o
OABGM

Associagao Brasileira de Engenharia e Ci

UNEM 2016 21-25

CONGRESSO NACIONAL DE RCOSTO DE 2016
ENGENHARA MECANICH FORTALEZA - CEARA

BEHAVIOR OF TEMPERATURE GRADIENTS IN FUEL OIL
EXPORTATION THROUGH A 12 INCHES PIPE UNDER INVISCID AND
VISCOUS CONDITIONS

Flavio Peres Amadoflavioam@petrobras.com.br, fpamado@live.estacio.br

Ediomedson Sales de Lucena, sales@dhn.mar.mil.bdiemedson@hotmail.com

Mila R. Avelino, mila.avelino@pg.chpg.br, mila.aveino@gmail.com

Universidade Estacio de Sa, Eng. Mecénica, R. Bduaniz Gomes 134, Niterdi, Postal code 24020-84D,Brazil
Universidade Estacio de Sa, Eng. Mecénica, R. Bdulaniz Gomes 134, Niterdi, Postal code 24020-84D,Brazil
Universidade Estacio de Sa, Eng. Mecénica, R. Bduaniz Gomes 134, Niterdi, Postal code 24020-84D,Brazil

CON-2016-0026

Abstract: Inviscid flows have been reference for viscoa®/flin this work a comparison of results from awflbetween
a refinery and a distribution terminal in Braziliadortheastern region is performed. Results foraiscand inviscid
conditions, in laminar regime are likened. Simwas were implemented using the finite differencéhate A
commercial code that works with finite element métivas performed as additional comparison sour@suRs show
that viscosity behaved as a factor of heat keepimd) made the fluid's temperature less sensiblégdack of piping
insulation. Some thermal instability is noted foe inviscid conditions at the inner wall of theulsed piping and it is
concluded that it might have been caused by thHed&msulation and thickness reduction of a pastestretch.
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1. INTRODUCTION

Inviscid flow with consequent constant velocity amseful because constitute ideal conditions thatesas
reference for calculus in real behavior for theaas flowing phenomena, such as those inside a@ijfieating/cooling
process, aeronautics, acoustics, and so on.

As instances, Ozaki et al (1978) researched adlioavgas motion in a rotating cylinder induced Hgreed source-
sink. Flow was measured using a laser Doppler anester in connection with the development of a gagrifuge for
235U enrichment. In a time when there was not apegational resource to treat Navier-Stokes equatamof today, it
was shown that the viscosity was important onlyhimitthe thin boundary layers: the Ekman layersten upper and
lower end plates and the Stewartson layers onidleevgall and in the cylinder, if there was a forcaairce sink flow.

In terms of dynamic instability, Bogdeéuis (2003) has modeled a rotating pipe conveyioglflThe non-linear
equation of the pipe’s motion was derived using fihge element method. In his study, he considetes fluid as
incompressible and inviscid one. He obtained the-third sub-harmonic amplitudes of the rotatingtibewered pipe
conveying fluid and concluded that those amplitudepend on fluid pressure, flow velocity and anguwiglocity in
inviscid conditions.

Williams (2007) presented a surface adaptive dmedr finite volume method for solving free-surfdimevs. Code
verification was carried out on a number of invisdaminar and turbulent flow cases and the reshitsved good
agreement with experimental data and theoretidatisos.

Madadi et al (2015) developed a work about boundangitions in equations governing inviscid fluidv. In that
article, four different methods for calculation thie wall velocity magnitude were introduced, testéed compared
against several test cases of subsonic and supeffmns. Since there are many problems where Isotbsonic and
supersonic flows coexist, a mixed boundary conditiaking into account the flow Mach number was psgu. For
subsonic and transonic flow the third type (densityelocity magnitude = cte) has better accuraeyttihe others. For
supersonic flows, the second type (velocity magi@tu= cte) showed better accuracy. A combinatioth@efsecond and
third type of flow regimes called “the mixed bounga&ondition” was tested in two test cases of bbsonic and
supersonic flow regimes. The results showed thatcitndition was applicable with good agreement.
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In aeronautics, Maciel (2007) has tested the EaridrNavier-Stokes equation in three dimensionsuiitaJameson
and Mavriplis and the Liou and Steffen unstructueddorithms for wind tunnel testing simulation. Thesults
demonstrated that both schemes predicted apprefyrthe shock angles at the ramp and at the longuaper wallsof
of the diffuser, in the inviscid case. In the vigsastudy, only the Liou and Steffen scheme yieldeaverged results,
obtaining good ramp shock angles.

Lasauskas and Naujokaitis (2009) analyzed threg w#ttions in lift condition in three different eesch centers.
They perform codes as Eppler, XFOIL and RFOIL. Eppl code uses non-interacted inviscid plus boundeyer
method. Influence of separation is estimated usimgirical correction in this method. XFOIL code sispteracted
zonal viscous/inviscid method. RFOIL is a modifioat of XFOIL code for application in wind turbine3heir
conclusions were that calculation predicted wedl thnge of lift coefficient for low drag. In thewodrag range the
predicted drag was about from 10 % to 20 % lowantimeasured drag. Eppler’s code predicted dramwirdrag region
better than XFOIL and RFOIL. Eppler's code overfeeel momentum coefficient and couldn’t predict imaum lift
and lift curve in post stall region. At low Reynsldumbers the experimental lift curve was abotiiénmiddle between
XFOIL prediction and RFOIL prediction in the posalsregion. At high Reynolds number XFOIL code ngwedicted
maximum lift and the lift in post stall region. RARCcode predicted lift curve very well even in pasall region. Both
XFOIL and RFOIL codes predicted the pitching mormamve including post stall regime.

In astrophysical fluid dynamics, Zhen et al (20frépted to solve an important unanswered matheahatiestion
in the theory of rotating fluids that has been ¢benpleteness of the inviscid eigenfunctions whidhwsually referred
to as inertial waves or inertial modes. They predidor the first time a mathematical proof for twmnpleteness of the
inertial modes in a rotating annular channel bywtdshing the completeness relation, or Parse]isality, for any
piecewise continuous, differentiable velocity ofiacompressible fluid.

Acoustics have been also studied in inviscid comalét In fact, the viscosity of the medium togetheth its
thermal conductivity are partially responsible tbe natural attenuation of sound waves. Abd-El-Maed Hanna
(1997) developed a mathematical model to deschibephysical effect of viscosity of a medium and wave number
on sound propagation and sound attenuation numipecgcular ducts. They concluded that the propiaganumber is
a weak function of Reynolds Numb@e)and that aRkeincreases, the propagation number tend to theevalinviscid
condition. For all practical purposes, the effettviscosity can be neglected on the wave propagafithey also
concluded that the medium viscosity has a notieeaffect on the attenuation numbers and low Reynolanbers.

Viscosity is a main input for flow hydraulic modeadsie to the fact that the choice of the flow regieggiations
(laminar, transition or turbulent) relies on it. daes that, from the hydraulic point of view, tHesalute and kinematic
viscosities of generic liquids can be modeled usimg or three parameters and the liquid’'s tempegatBantana et al
(2005) addressed this issue by adjusting equatisimg) a non-linear regression and suggested expnssthat best fit
the data were used, which were obtained to reprebenentire range of variation of the viscosity foetroleum
products. They observed that three parameters iegeatire best suited for the curves and therefoee naore
appropriated for hydraulic models. Classicallyisiknown that viscosity decreases as temperatareases, but keep
fluids warmer and it was confirmed by their work.

Following this path of comparison between viscond aviscid condition of flow, a research of thehheior of
temperature gradients, relative to a fuel oil tpamsed from a refinery toward a distribution teradinin Brazilian
Northeastern Region, with some particular charésties, is performed. The piping presents the inmah’s design
temperature of 353 K and has a loss of thermalggmiera stretch of 30 meters where there is a famluof %2 inch in
thickness and no thermal insulation.

As starting point, it was carried out a study byr@beli and Fonseca (2014) to figure out radial &Enajpure
gradients that considered ideal condition of viggoand flow's velocity. That work was made by thé of a
commercial code, not an independent mathematicdkelimg.

Herein it is proposed a more accurate gradienutaion by inserting the thermal-dependent visgoaitd a more
realistic profile of the flow's velocity as impontaparcels of the energy equation. Additionallywis modeled an
inviscid flow with a consequent constant velocityofle to compare to that approach. Mathematicadet® were
implemented in finite difference method and ardtgremilar

2. BIBLIOGRAPHIC BASIS FOR THIS WORK

Equations governing phenomena are inside the vneliva Eq. (1), that might be taken from the vastileed
literature (Chapman 1984; Bejan 1993; Holman 1998ngel and Cimbala 2015), and that can be foundwbét
cylindrical coordinate:

1@kr(FE) 1 Ok(G5) | Ok(E) pr
T tE et TH zpC(E)-l'“cD @)

where i is the dynamical viscosity an@ is an expression of partial derivatives that takesaccount velocities
according the following way:
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Obviously that, for an inviscid flow, Eq. (2) whle discarded as well as some parts of Eq. (1).
Additionally, if it is approaching a laminar regine a straight pipe with constant physical progertiNavier-Stokes
equation can be reduced and expressed in cylindooadinates according the Eq. (3).

—_o 190 "’L)
0= az+'ur6r(r6r ®)
For a viscous flow, the solution fgy will be:

2Q
v, = m(riz —7r2) 4)
L

WhereQ is the flow rate and is the inner radius of the pipe.
Nevertheless, for a condition that discards théatian of the velocity profile in a laminar flowhis variable can be
calculated solely through Eq. (5):

_Q
Uy _X )

WhereA is the inner area of the pipe’s transversal sectio

3. MATERIALS AND METHODS

Infrastructure serving as a basis for this study jEpe line that links a refinery to the distrilboatterminal that was
built in 1977. It has nominal diametdd,, 0.3048 m (12 inches), thickness 0.0127 m (Y2)iactd 35100 m (35.1 km)
of extensionL. There is a stretch of interest of 1080 meterss Tangth contemplates 1020 meters of insulated,pip
plus 30 meters non-insulated, between two poinemd 2 according Fig. 1, and a final insulatedtstref 30 meters,
from which the pipe buries into the ground. A peshlof thermal energy loosing occurs internally westn points 1
and 2, where there is a reduction of thickness4arén and two in-situ measurements were carried out

Flow direction et

1,020,000 30,000 30,000

Figure 1 — Sketch of part of the pipeline that linls the refinery and the distribution terminal. The smulated
area is a 2D plan at the superior half of the inneregion.

3.1. Properties and general data of the fluid

Ciambeli and Fonseca (2014), informed all physpralperties of fuel oil and the infrastructure airtsportation
that this work demands to perform the simulatioloprties of the pipe and insulation materialstwafound in Tab. 1.
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Table 1 — Properties of pipe and insulation materils

Lenght (m) Tickness (mm) kpipe (W/mK) Insul. Tidkam) kinsul (W/mK)
1,020 12.7 46 50.8 0.03
30 6.4 46 - -

In terms of flow rates, this work simulated 0.0#¥s1{150 ni'h) and 0.07 riis (250 m3/h).

Other relevant properties to the formation of rhdiadient and to compute the drop of the tempegaalong the
flowing process are fuel oil's thermal conductividyis and the specific heap. Ciambeli and Fonseca (2014) utilized
results from the study made by Czubinski et al @0tvhere they have measured these propertiegardffferent types
of oil. They verified that such properties are $mnfor different cases. Thus, chosen values Wgfg= 0.137 W/mK
andc, = 1970 J/kgK.

Relatively to the density and viscosity:, Ciambeli and Fonseca (2014) recommend 937.4 kgimai3506 kg/ms,
respectively.

At last, the outer film coefficiertt existing between the pipe’s hull and the exteenvironment was informed as
being 1.3 W/m2K and the inner film coefficient waculated according Eq (6).

D.
3.66+0.0668Re<ﬂ>—L

h= K fluia Kfiuia) L

D; %/5
D.
140.04|R, —P£)2i
kfruia) L

(6)

3.2. Dimensionless Values

Taking in account all physical properties and geimeharacteristics, Reynold number resulted atoQyb and
Nusselt number was not higher than 5. Becauseeohiph values ot, andx and lowky,q value, Prandtl number
resulted to be very high.

3.3. Mathematical Modeling and Assumptions
Assumptions to Eq. (1) and Eq. (2) for inviscidwileavere imposed according following items: Ther@dsenergy

generation, there are no tangential gradientsd’ithermal conductivity, density, specific heatlarelocity profile are
constants. These restrictions resulted in Eq. (7):

102 o)
r or 0z

= pc (% + v, 5) (1)

By the association of Eq. (5) and Eq. (7), it i achieved the Eq. (8) that describes the complethematical
model of the fuel oil's thermal behavior in ternfdroviscid conditions:

10T |, 0°T |, 0°T Q dT _ pcdT
ror 0r2 + dz2 kAdz  k ot ®)

The model that describes the viscous flow under ddme assumption is quite a bit more complicateds |
necessary to associate Eq. (1), Eq. (2) and EqQTt3 “blend” can be found as Eg. (9):

19T | T | T _ 2pcQ(f-r?)ar _ (s0r)* _ pear
ror 0r? = 9z2 kmrf 0z

= 9)

nr?

That said, Eq. (8) and Eq. (9) were discretizedinite difference method and implemented in compatel
language to simulate the thermic flow in order igufe out the gradients in z and r, inside the aegf interest.
Simulation scheme can be found in Tab. 2.

Table 2 — Simulation scheme

[

Parameter radius Insulated stretch Non-insulatedcst| Appendix| Steps of tim
intervals 25 102 30 5 10
Total of nodeg 3425
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It was chosen a flowing of 350 seconds long, whigghresents the interval of time that the centrad bf fuel oil
takes to achieve the region without insulation.

The convergence criterion was®6ompared to the relative error and only one sitiarawith step of 18 seconds
was carried out. Considering that results were lamfiom those obtained with steps of*16econds and that this
simulation required considerable computationalfibwas discarded.

3.4. Initial and boundary conditions
Initial conditions of temperature, flow rates an@thematical assumptions for boundary conditionsprifer to
solve Eqg. (8) and Eg. (9), can be found in TalAs3equations result in symmetry of flowing conditp the half of any

longitudinal section is representative of the wholeer tube.

Table 3 — Boundary conditions and flow rates for Eq(8) and Eq. (9)

Parameter Simulation 1 Simulation 2 Simulation 3
Initial temperature Ti 348 K 353K 353K
Environ. temperature 308 K 308 K 308 K
Flow rate 150 m3/h 150 m3/h 250 m3/h
For r = inner and outer radius AT=-k(dT/dr) MT=-k(dT/dr) MT=-k(dT/dr)

4. RESULTS AND DISCUSSION

Simulations in finite difference method and throutje commercial code were made for the setting fupllo
gradients along the inner wall of the pipe, as wslhlong the radius, for viscous and inviscid fl&¥g. 2a, b and ¢ and
Fig. 3a, b and ¢ show 2D thermal profiles. Fig. Band ¢ present results of temperature distribubiailt by the
commercial code in inviscid case. Fig. 3a, b amtesent the temperature distribution obtained atisgrthe herein
proposed model, both for inviscid and viscous coos. In these situations, temperatures profilgritiution is
confined at the r x z plane.

Figures 4a, b and ¢ show analogous 3D thermalcesfdeveloped with the herein proposed mathematiodels.
All results worked respectively in conditions of=T353 K and flow rate = 0.04¥s, T, = 353 K and flow rate = 0.04
m/s and T= 353 K and flow rate = 0.07¥s.

Figure 5a, b and c shows a comparison betweenatieus longitudinal gradients for the same condgiabove,
both for inner wall as for the adjacent layer oélfail, nearby the wall. Two in-situ measuremerittha wall provided
by refinery's personnel can be seen only on tisédwndition of simulation.

L) 20005 40,00 {m} I
I L E—  §
10,000 0,000

z

Figure 2a — Temperature distribution in plane r x z according the commercial code for a length of 13feters,
showing the coldest region in blue, in the nearegortion around the wall of the non-insulated strett for T; =
348 K and flow rate = 0.04 ni¥s.
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o 20.000 40.00 {m) 3
L I — 5 L

10,000 30,000 =
Figure 2b — Temperature distribution in plane r x z according the commercial code for a length of 13feters,
showing the coldest region in blue, in the nearegortion around the wall of the non-insulated strett for T; =
353 K and flow rate = 0.04 ri¥s

o 20,000 40.00 {m)
I 4 A £
10.000 000

Figure 2c — Temperature distribution in plane r x z according the commercial code for a length of 13Meters,
showing the coldest region in blue, in the nearegiortion around the wall of the non-insulated strett for T; =
353 K and flow rate = 0.07 ni¥s.
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Figure 3a — Temperature distribution in plane r x z according the herein proposed model, showing theoldest
region in blue, in the inner wall of the non-insuléed stretch. At left, in viscous conditions and atight, in
inviscid conditions for T, = 348 K and flow rate = 0.04 rifs.
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Figure 3b — Temperature distribution in plane r x z according the herein proposed model, showing thepldest
region in blue, in the inner wall of the non-insuléed stretch. At left, in viscous conditions and atight, in
inviscid conditions for T, = 353 K and flow rate = 0.04 rifs
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Figure 3c — Temperature distribution in plane r x z according the herein proposed model, showing thepldest
region in blue, in the inner wall of the non-insuléed stretch. At left, in viscous conditions and atight, in
inviscid conditions for T, = 353 K and flow rate = 0.07 ris.

2D Surfaces that can be seen in Fig. 2a, b andid-&n 3a, b and c are not so enlightening as thoség. 4a, b
and c. The commercial code shows a drop of tertymer¢hat varies between 3.6 and 4,1 degrees cedégaccording
each specific condition of flowing. 2D surfacesnfréhe herein proposed model for inviscid conditérows a higher
drop in the region without insulation, that increass initial temperature and flow rate increaserd is an apparent
anomalous range of temperature between centdrditig the wall temperatures.

On the other hand, a comparison between 3D surfacEfy. 4a, b and ¢ shows important differencesvben
thermal behavior of inviscid and viscous flows floe studied cases. First of all, surfaces at fiigiviscid ones) show a
region of thermal instability before the non-ingathregion, that one cannot know if it is causedsbgne numerical
instability of the simulation method or by some piegl phenomenon associated, belonging to the figwbravid et al
(1971) as well as Akiyama and Cheng (1974) wdre first to report such a phenomenon, althougbrioidal tubes
entrances.

The first work considered a physical behavior & flow and Akiyama and Cheng (1974) considered tihase
oscillations are results of numerical instabilifsctually, it has to be observed that in the abserfogscous forces that
could press a layer of fluid together the innerlwékhe pipe, or that could proportionate a bdokvfphenomenon, the
fluid theoretically flows free and might suffer sentype of irregular cooling. In respect to thistalslity, Santana
(1997) addressed the issue relatively to the Nudéeinber in curved tubes entrances, in the regibmad fully
developed flow. In his thesis, he attributed thémgmal instabilities to the centrifugation andvrtexes of velocity
arising from characteristics of the boundary layéra first approach, the phenomenon cannot becadsd with that
seen herein, because the flow is considered talhedeveloped, the stretch is not curved, and niongortant: there
are no effects of boundary layers since the flowossidered inviscid and the velocity is const&tawever, this is a
process with high Prandtl number as those descabede. Moreover, the reduction of thickness ofriba-insulated
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stretch, as well as the lack of insulation itseigint be influencing the previous thermal behavitming it similar to that
described by references above. After the non-itedlatretch, the phenomenon is not observed anyrasrean be
observed in figure 4a, b, and c, at right column.

Another important remark is that about the plat@aarizontal region in red) before the drop of tengperes in the
vertical region (red to blue region), nearby theeinwall of the tube. In viscous flow, this platesas larger than that in
inviscid flow. Beyond that, when the flow rate ieased, this plateau increased as well, ie., rgdglients in viscous
flow showed that a larger internal region keptlfta@rmer for a longer period of time. Oppositélyinviscid flow, the
horizontal plateau’s size increased with the ihittanperature’s augmentation, but not with the flate’'s increase.
The vertical region was higher in all presentecesa¥iscosity is thus concluded to have behavea fastor of heat
keeping for this fuel oil. Although, there is arvémse mathematical proportion between viscosity teantperature, the
more viscosity increases, the more conductivityrel@ees and this seems to have been the caseteakist§antana elt
al (2005).

Appraising Fig. 5a, it can be seen that resultbeadt coincidence with in-situ measurements wersettfoom
inviscid flow for the layer of oil nearby the wathrough the simulation herein proposed. For vethperature, the best
agreement was that for viscous flow, again obtathedugh the herein proposed model. This fact shibmasfor these
characteristics of flowing, viscosity was no prettffuential on the mathematical modeling.

Temperaturs
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Figure 4a — 3D thermal surfaces, showing temperater gradients in planes r x T and z x T, predicted byinite
difference method. At left, in viscous conditionsad at right, in inviscid conditions, for Ti = 348 K and flow rate
= 0.04 m3/s.
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Figure 4b — 3D thermal surfaces, showing temperatar gradients in planes r x T and z x T, predicted byinite
difference method. At left, in viscous conditionsad at right, in inviscid conditions, for Ti = 353 K and flow rate
=0.04 m3/s.
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Figure 4c — 3D thermal surfaces, showing temperatergradients in planes r x T and z x T, predicted byinite
diﬁerenn%e method. At left, in viscous conditions iad at right, in inviscid conditions, for T; = 353 K and flow rate
=0.07 mis.
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Figure 5a — Comparison between longitudinal gradiets for viscous and inviscid conditions on the wakhnd in
layers of fuel oil nearby the wall, according the arious sources, for for T = 348 K and flow rate = 0.04 nis.
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Figure 5b — Comparison between longitudinal gradiets for viscous and inviscid conditions on the walind in
layers of fuel oil nearby the wall, according the arious sources, for T= 353 K and flow rate = 0.04 rifs.
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Figure 5¢c — Comparison between longitudinal gradiets for viscous and inviscid conditions on the waknd in
layers of fuel oil nearby the wall, according the arious sources, for T= 353 K and flow rate = 0.07 rifs.

Comparison between those three graphics from Rigb%nd c, evincing longitudinal gradients locadiznside the
non-insulated stretch and nearby the inner wadlicetes that once more the inviscid flow was sdadib the initial
temperature’s increase, but not to the variatiothefflow rate. Temperature values between floesaff 0.04 rils and
0.07 nils were very similar. The variation was not consitiée on the region before the non-insulated dirdtc fact,
for inviscid flow the gradient sensibility to thimv rate’s increase is not so evident. It can ldeom Eq. (9) that the
flow rate Q is multiplied by a parcel of variation of tempenat as a function af This parcel has a negative value and
performs a reduction on the final value of the terafure. Nonetheless, this reduction is signifigasmnall and such a
fact resulted in similar thermal surfaces for the studied flow rate conditions.

Inviscid flow simulation predicted a drop of tematire higher than that for viscous flow along thkialadirection.
Through the longitudinal gradient's analysis, ali a®that observed in radial gradients, viscoségmed promoting a
type of greenhouse effect inside the piping. Thedhei of the viscous flow kept itself warmer thae treriphery, which
tended to cool less than in inviscid condition,tbiot insulated and non-insulated stretches. In%égb and c, gradients
shown in blue evinces the phenomenon, ie due twsity, the temperature of this fuel oil, a litde far from the wall,
is higher than the equivalent one in inviscid ctindi It can be explained in part because the visdorces link a first
layer of fuel oil on the inner wall and give a pgaohc profile to the velocity. This adhered laydrod to the inner wall
serves as insulation for inner layers, making theammer for a longer period of time and in a largetume. A
comparison of these results with that obtained bg-&I-Malek and Hanna (1997) shows that viscositthe medium
together with its thermal conductivity are pargaésponsible both for the natural attenuationoofnsl waves as for the
decrease in heat losses.

5. CONCLUSIONS

Inviscid and viscous flow simulations were presdrde representatives of the transportation of baiibetween a
refinery and a distribution terminal in Brazilianoftheastern. Mathematical models were implementedinite
difference method and covered three combinatiornnélitions of flow rate and initial temperature sinulation in a
commercial code was performed as well, in ordexoimpound an additional comparison.

The best agreement with in-situ measurements ahtier wall temperature were those from viscouw fidbtained
through the herein proposed simulation. Althoughitiviscid flow is not representative of the reeépomenon, results
showed that it served as a reasonable referencéhahthe viscosity was not so important in mathiisabmodeling.
This flowing redounded to be more sensible to tligal temperature than to the modification of floate. Viscosity
confirms itself as a factor of thermal state kegpin a larger inner portion, despite it decreasestesmperature
increases. A non-insulated region with reductionhi¢kness might have caused a thermal instahilitiwiscid flow
on the inner wall in a previous region, as can dunfl in an entrance region, where there isn't & faéveloped
flowing, or before a curve, according the behadiescribed by Santana et all (1997).
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