b)

c)

Figure 6.5 a) Background frame. b) and c) are the frames at 3.04 s and 3.6 s, respectively, after smoke injection.
The arrow indicates the location of the smoke patch, which is embedded in the rectangular area indicated.
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d)

e)

f)

Figure 6.5 continuation d), e) and f) are the frames at 3.64 s, 3.68 s and 3.72 s, respectively, after smoke
injection.
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a)

b)

c)

Figure 6.6 Post-processing of the rectangular region indicated in Figures 6.5 c), d) and e). Arrows indicate the
approximate location of the smoke front propagating from left to right.
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Figure 6.7 a) Displacement vector field that maps Figure 6.6 a onto Figure 6.6 b. Colors display the intensity of
Figure 6.6 a. b) Displacement vector field that maps Figure 6.6 b onto Figure 6.6 c. Colors display the intensity
of Figure 6.6 b.

to obtain the displacement field that maps one frame into the other. The velocity field is
easily derived from the vector displacements and the time interval between frames (0.04s).
Figure 6.7a and b show the displacement vector fields that map Figures 6.6a and b onto
Figures 6.6b and c, respectively. Both results quantify the spatial distribution of the velocity
field tracked by the evolution of the smoke patch. Horizontal speeds have been computed
using the displacement vectors and an estimated pixel length of 1.5 x10-5 m. Maximum
horizontal velocities of 0.013 m/sand 0.008 m/s were obtained for the cases displayed in
Figure 6.7a and b, respectively.
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Figure 6.8 Representative frame of the final mixed state in the central chamber after 6.8 s of injecting the
smoke.

Figure 6.9 Image of the status of the central chamber after 7 s of injecting the smoke when the inflow speed is 2
m/s.
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Re-circulations are observed during several seconds until the basin appear filled of smoke.
This stage is exemplified by Figure 6.8 were the frame recorded at 6.8 s after smoke injection
is shown.
Similar tests have been conducted for inflow speeds of 2 m/s. Unfortunately, the rate of
smoke injection could not provide a clear picture of the smoke dynamics inside the chamber.
Specifically, the smoke is rapidly dispersed inside the chamber without reaching enough
concentration to allow application of the imagery method. Figure 6.9 exemplifies this issue.

6.4 Discussion
Numerical simulations in Chapter 5 predicted that thermal transients inside the CTD sensor
are characterized by a well-defined jet stream crossing the central chamber of the
conductivity cell. The jet is detached from the walls due to re-circulations induced by the
geometry of the basin. These re-circulations thermally decoupled the jet from the wall of the
chamber, inducing a delay in the transfer of heat between new income water parcels and the
sensor. The effect is more significant when the inflow speed is small.
This Chapter has looked for experimental confirmation of the numerical results. Using of the
similarity property of the dynamics that governs the flow of incompressible fluids and gases,
the original problem was translated to a dynamically equivalent flow of air inside a scaled
version of the CTD sensor. Despite difficulties in the experimental setup related to the
acquisition of the appropriate material, the used similarity arguments allowed avoiding
experiments in water which would have required significant more resources.
A set of experiments qualitatively confirmed the numerical results, at least for the smallest
inflow speed considered. Specifically, re-circulations were tracked in the chamber as
predicted by the simulations. Imagery analysis provided some quantitative information about
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the re-circulation speed close to the wall. This was estimated to be around 1% of the inflow
speed.
Numerical and experimental results conclude that the hydrodynamics of the flow inside the
conductivity cell plays a significant role in the thermal lag effect observed in the CTD sensor.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions
The ocean is a spatially extended system with strong spatio-temporal variability. Due to its
vast dimensions and turbulent nature, there is the scientific consensus that the best approach
to capture the dynamical complexity of this system is through a network of ocean observing
platforms. Recent technological developments have allowed the setup of networked ocean
observations systems. Among them, underwater glider technology will play a significant role
in future observational oceanography. This is due to the maneuverability, autonomy and long
endurance offered by glider platforms. As a result, modern ocean observatories are already
equipped with fleets of gliders.
Presently, a major task of underwater gliders is to monitor the spatio-temporal variability of
the ocean density fields. This is done by hosting a CTD sensor in the payload. These sensors
measure temperature and salinity from where density, sound speed and other dynamical
variables are derived. CTDs have been used long time before the advent of gliders and thus,
they have been mostly conceived to operate from ships under reasonable controlled
operational conditions. In consequence, design and calibration procedures were guided by
expected operational procedures.
Miniaturization has allowed installing CTD sensors on small platforms like gliders. However,
the integration of CTD sensors into glider platforms comes with scientific and technological
challenges. This Thesis has investigated one of these challenges. Specifically, experimental
results evidenced that the performance of the CTD sensor was significantly degraded when
the glider crossed the thermocline (a region of the water column with strong thermal gradient)
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or in the proximity of the inflection points of the climb/dive trajectory. Some interference
between the hydrodynamics and operational procedures of the glider and the performance of
the CTD sensor could be inferred.
Searching for sources of platform-sensor interference, research initially focused on assessing
if the inflow conditions to the CTD sensor were affected (or not) by its proximity to the
platform fuselage. In ship-based operations, the CTD sensor is inserted into a frame that
protects and ensures an unperturbed inflow through it. Instead in gliders, the CTD sensor is
mounted externally to the fuselage. Due to its proximity to the hull, perturbation of the inflow
conditions to the sensor by the boundary layer developed along the hull could not be
discarded. This issue was investigated in this Thesis by using CFD. A coupled panelboundary layer model was initially employed to compute the thickness of the boundary layer
at the sensor location, for the usual operational range of speeds and AoAs. Model
computations clearly demonstrated that the sensor is located outside of the boundary layer.
Still, the model developed is limited in terms of physics and computational capabilities. For
this reason, further confirmation was obtained by using commercial CFD software.
Discarding spurious effects induced by the boundary layer on the performance of the CTD
sensor on gliders, research efforts were concentrated on understanding the effect of the speed
of the platform on the sensor performance. Until recently, CTD sensors on-board gliders were
unpumped, i.e. the inflow to the sensor depended on the speed of the platform. A climb/dive
speed of 1 m/s is usually kept nearly constant when these sensors are operated from ships.
Instead, the unpumped CTD sensors have to operate in a variable range of speeds lower than
1 m/s when on-board a glider. A deficiency of all CTD sensors is the so called thermal lag.
As it was indicated, this steams from the asynchronous sampling of temperature and
conductivity that generates significant errors in the estimate of the salinity field. Specifically,
the temperature measured at the inflow of the sensor, slightly differs from the bulk
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temperature of the water masses flowing through the conductivity cell. Historically, this
difference was attributed to the heat stored in the coating material that surrounds the sensor
for protection. Instead, results from this Thesis indicate that this effect is originated by the
circulation regime established in the conductivity cell, with the external thermal gradient, the
inflow speed and the internal geometry of the sensor the main factors controlling the internal
circulation pattern. Specifically, at low speed regimes (0.2 m/s) the jet that inflows the central
chamber from a pipe with smaller diameter, detaches from the internal wall. Thus, a toroidal
bubble (in a 3D configuration) of water masses with old thermal signature persists for a
certain period of time, between the cylindrical wall and the jet crossing its center. The
temperature between old and new water masses is mostly re-equilibrated by diffusion and,
during this period, the temperature at which the conductivity is measured is a mix between
the new and old values. At the high glider speeds (0.4 m/s), the circulating flow is more
unstable or turbulent, favouring the refreshment of old waters and the thermal mixing in the
chamber. Similar effects are also observed at the rear part of the sensor, where another
sampling electrode is located. The physical mechanism described above, is corroborated by
CFD simulations of a two-dimensional section of the CTD sensor as well as by experiments
with a scaled model of the original sensor.

7.2 Recommendations
Based on the results obtained in this Thesis different recommendations can be suggested to
glider users. The most obvious is the consideration of pumped versions of the CTD sensor.
These instruments incorporate a pumping system that ensures constant flow conditions to the
conductivity cell. Certainly, the thermal lag problem still persists but it can be significantly
mitigated by the calibration procedure. The parameters to filter out the thermal effect will
remain the same as the pumping conditions are unchanged. Although the advent of pumped
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CTDs for gliders represents a very good solution to decouple the sensor from the platform
hydrodynamics, there are still many glider platforms with unpumped sensors onboard. This is
because they are old versions without sensor update or because their users prioritize
endurance over data quality. This could be the case of oceanographic monitoring to support
policy makers or military naval operations. In these frameworks, the glider setup should be
done to increase the speed of the platform. This can be done by designing asymmetrical
climb/diving trajectories by adjusting internal weights and buoyancy. Still, the salinity data
near the inflection points where the glider slows down will suffer from significant errors due
to the poor refreshment rate inside the conductivity cell.
At a sensor level, the results of this Thesis suggest that the performance of unpumped CTDs
could be significantly improved by changing the internal geometry of the conductivity cell,
avoiding the generation of long-term coherent structures and facilitating the mixing.
However, the existing geometry was probably derived taken into account different design
factors, unknown to the author. Still, there is room to improve the performance of unpumped
CTDs without incorporating significant modifications to its present geometry. Specifically,
this Thesis proposes the inclusion of a turbulator at the inflows of the basins where the
second and third electrodes are located. These simple systems would increase the turbulence
in those regions, preventing the detachment of the jet and formation of coherent structures of
un-refreshed water masses. The experimental framework described in Chapter 6 was
employed to exemplify the viability of this proposal. Specifically, a home-made turbulator
was built from a plastic tube with same diameter as the smallest conduct in the test model of
the conductivity cell. The ending section of the turbulator was laminated into sections that
intruded irregularly its exit, with the scope to perturb randomly the outflow and to induce
mixing in the central chamber. Figures 7.1 and 7.2 show that fully mixing conditions in the
central chamber are obtained around 1 s after injecting the smoke, for an inflow speed of 1.1
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m/s.

Interested

readers

are

referred

to

the

video

at

https://www.youtube.com/watch?v=_Aafn1DrUho for further details. This test suggests that
the simple turbulator could speed up several times the response of the conductivity cell.
Further research to optimize the design of the turbulator could derive on more significant
improvements on the performance of unpumped CTDs at low speeds. Convinced that the
value of a work is not only measured by the problems it solves but also for the new ones it
opens, this Thesis ends leaving the solution of the latter proposal to other motivated
technologists.
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Figure 7.1 Image of the status of the central chamber with a turbulator at its inflow (blue) before injecting the
smoke.

Figure 7.2 Image of the status of the central chamber with a turbulator at its inflow (blue), 1 s after injecting the
smoke. The inflow speed is 1.1 m/s.
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