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Abstract

A new technique for determining the depth of expendable bathythermographs (XBTs)
is developed. This new method combines a forward-stepping calculation which incor-
porates all of the forces on the XBT devices during their descent. Of particular note are
drag forces which are calculated using a new drag coefficient expression. That expres-
sion, obtained entirely from computational fluid dynamic modeling, accounts for local
variations in the ocean environment. Consequently, the method allows for accurate
determination of depths for any local temperature environment. The results, which are
entirely based on numerical simulation, are compared with an experimental descent
of an LM-Sippican T-5 XBT. It is found that the calculated depths differ by less than
3% from depth estimates using the industry standard FRE. Furthermore, the differ-
ences decrease with depth. The computational model allows an investigation of the
fluid patterns along the outer surface of the probe as well as in the interior channel.
The simulations take account of complex flow phenomena such as laminar-turbulent
transition and flow separation.

1 Introduction

Accurate determination of the long-term trends in ocean heat content are essential for
estimations of the impact of global warming on the planet. The ocean represents a
significant reservoir and reacts slowly to changes in the Earth’s energy balance. The
lag in ocean-thermal response and the very large heat capacity of the ocean waters
results in a significant portion of heat being absorbed there and is therefore critical for
accurate prediction of future climate change.

Measurements of ocean heat content are made by a variety of devices and tech-
niques have changed over the past century. Today, the water column measure-
ments are most commonly made with expendable bathythermographs (XBT), con-
ductivity/temperature/depth probes (CTD), or Argo floats and gliders. Among these
devices, the XBT is the oldest and has the lowest measurement resolution, however
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the large number of XBTs released annually and the significant number of XBT mea-
surements in the literature ensure that their role in ocean monitoring continues to be
important.

Biases in XBT fall rates have led to errors in estimates of overall ocean heating and
sea level rise (Gouretski and Koltermann, 2007; Levitus et al., 2005, 2009; Wijffels
et al., 2008). XBT biases have been a topic of investigation for decades (Hanawa
and Yoritaka, 1987; Heinmiller et al., 1983; Prater, 1991; Seaver and Kuleshov, 1982).
Typically, those studies involved the simultaneous release of XBT probes with more
accurate CTD devices. Comparisons of temperature profiles allow a determination
of the bias, which depend on errors in estimated depths and on a thermal bias due
to temperature sensing electronics (CTD depths and temperatures were considered
exact).

Currently, multiple classes of XBT probes are manufactured but the most common
are referred to as T4/T6/T7/DB class and the T5 class. There are slight geometric dif-
ferences between the classes of XBT devices and therefore, it is expected that there
are slightly different fall characteristics. Additionally, the devices are manufactured by
two different companies (LMSippican and TSK) and the manufacturing processes since
the 1960s could have introduced variations in the geometry of the probes. Finally, alter-
ations made to the devices in subsequent generations have led to variations in behavior
so that year-to-year consistency is not guaranteed (Wijffels et al., 2008; Gouretski and
Reseghetti, 2010; Johnson, 2010; Kizu, 2010; Goni and Di Nezio, 2010; Reseghetti,
2010).

With respect to the fall rate equations (FRE) originally supplied by L. M. Sippican,
the inventor of the XBT probes, several works have tried to provide improvements over
the manufacturer recommendations for the various XBT models. Most of them concern
the T4/T6/T7/DB class and are summarized by Hanawa (1995). The FRE proposed by
Hanawa (1995) has been considered the industry standard for the T4/T6/T7/DB class.
Only a few reports analyzed the T5 class (Boyd and Linzell, 1993; and Kizu, 2005).
Nevertheless, it has been argued that these FRE models cannot be universally applied

1779

OosD

8, 1777-1802, 2011

A computational
method for
determining XBT
depths

J. Stark et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| II I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/1777/2011/osd-8-1777-2011-print.pdf
http://www.ocean-sci-discuss.net/8/1777/2011/osd-8-1777-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

around the globe with consistent accuracy. Specifically, there are experimental indica-
tions that the probe fall rate depends on the local water temperature (Hanawa, 1995;
Green, 1984; Thadathil et al., 2002; Kizu et al., 2005). Since the current FREs orig-
inated in experiments performed in tropical or subtropical waters, their application to
polar regions or to water bodies with temperatures differing from tropic regions may
not be appropriate. Furthermore, use of the standard FRE outside their range of ap-
plicability has a significant impact on ocean heat content (Gouretski and Reseghetti,
2010).

It is believed that the dependency of FRE models on local conditions is a critical
limitation to their accuracy, particularly when they are to be applied in different envi-
ronments. Consequently, a new approach is proposed which calculates the fall rate
of XBT devices for any local conditions. This method takes advantage of local tem-
perature measured by the XBT itself to auto-correct for biases in the FRE. This new
method requires very accurate determinations of the drag coefficient and its variation
with Reynolds number. The calculation of the drag coefficient will be performed with
greater fidelity than the earlier estimates of drag (Green, 1984; Hallock and Teague,
1992). While those earlier efforts were seminal and pioneering, the research was lim-
ited by the ability to accurately determine the drag coefficient.

Advances in computational modeling now allow the aforementioned limitation to be
overcome. Numerical analysis of the fluid dynamics can account for details in physi-
cal geometry of the probe and complex mechanics in the fluid. Included here is the
accounting of laminar-turbulent transition of the fluid boundary layer against the probe
body.

Here, a mathematical model will be presented to determine the depth of an XBT T-5
probe during a recent experimental launch. The method is not fully predictive because
it relies upon local temperature measurements made by the probe for the determination
of depth. The results will make use of previously calculated drag coefficients that were
obtained using numerical simulation. Probe depth will be determined with a forward-
stepping time integration.
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2 Numerical model

The numerical model has two important components. The first is the depth-calculation
algorithm, second are the results for the Reynolds-dependent drag coefficient. Both
portions of the numerical procedure will now be presented.

2.1 Depth calculations

The depth of the probe is based on a force-balance which is shown in Eq. (1). It can
be seen that the net force on the probe is a combination of buoyancy and drag forces.
Their difference is equal to the change in probe momentum. Changes in momentum
arise from both velocity variations as well as variations in the mass as the transmitting
wire unspools.

d(m)V am
FnetzFbuoy_Fdragz%zmp%*'vd_tp (1)

The term m,, represents the instantaneous mass of the probe and dmy/dt is the rate at
which that mass decreases from wire loss. The buoyant force is equal to the difference
in the probe weight and the weight of displaced water, m,,g; so that

Fbuoy = (mp_mw)g (2)

whereas the drag force is found from the classic definition of the drag coefficient to be
1 2

Fdrag = CdE:OV A (3)

Where p is the local water density, /' is the probe velocity and A is the frontal area
of the probe. When Egs. (1)—(3) are combined and the chain rule of differentiation is
applied, there is obtained

1 dvdx . dmydx av am,
- —Cy=pV2A=m,——+V——=m V— +V?—— 4
(M =mu)g ~Cazp Moax at x dt MoV ax T Tdx “)
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Which can be rearranged to give

d
gv _ (my-my)g-CqalpV2A-V222

ax mpV

(5)

This model accounts for variations in the XBT velocity with depth but it does not account
for unsteadiness in the ocean currents, that is, it assumes a quiescent water body.

While Eq. (5) is a viable representation of the variation in probe velocity, it is not
solvable for velocity. Consequently, a finite-difference discretization is applied to Eq. (5)
to give, after rearrangement

At 1 dm

Vnew - i/ 4 m (mp—mw)g—CdEpVZA—Vzd—Xp (6)
where V™" is the velocity at a future time step. All terms on the right-hand side of
Eq. (6) are evaluated at a current time so that this numerical model marches forward.
Provided that the initial conditions of the launch (initial velocity and mass) are known,
this equation can be evaluated. It must be emphasized that the use of Eq. (6) obviates
the need for a traditional FRE which relates depth to fall time. Equation (6) will, when
accompanied with an expression for the drag coefficient, determine the depth of an
XBT for any local environment.

2.2 Determination of the drag coefficient

Notably, the drag coefficient on the right-hand side of Eq. (6) must be known at each
time step in order to proceed with the numerical integration. It is impossible to deter-
mine drag coefficients analytically on blunt objects which cause flow separation. Either
experimental or computational investigations are required. Computational investiga-
tions offer a significant advantage over experimentation because of the ability to care-
fully control operating parameters and to determine drag coefficients for a wide variety
of operating conditions. Typically, drag coefficients are found to be singular functions
1782

OosD

8, 1777-1802, 2011

A computational
method for
determining XBT
depths

J. Stark et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

() ®

uI
| I


http://www.ocean-sci-discuss.net
http://www.ocean-sci-discuss.net/8/1777/2011/osd-8-1777-2011-print.pdf
http://www.ocean-sci-discuss.net/8/1777/2011/osd-8-1777-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

of the Reynolds number. Since the Reynolds number is, itself, a function of the local
temperature, velocity, and viscosity of the fluid, it follows that

C4 = function(Re®) = function(T,V, 1) (7)

With Eq. (7) available, the integration expressed in Eq. (6) can be completed.

2.3 The computational model

The first step in the determination of the drag coefficient is the discretization of the fluid
region surrounding the probe. That discretization can be seen in Fig. 1. This figure
shows a bisected view of the probe and the mesh which spans the fluid domain. The
mesh deployment was based on the knowledge of important processes which occur
in the boundary layer. These boundary-layer processes govern the development of
shear stress and pressure drag. It is essential for the elements to be fine within the
boundary layer and aligned with the flow so that processes such as laminar-to-turbulent
transition and boundary layer growth can be determined. It can be seen from Fig. 1 that
the computational model extends around the exterior of the probe but also includes the
flow that passes through the center channel of the device.

The governing equations include mass conservation, momentum conservation, tur-
bulence, and two transport equations which govern the laminar-to-turbulent transition
process. Each equation is solved at every computational element within the solution
domain. This computational method, often termed the finite-volume method, is well
established with a history of accurate fluid simulations.

The first equation in the set, conservation of mass, is expressed in tensor notation

as
ou; 0
ox;

(8)
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The term u; is the local velocity in the /-th direction. The next set contains three indi-
vidual equations which represent conservation of momentum in the three coordinate
directions. Mathematically, it appears as

ou; Bl b ou;
J P i\
Ly, —2)j=123 9
p<u,axj> an+0X/ <(.u+.uturb)axj)/ (9)

Here, p is the local fluid density, p, is the pressure, u is the molecular viscosity of the
fluid, and the term p,,,, is the turbulent viscosity which is related to local fluctuations in
the fluid velocity associated with turbulent motion.

A critical step in a computational fluid simulation is the determination of the turbulent
viscosity. A variety of methods have been used to accomplish this step, following the
pioneering work of Spalding and Launder (Spalding and Launder, 1974) and of Wilcox
(Wilcox, 1988, 1994). More recent developments have combined the best features of
these works into a comprehensive turbulent solution algorithm. That new approach
was first proposed by Menter (Menter, 1994) and is often termed the Shear Stress
Transport Model (SST). The SST model has shown excellent capabilities of predicting
flow separation, wall shear, and pressure variations in boundaries of blunt objects, such
as XBT probes.

The SST model makes use of two transport equations for the turbulent kinetic energy
k, and the specific rate of turbulent dissipation, @. Those transport equations are

0(puk) 0 Hurp \ 0K
= 'P — — —_— 1
Sy, ﬂ1pK@+axi[<u+ - )ax,] (10)
and
0(ou;®)

0
= ApS? - 2
ox, PS® = Bop@" + %

A full description of the SST model and the terms in Egs. (10) and (11) are provided in
Menter (1994).

[(u_'_/lturb)?:l_'_zm_ﬁ)p 1 0k 0w (11)

Op ; Opo® OX; OX;
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The solution of coupled Egs. (10) and (11) yields the values for the turbulent viscosity
which is expressed as

apk

max(a®,SF,) (12)

Hiyrp =
The final stage in the numerical procedure is to predict the status of the flow (laminar,
intermittent, or turbulent). Most flow situations involve fluid motion that is a combination
of these three states. For instance, flow near the leading edge of the XBT nose is likely
to be laminar whereas flow near the aft is likely to be turbulent. There is a transitional
region between the laminar and turbulent zones where the flow is partly laminar and
partly turbulent. This laminar-to-turbulent transition is known to affect drag significantly
(Gorman et al., 2010).

The transitional model used here was developed by Menter (Menter et al., 2002,
20044, b) and later used by the present authors in a series of studies that conclusively
demonstrated its suitability for flows of this nature (Abraham et al., 2008, 2009, 2010;
Abraham and Thomas, 2009; Thomas and Abraham, 2010; Minkowycz et al., 2009;
Sparrow et al., 2009; Lovik et al., 2009).

The transition model consists of transport equations for the turbulent intermittency vy,
and the turbulent adjunct function . Those models are expressed as

d(py) Olpu;y) 0 Hiurp \ OV

T, + o, _PV’1_EV'1+PV’2_EV’2+6_X,- u+ 5, a_x, (13)
and
o(pM) 0O (pou,;M) 0 orl

T ax; =Pn:+ ox, [Un,t(/l +ﬂturb)6_Xi:| (14)

Further details about the models can be found in the referenced literature.

The boundary conditions were applied far enough from the probe to ensure that
their placement did not affect the results. At the inlet, positioned 0.45m upstream
of the probe, a uniform relative velocity was given. At the exit, which was located
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0.64 m downstream from the probe, an average gauge pressure was applied with weak
conditions on all transported variables. At the probe surface, standard no slip condi-
tions were employed. At lateral boundary conditions, which were positioned at least
7.5cm from the probe, free-slip conditions were used. The simulations used a total of
2100000 elements and the results were found to be independent of mesh size. All
calculations were performed using ANSYS CFX V12.1 software. In these simulations,
no account was made for rotation of the probe during its descent. Further studies will
be performed in the near future to account for this effect.

Numerous simulations were completed for a range of velocities and viscosity values.
Table 1 lists the parameters for the individual simulations. In these calculations, the
water density was treated as a constant and equal to 1025 kg m~3. The frontal area
of the T5 probe was found to be 0.00206 m? and the probe length is 0.342m. The
characteristic length in the Reynolds number is taken to be the probe length.

3 Results and discussion

Results from the numerical simulations will be presented first in a qualitative manner
with a focus on the flow patterns which occur along the body of the T5. Next, quan-
titative results of the drag coefficients will be provided. Finally, the drag coefficients
will be used to estimate the depth of a T5 when data on temperature and fall-time are
available. Figure 2 shows a set of velocity contour diagrams near the (a) leading edge
of the probe and in the (b) rear of the probe. The results in this figure and the following
figure are representative of the set of results obtained using the information in Table 1.

Notable and expected features are easily observed. First, there is a local slow-fluid
zone at the forward cone of the probe, near the center channel inlet. Second, it can
be seen that fluid passes through the center channel and complicated recirculation
regions are seen within the cavity. Finally, a recirculation region is seen behind the
probe with relatively low velocities.
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More details of the actual flow patterns are provided in Fig. 3 which shows two im-
ages of streamlines near the (a) nose of the probe and (b) in the interior cavity of the
probe. The figure clearly shows that fluid enters the probe channel with a longitudinally
directed motion however the flow separates from the channel walls and experiences
recirculation at the cavity enlargement.

The critical result which is required for the estimation of probe depth is the drag co-
efficient. In the present simulations, drag was found from Eq. (3) where the drag force
was found from the simulations. The listing of results is shown in Table 2, along with
a comparison to results which would be obtained with the estimation that is recom-
mended in Green (1984). Graphical comparison of the present results with those of
Green (1984) are shown in Fig. 4.

There are a number of features which are evident from the figure. First, the numer-
ical simulations show a drag coefficient that is singularly dependent on the Reynolds
number. This finding is reassuring because it is expected from basic fluid-mechanic
theory. Second, it can be seen that the present results show values of the drag co-
efficient which consistently exceed those of Green (1984). In the figure, a fit of the
presently calculated drag coefficient to Reynolds number is shown with the resulting
expression

Cy=274x10"1°.Re?-221x1078.Re+0.1668 (15)

The results of the present work also display a greater dependency of the drag coeffi-
cient on Reynolds number. It is relevant to identify a rational basis for the disagreement
of the drag coefficients of the present work with those of Green (1984). Green’s results
were taken from literature that presented drag values for streamlined bodies with con-
trolled turbulence (Hoerner, 1965). That work provided only generalized values for
various streamlined shapes. Generalized models are incapable of providing probe-
specific drag results. Although the work of Hoerner (1965) and the incorporation of
drag into probe depth calculations was very advanced at the time, it was, admittedly,
limited by the information that was available.
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The new drag coefficient and the numerical algorithm of Eq. (7) were applied to a
recent T5 test. The tests were carried out on 2 May 2011 in the Mediterranean Sea
and were compared to numerical predictions. The parameters using in the simulations
are listed in Table 3.

A comparison between the predicted depth using the current manufacturer supplied
FRE and the present results is displayed in Fig. 5. The level of agreement is striking,
considering that the present predicts are based solely on numerical simulations. It can
be seen that the present results slightly overestimate the depth of the probe compared
to the manufacturer supplied FRE. This behavior can be explained by a number of
reasons. First, the simulations were performed on a non-rotating probe. Second, the
simulations were performed on a probe that may have had slight differences in geom-
etry or weight from that which was used in the experiments. Furthermore, the com-
parisons are based off of a single experiment. Deviations from one experiment to the
other may also give rise to some of the differences noted here. It is expected that when
rotational motion is considered, the results will be brought into even closer agreement.
Also shown in Fig. 5 are the depth results using the Boyd and Linzell (1993) FRE. It
can be seen the all three results are virtually indistinguishable from each other.

A more useful comparison is shown in Fig. 6. That figure shows the percentage
deviation between the present results and those of the manufacturer supplied FRE. It
can be seen that the results differ by less than 3 % and the deviation decreases with
depth.

A final way to compare the present results with those using the manufacturer sup-
plied FRE is to show the temperature/depth relationship. This information is provided
in Fig. 7. That figure shows results of both the present method with those from the
Sippican FRE. The Sippican FRE results were extracted from a 2010 drop performed
in the Mediterranean Sea using a T-5 XBT. It can be seen, at least on the scale shown
in the figure, that the results are virtually indistinguishable from each other. This close
agreement lends strong support to the fully computational method of calculating XBT
T-5 depths.
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4 Concluding remarks

This work presents a novel treatment of calculating the depth of an XBT device during
an oceanographic measurement. The method takes advantage of advanced compu-
tational fluid dynamic software to calculate the drag coefficient with Reynolds number.
Twelve separate calculations were performed for a non-rotating T5 device. It was found
that the drag coefficient did not depend separately on the various operating parameters
but rather depended solely on the value of the Reynolds number. This result concurs
with expectations. The newly found drag coefficient is expected to be significantly more
accurate than prior estimates which were based on experimental or analytical approxi-
mations.

The drag coefficient results were input into a new method for determining the probe
depth. This new method is based solely on probe dynamics and force balances. A
significant advantage of the present method is that it can be applied for any local en-
vironmental conditions such as water temperature. The method takes advantage of
the temperature measurements made by the probe during its descent. The tempera-
tures are utilized to determine instantaneous Reynolds numbers and subsequent drag
coefficients. This method avoids the reliance upon traditional fall rate equations.

The method was applied to a T5 experiment where it was found that the model
agreed with the manufacturer supplied FRE to within 3%. The agreement improved
with depth. Finally, the computational method allows an evaluation of the flow patterns
in the near vicinity of the probe and of the flow within the probe’s central channel.

The most important result which stems from this work is that it will be possible to re-
evaluate the historical archive of T-5 XBT data in order to improve the past records of
ocean heat content. The reappraisal of past XBT data will now be able to take account
of local temperature conditions without reliance upon a standard FRE. The reappraisal
will simply require a forward integration of Eq. (6) with the drag coefficient from Eq. (15)
used as input. Presently, a similar effort is being carried out on the T4/T6/T7/DB class
XBT devices.
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Table 1. Listing of parameters used in simulations.

osD

8, 1777-1802, 2011

Case Velocity Kinematic Viscosity Reynolds

A computational
method for
determining XBT
depths

J. Stark et al.

(m s‘1) (cm2 s‘1) Number

1 6 0.0095 2141000
2 6.5 0.0095 2319000
3 7 0.0095 2497000
4 6 0.0103 1974000
5 6.5 0.0103 2139000
6 7 0.0103 2303000
7 6 0.0136 1495000
8 6.5 0.0136 1620000
9 7 0.0136 1744000
10 6 0.0146 1393000
11 6.5 0.0146 1509 000
12 7 0.0146 1625000
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method for
Table 2. Comparison of calculated drag coefficients with those from Green (1984). determining XBT
depths
Case Reynolds Calculated Drag Estimated Drag Coefficient
Number Coefficient (Green, 1984) J. Stark et al.
1 2141000 0.132 0.116
2 2319000 0.131 0.115 Title Page ‘
3 2497000 0.129 0.114
4 1974000 0.134 0.117 Abstract Introduction
5 2199000  o01a o11e
6 2303000 0.130 0.115
7 1495000 0.140 0.119
8 1620000 0.138 0.118
9 1744000 0.137 0.118
10 1393000 0.142 0.120
15000 01 o11o ECE .
12 1625000 0.138 0.118 R e
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Table 3. Parameter values used for fall calculations.
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Parameter Value

Initial probe mass 0.98 (kg)

Mass of wire per unitlength ~ 0.000118 (kgm™")
Probe length 0.342 (m)

Probe frontal area 0.00203 (m°)
Launch height 2.5 (m)

Initial probe velocity 7 (ms™)

Initial probe displaced volume
Wire diameter

Density of surface water

0.000274 (m®)
0.00762 (cm)

1028 (kgm™3)
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Fig. 6. Percent deviation of present results with predictions from the manufacturer supplied

FRE.
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