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Abstract

To improve the efficiency of thermal-cracking processes, and to reduce the coking phenomena
due to high wall temperature, the use of ribbed tubes is an interesting technique as it allows
better mixing and heat transfer. However it also induces significant increase in pressure loss.
The complexity of the turbulent flow, the chemical system, and the chemistry-turbulence
interaction makes it difficult to estimate a priori the real loss of ribbed tubes in terms of
selectivity. Experiments combining turbulence, heat transfer and chemistry are very rare in
laboratories and too costly at the industrial scale. In this work, Wall-Resolved Large Eddy
Simulation (WRLES) is used to study non-reacting and reacting flows in both smooth and
ribbed tubes, to show the impact of the ribs on turbulence and chemistry. Simulations were
performed with the code AVBP, which solves the compressible Navier-Stokes equations for
turbulent flows, using reduced chemistry scheme of ethane and butane cracking for reacting
cases.

Special effort was devoted to the wall flow, which is analyzed in detail and compared for
both geometries, providing useful information for further development of roughness-type wall
models. The impact of grid resolution and numerical scheme is also discussed, to find the
best trade-off between computational cost and accuracy for industrial application. Results
investigate and analyze the turbulent flow structures, as well as the effect of heat transfer
efficiency and mixing on the chemical process in both smooth and ribbed tubes. Pressure
loss, heat transfer and chemical conversion are finally compared.

Keywords: Large Eddy Simulation, turbulent reacting flow, roughness, helically ribbed
tubes, heat transfer, thermal cracking process



Résumé

Pour améliorer I'efficacité des procédés thermiques de craquages et réduire les phénomenes
de cokage liés a la température de paroi trop élevée, I'utilisation de tubes nervurés est une
technique potentiellement car elle permet d’améliorer le mélange et d’augmenter les transferts
de chaleur. Cependant, la perte de charge est significativement augmentée. En raison de
la complexité de I’écoulement turbulent, du systeme chimique et du couplage turbulence-
chimie, il est difficile d’estimer a priori la perte réelle en termes de sélectivité des tubes
nervurés. Les expériences représentatives de laboratoire combinant turbulence, transferts de
chaleur et chimie sont trés rares et trop cotiteuses a 1’échelle industrielle. Dans ce travail,
I'approche simulation aux grandes échelles résolue a la paroi (WRLES) est utilisée pour
étudier écoulement non-réactif puis réactif dans des tubes a la fois lisses et nervurés, pour
quantifier leur impact sur la turbulence et sur la chimie. Le code AVBP, qui résout les
équations de Navier-Stokes compressibles pour les écoulements turbulents, est utilisé avec
des schémas chimique réduites du craquage de I’éthane puis du butane.

L’écoulement a la paroi est analysé en détail et comparé pour les deux géométries, four-
nissant des informations utiles pour le développement ultérieur de modeles de parois pour
ce type de rugosité. L’impact de la résolution du maillage et du schéma numérique est
également discuté, pour trouver le meilleur compromis entre cotit et précision de calcul pour
une application industrielle. L’impact des structures d’écoulement turbulent ainsi que leurs
effets sur le transfert thermique et le mélange sur les réactions chimique sont étudiés a la
fois pour les tubes lisses et les tubes nervurés. Perte de pression, transfert de chaleur et
conversion chimique sont finalement comparés.

Mots clés: Simulation aux grandes échelles, écoulement turbulent réactif, rugosité, tubes
en hélices nervurées, transfert thermique, craquage
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1.1 Industrial context

The hydrocarbon processing industry (HPI) and chemical processing industry (CPI) cover all
aspects of producing petroleum-based products, including refining of petroleum (a picture of
an oil refinery in Fig. 1.1.1), manufacturing of chemical and petrochemicals from petroleum
feedstocks, processing of gases, and production of synthetic fuels [1]. These industries take
raw materials such as crude oil, natural gas and convert them into usable products, including
the gasoline, diesel, fuels and precursor materials for the generation of plastics that go into
many products, from clothing to plastic bottles, of our daily life, illustrated on Fig. 1.1.2. A
critical factor to all these process is heat as chemical conversion is most efficient in narrow
temperature ranges.

A majority of operations in the HPI occur in petroleum refining. The major petroleum
refining processes are categorised as: 1) topping (the separation of crude oil), 2) thermal
and catalytic cracking, 3) combination/rearrangement of hydrocarbon, 4) treating and 5)
specialty product manufacturing [3]. Most of them require a fired heater, as illustrated
on Fig. 1.1.3, showing typical exterior and interior structures. In such systems, the flow
inside the tubes is heated from outside by the flames of the burners (Fig. 1.1.3b). The
major heat transfer processes include radiation and convection: in the radiation section,
heat transfer occurs between the flame and process tubes through thermal radiation; in the



1.1. INDUSTRIAL CONTEXT

Figure 1.1.1: Total Refining & Chemicals, Usine de Gonfreville I'Orcher. source: TOTAL

convection section, hot gases through flowing through a network of tubes generate external
convective heat transfer, while the inner tube flow generates internal convective heat transfer,
as illustrated in Fig. 1.1.3c.

As one of the major petroleum refining processes, the objective of the cracking process
is to produce ethylene CyHy, which is the largest volume building block for many petro-
chemicals. Ethylene can be produced via a myriad of different processes, such as catalytic
pyrolysis and hydropyrolysis processes [7], fluidized bed cracking, paraffin dehydrogenation,
and oxydehydrogenation [8]. The present work mainly concerns thermal cracking. During
the thermal cracking processes, steam-cracking furnaces produce ethylene by heating hydro-
carbons such as ethane CoHg, propane C3Hg, butane C4H;o, naphtha, or gas oils to very high
temperatures in the presence of steam [1], leading to the the thermal decomposition of large
molecules into lighter ones. Thermodynamic equilibrium favors the formation of olefins only
at high temperature and low pressure. Typical reactor coil outlet temperatures are in the
range of 788-885°C (1061-1158 K), and the pressure is 1.7-2.4 bar. The hydrocarbon partial
pressure is lowered by the presence of the dilution steam. Moreover, a high selectivity is
achieved by operating with a very short residence time, typically 0.1-0.5 s.

The reactions during cracking processes are highly endothermic. As the residence time
in the process tube is very short, a high heat flux is required to maintain the temperature
at a level sufficient for the reactions to occur. As a consequence, heat transfer enhancement
techniques always play an important role in the exchanger system optimization. Artificial
roughness in the inner surface of tubes is one passive method of heat transfer enhancement
which, in contrast to active methods, does not require a direct application of external power.
Different kinds of artificial roughness are widely used in various industrial applications. In
the next section, a classification of the different artificial roughness of tubes is introduced.
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Figure 1.1.2: Some of the petrochemical products in daily life [2]

1.2 Classification of artificial roughness

The cross section of heat exchanger ducts are of different forms, either rectangular (channels)
or circular (tubes). As our subject is to study the heat exchanger tubes in a radiation zone
of the pyrolysis furnace (i.e. thermal cracking furnace) for the thermal cracking processes
(as shown in Fig. 1.2.1), only tubular geometries are discussed.

1.2.1 One/two/three dimensional roughness

Some examples of different families of artificial roughness are introduced in this section. As a
big family of the artificial roughness, tubes with twisted tape inserts as illustrated in Fig.1.2.2
and other variations are widely investigated and reviewed in Kumar et al.(2012) [9]. A part
from this family, Vicente et al.(2002) [10] presented two types of artificial roughness: 1) two-
dimensional roughness includes transverse and helical ribs, helically corrugated and wire
coil inserts; 2) three-dimensional roughness includes sand-grain roughness, attached particle
roughness, “cross-rifled” roughness and helically dimples. Note that Withers (1980) [11] clas-
sified that sand-grain roughness (Fig. 1.2.3) as one-dimensional, because it is characterized
by only one parameter: the roughness height “e” according to Nikuradse’s experiments [12].

The 3D helically dimpled roughness is illustrated in Fig. 1.2.4: the height of the roughness
e, the pitch between two parallel series of obstacles p and the distance between two neighbor
obstacles [ compose the three dimensions which influence the behavior of roughness.

In the same way, 2D roughness is described with two parameters, ribs height “e” and
pitch “p” as indicated in Fig. 1.2.5, that affect the performance. This study will mainly
focus on 2D roughness.

Some illustrations of different 2D roughness types are given in Fig. 1.2.5.

Saha [18] indicated that the rib (Fig.1.2.5a and b) is built into the inner wall of tubes,
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Figure 1.1.3: Typical fired heater.

whereas the wire-coil inserts (Fig.1.2.5d) are wall-attached. Corrugated tubes (Fig.1.2.5¢)
are characterized by a rough outer surface, contrary to others tubes having a smooth outer
surface. The different manufacturing technique may lead to different shapes. Garcia et al.
(2012) ( [13]) found that, in the petrochemical industry, the use of mechanically deformed
tubes (like the corrugated tubes and dimpled tubes) is not allowed for safety reasons due to
the risk of being broken, however, the use of wire coils does not cause any problem.

1.2.2 D-type and K-type

Perry et al.(1969) [19] studied the turbulent boundary layer over a transversally ribbed wall
and proposed to distinguish two types of 2D roughness: K-type and D-type, “K” representing
the roughness height (in this report “e” will be used as the symbol of the roughness height
according to some more recent papers) and “D” the outer scales like boundary-layer thickness,
pipe diameter, or channel height. Tani (1987) [20] suggested that, for regularly spaced ribs,
a demarcation between K-type and D-type roughness might be made at the pitch to height
ratio p/e = 4, where p is the pitch between the roughness elements [21]:

e For D-type, roughness is typified by closely spaced ribs with p/e < 4. The ribs are so
closely spaced that stable vortices are set up in the grooves, eddy shedding from the
roughness elements into the outer flow is negligible, and the outer flow is relatively
undisturbed by the roughness elements. The roughness performance (e.g., its impacts
on the friction factor) is independent of the size of roughness.
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furnace. Source: Total Petrochemicals

Figure 1.2.2: Twisted tape inserts [9]

e For K-type roughness, typified by sparsely spaced transverse ribs, with p/e > 4, eddies
with length scale of the order of the roughness height are shed from the roughness ele-
ments and penetrate into the bulk flow toward the pipe or channel center (or boundary
layer edge). The roughness performance depends on the size of the roughness elements.

In the present study, only K-type 2D roughness is considered.

1.3 The Mixing Element Radiant Tube technology in

steam-cracking process

In a thermal cracking furnace (Fig. 1.2.1), the cracking tubes are usually 10 meters long.
The Reynolds number of the turbulent flow inside the tubes ranges from 10 to 10°, and the
residence time is typically 0.1-0.5 s. As mentioned in section 1.1, the steam-cracking process
is favored at high temperature. At the same time, high tube skin temperature, typically
between 1000-1125°C (1273-1398 K) [1], promots undesired but inevitable formation and
deposit of coke (carbon) on the inner wall of the tubes. If the coke layer in the tubes becomes
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Figure 1.2.5: Different types of 2D roughness

thicker, the pressure loss and the wall temperature both increase, due to the increase of the
wall friction and the reduction of the heat transfer, then the problem gets worse. When
either the pressure drop limit or the tube skin temperature limit is reached, the tubes must
be decoked. This is a long and uneasy operation, requiring to stop the production, i.e.,
having a high cost. For this reason, coking phenomena must be avoided as much as possible.
For these reasons, heat transfer enhancement techniques is required, which increase the heat
transfer efficiency and can reduce the skin temperature. However, note that these techniques
often induce increased pressure losses.

Many technologies are developed in order to improve the performance of steam-cracking
tubes. Helically ribbed tubes are widely studied and many patents on this technology are
submitted. Fig. 1.3.1 shows examples of helically ribbed tubes of the Mixing Element Ra-
diant Tube (MERT) family technology [22-26], developed by KUBOTA [27] to be used in
tubular pyrolysis furnaces. According to the previous classification, the “normal MERT” [23]
(Fig. 1.3.1a) is a 2D roughness type because of the continuous helically ribs on the inner
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(a) Normal MERT (b) Slit-MERT (Below) & X-MERT (Upper)

Figure 1.3.1: Helically ribbed steam cracking tube MERT [27]

surface, while the “slit-MERT” & “X-MERT” (Fig. 1.3.1b) is kind of 3D roughness type as
the ribs are non-continuous.

MERT tubes have clear advantages in thermal cracking processes: thanks to enhanced
mixing, the wall heat transfer efficiency is improved and the flow in the tube is more ho-
mogeneous in both temperature and composition. As a consequence, the temperature of
the tube’s skin decreases and coke deposit is reduced [27]. Another result is the improved
operating efficiency of the chemical process. Fig. 1.3.2 shows that the heat transfer is around
1.5 times higher than that in a smooth tube in the same condition, while the pressure loss
is 3-4 times higher.
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Figure 1.3.2: Heat transfer (a) and pressure loss (b) measurements in the normal MERT
tube compared with a smooth tube [24]

The performance of MERT technology could be optimized by changing the ribs arrange-
ment, the ribs height, the ribs pitch, etc. This requires an understanding of the physical
phenomena of turbulent flows in ribbed tubes, and to reveal the impact of ribs.
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1.4 Aims of the work

To achieve heat enhancement while avoiding increased pressure loss and reducing coking
phenomena, the main objective of the present work is the understanding of helically ribbed
tubes flow dynamics and impact on the chemical process. This requires to face scientific
issues as wall flows in tubes, heat transfer in turbulent flows, and interaction of cracking
chemistry with turbulence.

Many experimental and numerical research studies have been devoted to the turbulent
flow in smooth tubes and wall models have been established, that lead to a correct calculation
of both the wall friction and heat flux. The situation is much different for ribbed tubes.
Experiments lead to very different results, with no clear conclusions about the nature of the
wall flow. Moreover, the experimental instrumentation cost limits the measurements.

For these reasons, numerical simulation appears as an interesting tool to investigate tur-
bulent flows in ribbed tubes. Examples of numerical simulations of ribbed tubes, especially
of helically ribbed tubes, are much scarce in the literature. In the present work, the turbu-
lent low and heat transfer in a ribbed tube is investigated by use of high-fidelity numerical
simulation, with the following objectives:

e to understand the dynamic properties of the turbulent wall flow in ribbed tubes,
e to understand heat transfer phenomena of the turbulent wall flow in ribbed tubes,

e to understand the impact of ribs on the petrochemical process for the optimization of
the cracking tube,

e to apply numerical simulation to a real industrial system and demonstrate the feasi-
bility and added-value of such simulations.

1.5 Outline

e Part I: Chapter 2
The study begins with a literature survey. Experiments are reviewed, showing the
dominant geometric parameters of ribbed tubes and their effect on the flow proper-
ties. Some semi-experimental correlation formula for calculating the friction factor and
Nusselt number (which characterize the heat transfer properties) in the different tubes
are also presented.

e Part II: Chapters 3 to 5
To understand the physics of ribbed tube flows, academic cases are first considered in
this part. Both smooth and ribbed tubes are simulated in non-reacting, either non-
heated (Chapter 3) or heated (Chapter 4) conditions. Special effort is devoted to the
wall flow, which is analyzed in detail and compared for both geometries. The impact
of grid resolution and numerical scheme is also discussed, to find the best trade-off
between computational cost and accuracy for the industrial application.

In Chapter 5, a mixture of ethane CoHy and steam (H50O) is injected and reacts to
produce ethylene. The effect of heat transfer efficiency and turbulence on the chemical

8
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process, which is of high interest to the petrochemical industry, is reproduced and
analyzed.

Part III: Chapter 6

In this third part, the methodology developed in Part II is applied to evaluate the
efficiency in terms of chemical conversion of a real industrial case, which constitutes
the final objective of the work. Both smooth and ribbed tubes with inner diameter
of 38 mm, are simulated using the real heat flux and pressure drop applied in the
industrial process. The flow is a mixture of butane C4H; and steam (H,O) producing
ethylene.

Part IV: Chapter 7
The manuscript ends with conclusions and perspectives of this project.
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Most flows in nature, in daily life and in industry are turbulent. In real life, and in
contrast to free shear flows, most turbulent flows are bounded by one or more solid surfaces.
The solid surface plays a key role in external flows such as the flow around aircraft or ships’
hull, the atmospheric boundary layer, or the flow of rivers [28]. Internal flows in complex
geometries are often encountered in industrial systems, and can be first studied in simpler
configurations such as channels or pipes. The research on wall flows over smooth surfaces
has been very intense for many years [29-43]. However, flows are rarely bounded by smooth
surfaces in nature, or in industrial systems, where wall roughness is often used to improve
performances. Nevertheless, much less progress on flow over rough surfaces has been achieved
due to its complexity, and this topic is still a current scientific challenge.

This chapter begins with a general description of turbulent wall flows and some defi-
nitions. Next, a literature survey of experimental and numerical studies for both smooth
and rough walls/channels/tubes is made, reporting theoretical/semi-experimental correla-
tion formula for the friction factor and the Nusselt number. As the present work targets
reacting flow applications, the coupling of chemistry with turbulence is finally presented.

2.1 Turbulent wall lows

The presence of walls leads to the development of dynamic and thermal boundary layers.
These flow structures are very different from the bulk turbulent flow, while they however
impact greatly, and require specific modeling. Three of the simplest academic wall flows are
channel flow, pipe flow and flow over a flat-plate, either laminar or turbulent. The near-wall
behavior in these flows is very similar, and has been extensively studied throughout the
history of turbulent flow studies [28].

12
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2.1.1 Governing equations of compressible reacting flows

The governing equations of compressible reacting flows, are here written in the form of mass,
species, momentum and total-non-chemical-energy conservation laws:

Zf + a(apxi “ o, (1)

a(gi/k) n A(p (Uz‘(;;:/k,i)yk o (2.12)

a(gzw) + 8(21;;%) _ gi gﬂj pZkak,J, o)

%]f N gil, * 88] (mjus) = ;%(Pui) +ar+ 0+ pk; Vifuilui+Vii)  (21.4)

These equations [44] are written in Cartesian coordinates and using the conventional
Einstein notation. In Eq. 2.1.1, z; and wu; are the ¢th coordinate and velocity component, p
is the density; in Eq. 2.1.2, Y}, is the mass fraction of the kth species, V}; is the i-component
of the diffusion velocity Vj of species k and wy, its reaction rate. A necessary condition is that
fo:l Y.V = 0 for the reason of total mass conservation. In Eq. 2.1.3, P is the pressure,
f#,j is the volume force acting on species k in direction j, 7;; the viscous stress tensor:

Tij = g 87%(511 +M (al‘] + a,I'Z) y (215)

where p (kg/(m-s)) is the dynamic viscosity of the fluid (u = pr, where v is the kinematic
viscosity), and d;; is the Kronecker symbol.

In Eq. 2.14, E = es + (1/2)u;u; is the total non-chemical energy, sum of sensible en-
ergy es and kinetic energy (1/2)uu;, ¢ = —AOT/0z; (defined with thermal conductivity A
(W/(m-K)) and temperature T, according to Fourier’s law [45]) is energy flux, wr is the heat
released by reactions, Q is other heat source term (due for example to an electric spark, a
laser or a radiative flux), and p Z,ivzl Yy fr.i(u; + Vi ;) is the power produced by volume forces
fr on species k.

2.1.2 Dimensionless parameters

This section introduces two classical dimensionless numbers for describing flow dynamics
and thermal conduction.

Reynolds number

In fluid mechanics, the Reynolds number is used to characterize the possible transition to
turbulence and similar flow patterns in different flow situations. It was introduced by George
Gabriel Stokes in 1851 [46], then named after Osborne Reynolds, who popularized its use in
1883 [47,48]. The Reynolds number is defined as the ratio of inertial forces to viscous forces

13
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and consequently quantifies the relative importance of these two types of forces [49]:

_ I,

v

Re (2.1.6)

where L is a characteristic length (m) which refers to the inner diameter of the tube when
the pipe flow is examined for example. v = p/p is the kinematic viscosity (m?/s) and Uy, is
the bulk flow velocity (m/s):

_ Jy pUdV
Jy pdV -’

where U = (Uj;) is the flow velocity and V' is the inner volume of the tubes.

U, (2.1.7)

The turbulent flow corresponds to dominant inertial forces while the laminar flow cor-
responds to dominant viscosity forces. In pipe flows, turbulence develops typically when
Re > 4000, while the flow stays completely laminar until Re < 2100 [50].

Prandt]l number

The Prandtl number is named after Ludwig Prandtl, defined as the ratio of momentum
diffusivity (kinematic viscosity) to thermal diffusivity:

14

Pr = 2.1.
=7 (218)

where thermal diffusivity is a = A\/(pC,) with heat capacity C,.

Note that the Prandtl number contains no length scale and depends only on the fluid
proprties. Pr < 1 means that thermal diffusivity dominates while Pr > 1 means momentum
diffusely dominates. In this study, Pr is always taken at the value of air (at standard
temperature ~ 300 K) at 0.71.

2.1.3 Turbulence modeling

In CFD, three main approaches, namely Direct Numerical Simulation (DNS), Large Eddy
Simulation (LES) and Reynolds Averaged Navier-Stockes (RANS), may be used to solve the
flow equations. The three approaches consider different fluid scales and lead to different

computational cost and modeling. They are often described in terms of energy spectrum, as
illustrated on Fig. 2.1.1 [51].

DNS

In DNS; all scales of turbulence are resolved, as illustrated on Fig. 2.1.1. As a consequence,
a very fine mesh is required to describe the Kolmogorov dissipation scale, while the compu-
tational domain must be sufficiently large to represent the large scales of the flow. The total
grid points number required to perform a DNS of a 3D homogeneous isotropic turbulence
(HIT) is then proportional to the ratio of the largest to the smallest scale, and some estima-
tions can be found in Pope (2000) [28]. For DNS of turbulent boundary layers, the required
number of grid points is estimated as Re”* by Rogallo & Moin (1984) [52], and Re*”/!* by
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Figure 2.1.1: RANS, LES and DNS in the turbulent energy spectrum [51].

Choi & Moin (2012) [53]. A review of DNS of turbulent flow studies may be found in Moin
& Mahesh (1998) [54].

DNS, mainly as a research tool, is usually limited to simple geometries, in view of under-
standing fundamental processes and mechanisms. In the present work, DNS will be used to
fully resolve the flow around ribs and provide reference data for modeling. Due to the high
CPU cost, DNS cannot be used by engineers in an industrial context.

RANS

In contrast to the DNS, RANS only solves statistically-averaged flow quantities and all
turbulent scales are modeled (Fig. 2.1.1). The Reynolds average of a quantity is noted as:

d=0¢+¢, (2.1.9)

where ¢’ is the fluctuating component. Usually, in reacting flows with high density changes,
the RANS approach is based on Favre-averaged quantities [55], as:

o= (¢ +¢", (2.1.10)

where the Favre averaged component is defined by [44, 51]:

_»
(9) = = (2.1.11)
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The fluctuating part ¢” satisfies:
o7 =0 (2.1.12)

Substituting Eq. 2.1.10 into the flow equations (Eq. 2.1.4) and averaging, the following
equations are obtained [44, 51]:

9p | 9(p(us))

—_— = 2.1.1
Op(Ye) | O(p(ui)(Ye) _  OVi:Ve +p(uwiYy)) | —
= — ’ L 2.1.14
o om o, T (211)
O(p(ui)) | O(p{us)(u;) + Pdij — Tji = T5i') _
— 3(f.), 2.1.15
tl) 0 PR, (2119
8*E 87 ME z? q; gt — i ¥ Bt £
(PUE)) , OP) + )P4+ T = () =) o
ot 31:]-
where the unknowns to be modeled are the turbulent Reynolds stress tensor 7;j = —p(u uj),
the turbulent species flux p(u;Y)’) and the turbulent heat flux 7' = —Cpp(ujT"). The

turbulent Reynolds stress tensor is described in a similar expression as for 7;; (Eq. 2.1.5) [44]:

2 o) (O | Oy
T = 3/1Jt a$k 51]‘1‘,“7& an + 81’1

2
~ 5k, (2.1.17)

introducing the turbulent dynamic viscosity p; (1 = pry, where v, is the turbulent kinematic
viscosity) and the turbulent kinetic energy (TKE) k:

3
k= ; S (ulad) (2.1.18)
k=1
To evaluate the turbulent viscosity pu;, multiple approaches have been proposed of various
complexity [44]: zero-equation models (e.g., Prandtl mixing length model), one-equation
models (e.g., Prandtl-Kolmogorov) and two-equations model (k — ¢).
The turbulent species flux is closed using a classical gradient assumption [44]:

He a<Yk>

— I-/Y” -
p(“z k> Sckt axl

(2.1.19)

where Scy; is the turbulent Schmidt number for species k.
The turbulent heat flux g;* is modeled using a turbulent thermal conductivity A, =
1,C,/Pr; with the Prandtl number Pr, [51]:

o(T)
&%’j

' =N\ (2.1.20)

RANS leads to very low computational cost, and it is widely used in industry [56,57].
However, RANS has several drawbacks which limit its capabilities. First, RANS does not
lead to physical flow solutions but gives only its first moments. Second, as RANS also
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models the largest scales, it cannot be fully predictive in complex geometries unless it has
been calibrated against experiments. Finally, RANS models are mostly derived for steady
flows and transient phenomena are difficult to capture.

LES

The present work is performed by means of Large Eddy Simulation (LES). As an intermediate
technique between RANS and DNS, LES is increasingly used in the investigation of turbulent
flows as an optimized trade-off between computational cost and accuracy. It relies on the
filtering of the flow equations in spectral space or in physical space [44], so that the most
energetic part of the flow is directly resolved while the smallest scales (lowest energy) are
modeled. The assumption behind this method is that all turbulent length scales can be
divided into two parts, as illustrated on Fig. 2.1.1 [51]:

e a high energy anisotropic large scales range, above the filter length scale,

e a low energy and dissipative isotropic small scale range, below the filter length scale.

In practice, the filter is simply the grid, and the small, modeled scales are the sub-grid scale
(SGS), i.e., smaller than the cell size. LES of compressible flow also uses the Favre filtering
is introduced as [44]:

po(x1, 22, 23) = po(x /pgb x')dx’' (2.1.21)

where F'is the LES filter. Filtering flow equations leads to similar forms as RANS (Eq. 2.1.16),
except the turbulent Reynolds stress p(w;u; — u;u;), the species fluxes p(quk — quk) and
heat fluxes p(u;T — @;T) instead of p(u” uf), p(uiYy') and puiT"):

gf n a(apg) —0,  (2.1.22)

a(g?) . 8(%%) _ (VY + pa(ZYk “EN) Lo (199)

8((/9)?7) | Olpui; + Po;; —;;i;r plUatl; — uitl;)) _ ofi,  (2.1.24)

O(pE) , AP E + P+ — Cop(uT —wT) — tilmyy — 7)) _ o fy,  (2.1.25)

(915 856]'

The Reynolds stress T;; = p(u;u; — u;u;) requires a SGS model, e.g., Smagorinsky model,
scale similarity model, Germano dynamic model, etc [44].

LES is usually more accurate than RANS because the small scales that are modeled
tend to be more isotropic and homogeneous than the large ones, and thus more amenable
to universal modeling [58]. Compared with DNS, LES does not suffer from the same strict
resolution requirements of DNS, leading to a moderate computational cost, so it has the
capability to handle complex geometries with unstructured, multi-element meshes, hence
making LES potential tool for industry. Some reviews of LES can be found in the articles
by Mason (1994) [59], Lesieur & Métais (1996) [60], Piomelli (1999) [61], and Meneveau &
Katz (2000) [62].
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2.1. TURBULENT WALL FLOWS

2.1.4 Boundary layer

The aerodynamic boundary layer was first studied and defined by Ludwig Prandtl (1904) [63].
The fluid flow field bounded by surfaces having a zero velocity on the surface is divided into
two areas: in the boundary layer, closest to the wall, the effects of viscosity are significant; in
the outer layer, the effects of viscosity can be neglected. The concept of the boundary layer
has since then become very important, helping the understanding and the modeling of wall
flows. Lots of discussions on boundary layers have been published, e.g., Sakiadis (1961) [64],
Lighthill (1963) [65], Kader (1981) [37], Robinson (1991) [66] and Schlichting (2000) [67],
and books about turbulent flows, as the book of Pope (2000) [28], always make this topic as
a separate section.

The dynamic boundary layer is typically investigated with flows over a semi-infinite flat
plate. The flow transits from laminar to turbulent when the limit Reynolds number is
reached, and the velocity boundary layer in the flow develops, as shown in Fig. 2.1.2.

Time-Averaged
= Velocity Profiles
—_—

Laminar Turbulent

Figure 2.1.2: Boundary layer, showing transition from laminar to turbulent condition.
Source: courtesy of Symscape [68].

The thickness of the dynamic boundary layer d;, is usually defined as the distance from
the wall at which the velocity is 99% of the freestream velocity. For flows over a semi-infinite
flat plate or an open channel, the boundary layer thickness is based on U = 99%U,,, where
U, is the freestream velocity at infinity. For the pipe or channel flows, the centerline velocity
U. is used to define dy,.

When the surface temperature is not equal to the bulk flow temperature, a thermal
boundary layer also develops. The thermal boundary layer shows a similar shape as the
dynamic boundary layer when the Prandtl number is equal to 1 in laminar flows, thanks to
the similarity in the momentum and energy balance, according to Blasius similarity solution
[69]. If Pr > 1, the thermal boundary layer is thinner than the velocity one, while if Pr < 1,
the thermal boundary layer is thicker.

In a fully developed turbulent wall flow, the profile of temperature established from the
wall temperature to the stream temperature, leads to a constant wall heat flux. Like for
laminar flow, the similarity between the temperature and velocity behaviors in the wall region
has been extensively studied [70-73]. In particular, the definition of the non-dimensional
temperature © (Eq. 2.1.26) is used to define the thickness of the thermal boundary layer dr
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CHAPTER 2. TURBULENT FLOWS IN SMOOTH AND ROUGH TUBES

in a similar way as d;,, as the distance from the wall at which © = 99% [74].

Ty, —T

O=_v_~
Tw_Tref’

(2.1.26)

where T, is the wall temperature and 7, is chosen differently depending on the application
case, e.g., freestream temperature at infinity 7., for a plate flow or centerline temperature
T, for channel or pipe flows [75].

2.1.5 Dimensionless quantities

This section gives the definition of some basic dimensionless quantities for wall flows.

Dimensionless velocity

To simplify the description of physical phenomena in wall flows, a two-dimensional domain
is considered, where the streamwise direction and the wall-normal direction are noted x
(velocity w) and y (velocity v), as illustrated in Fig. 2.1.3. The total shear stress in a

—_—
— flow y
—
7777777777777777777777777 X
Wall

Figure 2.1.3: An illustration of the 2D domain of wall flow.
turbulent wall flow is the sum of the viscous stress pr(du/dy) and the Reynolds stress
—pu'v’:

ou N
T = pVaZ — pu'v’, (2.1.27)

where the operator - indicates the time-averaged (mean) value, and u' and v’ are the fluc-
tuation velocities, using notations in Eq. 2.1.9. The boundary condition at the wall © = 0
dictates that all Reynolds stresses are zero, consequently the wall shear stress reduces to the

ou ou
Tw=pV|— | =pv|— 2.1.28
’ <8y>w g <8y>y20 ( )

The viscosity v and the wall shear stress 7, are evidently important in the study of wall

viscous contribution:

flows. From these parameters, the friction velocity u,, the friction Reynolds number Re,
based on the boundary layer thickness, the dimensionless velocity ™ and the dimensionless
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2.1. TURBULENT WALL FLOWS

distance from the wall y* are defined as:

wy =, (2.1.29)
p
0
Re, = 4 th (2.1.30)
14
ut = 2 (2.1.31)
Ur
Yyt = % (2.1.32)

Dimensionless temperature
Similarly, the friction temperature 75 is defined [43]:

_
pCpu,’

T, (2.1.33)

where ¢, is the wall heat flux ¢, = —A\(0T/0y),. Replacing ¢, with its expression leads
to [76]:

o (0T
T = - (@)w (2.1.34)

The temperature difference T,, — T is then normalized by the friction temperature 7T’

Ty, —T

ot =
T,

(2.1.35)

2.1.6 Flow regions in the turbulent boundary layer

Velocity

The wall distance y* in Eq. 2.1.32 has the form of a local Reynolds number, thus its mag-
nitude can be viewed as the relative importance of viscous and inertial processes, and may
be used to define the different regions in the boundary layer, summarized in Table 2.1.1.

Region Location Defining property

Viscous sublayer yt <5 The Reynolds shear stress is negligible com-
pared with the viscous stress.

Logarithmic region yt > 30 The velocity profile follows a logarithmic law.

Buffer layer 5 <y*t <30 | The region between the viscous sublayer and
the logarithmic region.

Table 2.1.1: Wall regions and their defining properties [28].

e For small y*, the viscous sublayer is a region of dominant viscous processes. In this
region the velocity profile follows linear evolution u™ = y*.
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e For layer y™ > 30, the mean velocity is proportional to the logarithm of the distance
from wall [29]:

1
ut = ~—logy" +C7, (2.1.36)
K

where k is the Von Karman constant and C* is also a constant, found to be from
experiments k ~ 0.41 and C*" ~ 5.0 for smooth wall.

e For 5 <yt < 30, is the buffer layer, connecting the two above regions.

Fig. 2.1.4 illustrates the various regions and the shape of the velocity curve in the bound-
ary layer.

30
25
20

ng Law

: Experimental data

100 101 102 103 104
y'l-
el L

L Lt Bl

Viscous Buffer

sublayer layer LogLawregion

Figure 2.1.4: Wall flow structure in a fully developed turbulent flow in a pipe [77]

Temperature

Similar to the velocity, the profiles of mean temperature in turbulent wall flow can be inter-
preted by plotting the dimensionless temperature ©F (Eq. 2.1.35) vs y*, which also features
a linear zone and a logarithmic zone.

The temperature profile is Prandtl number dependent, as shown in Fig. 2.1.5 [43]. Note
that the y axis in the two figures is set differently to facilitate the visualization. Considering
the non-dimensional temperature normalized by the friction temperature ©*, the linear part
of wall law for temperature profile follows [37]:

ot = Pry™, (2.1.37)

while the logarithmic region becomes smaller with decreasing Pr. thus unlike the dynamic
boundary layer, no classification of various wall regions is defined with the values of y*. The
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Figure 2.1.5: Mean temperature profiles in wall units for turbulent pipe flows: Pr dependence
effect [43].

logarithmic law reads [37]:

1
of = — logy™ + fo, (2.1.38)
o

where the values of constants kg and g are Pr dependent. For a flow with Pr=0.71 (close
to the present work), the linear
For higher Prandtl number (Pr > 0.2), kg exhibits a plateau at 0.347 according to
Redjem-Saad et al. (2007) [43], which agrees well with Piller’s results (2005) for Pr=0.71
(ko = 0.34) [42] but is smaller than the DNS prediction by Kawamura et al. (1999) [7§]
(ke ~ 0.4), and the one proposed by Kays in his book for Pr=0.7 and 5.9 (kg ~ 0.45) [75].
On the other hand, (g is more affected by Prandtl number. Redjem-Saad et al. (2007) [43]
reported that [ is equal to 2 for Pr=0.71, while another form for Sg was proposed by
Kays [75]:
Bo = 13.39Pr*3 — 5.66 (2.1.39)

For a wall flow with Pr=0.71 (as in the present work), the linear wall region of the thermal
boundary layer is y* < 30 while the logarithmic region is y* > 90.

2.1.7 Mean axial velocity profiles

The turbulent pipe flow is here taken as an example to show the axial velocity profiles across
the tube section. In contrary to the fully developed laminar pipe flow, whose axial velocity
profile is demonstrated by analysis to be parabolic, the mean velocity profile in a turbulent
pipe flow is more complex and based on both analysis and experimental measurements.
A typical streamwise velocity profile for fully developed turbulent pipe flow is given in
Fig. 2.1.6 [77]. A sharp drop near the pipe wall is observed and the different layers as
presented in Table 2.1.1 are indicated.

Numerous empirical velocity profiles exist for turbulent pipe flow, among which, the
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Figure 2.1.6: Typical streamwise velocity profile of fully developed turbulent pipe flow [77].

simplest and the best known is the power-law velocity profile expressed as:

L (1 _ ;)1/" (2.1.40)

where U, is the centerline velocity and the exponent n is a constant increasing with Reynolds
number. The value 7 for n generally approximates many flows in practice [67,77]. Fig. 2.1.7
shows the various power-law velocity profiles for n = 6,8,10, comparing with the fully
developed laminar flow. The turbulent velocity profile is flatter than laminar one and its

1 | Ty N = 1%
L N=
0.8 AR
L n=6 N AN
\ O\
0.6 : AW\
| Laminar \ \| -
= L
0.4 N\
i \\
\\‘u\l'
0.2 \
0

0 0.2 0.4 0.6 0.8 1
u/Uc

Figure 2.1.7: Various power-law velocity profiles for different exponents n, comparing with
the fully developed laminar flow [77]

flatness increases with increasing n, i.e., increasing Reynolds number. This agrees well with
the experimental measurements of fully developed turbulent pipe flow (Re=50 000 and 500
000) by Laufer (1954) [34] and the numerical results of fully developed turbulent channel
flow (Re=5600 and Re=13750) by Kim et al. (1987) [28,38]. Note that the power law profile
fails to give zero slope at the centerline and cannot be used to calculate the streamwise
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shear stress which is radially linear from the center to the wall in the time-averaged field of
turbulent pipe flow, but these discrepancy only concerns a small portion of the flow, and the
power law is still a good approximation [77].

2.1.8 Turbulence intensity

Velocity

Turbulence intensity can be measured from the velocity fluctuations u}, used to compute
the turbulence kinetic energy (TKE) (Eq. 2.1.18). The dimensionless TKE £* is normalized
with the friction velocity:

., kK
b= (2.1.41)
The root-mean-square (RMS) of velocity fluctuations u;,,,,, = \/(u})? is also normalized
by u,:
u;,:r’—ms = u;,rms/uT (2142)

Statistics obtained from the experimental data by Laufer (1954) [34] of a fully developed
pipe flow at Reynolds number 50 000 are shown in Fig. 2.1.8, which plots the dimensionless

O T T T T T T T T T
0.2 | 4 F 4 F
— 0.4t L 1 L
o« Re=50 000 —e—
= 06 -4 4 F
0.8 |- 4 F 4+
1 1 Lo o L L L L L~ L
0 05 1 16 2 25 30 02 04 06 08 1 120 02 04 06 08 1 12 14

uux.tms ['} uuu.rms ['] u,+r,m§ [']

. . . . . . !+ / !+
Figure 2.1.8: Dimensionless RMS of velocity fluctuations g 7,,s, Up s and u, 7, versus the

dimensionless radius /R for fully developed turbulent pipe flow [34]

RMS of velocity fluctuations in cylinder coordinates ul,%, ., uy,,, and ., along the di-
mensionless radius /R (r/R = 0 indicates the centerline and r/R = 1 represents the pipe
wall). The axial velocity fluctuation is the strongest and the peak value is about twice the
two others. The peak value appears close to the wall at /R = 0.998 for «.*. ., while around

z,rms?

r/R = 0.9 for “/e,tms and u, .. Very similar results were observed in DNS results of a
turbulent pipe flow at Reynolds number around 7000 by Eggels et al. (1994) [39], except
that the peak values of the velocity fluctuations, which are Reynolds number dependent [41],

were lower than the ones observed in [34].

Temperature

The dimensionless temperature fluctuation is defined as:

T/
o, =-m 2.1.43
rms TT ( )
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where T, . = 1/(T")? is the RMS of the temperature fluctuation 7.

Redjem et al. (2007) [43] conducted DNS of turbulent pipe flow at Re=5500 and gave in
Fig. 2.1.9 the effect of Prandtl number to the temperature fluctuation, showing increasing

4

Pr=1
Pr=0.71
Pr=0.4
Pr=0.2
Pr=0.1
Pr=0.026
Satake & Kunugi (2002)
Kawamura et al (1998)

Redjem et al.
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Figure 2.1.9: Dimensionless temperature fluctuation of turbulent pipe flows: Pr dependence
effect [43].

temperature fluctuation with increasing Pr, and comparing with DNS results by Satake &
Kunugi (2002) [79] and Kawamura et al. (1998) [78]. The peak appears between 10 < y* <
70 and comes closer to the wall with increasing Pr.

2.1.9 Friction factor

The wall shear stress 7, (Eq. 2.1.28) normalized by a reference kinetic energy is called the
fanning friction factor (noted as f), named after John Thomas Fanning (1837-1911). It is
defined:
Tw
f=

§Pref U 7«2@ f

(2.1.44)

The choice of the reference variables p,.; and U,.; depends on the configuration and
conditions. In this study, bulk values will be used, with the bulk density (Eq. 2.1.45) and
bulk velocity (Eq. 2.1.7) defined as:

1
== av 2.1.45
Py % /V P ( )
Note that this formula defines the Fanning friction factor f, which is by definition one-

25



2.1. TURBULENT WALL FLOWS

fourth of the Darcy friction factor fp. Of the two, the Fanning friction factor is the more
commonly used by chemical engineers and those following the British convention. In this
report, all friction factors are Fanning friction factors.

Considering the balance of mean forces, the flow in a channel/tube is driven by pressure
drop, i.e., pressure loss between the inflow and outflow. The pressure loss is deduced from
Eq. 2.1.3 in its stationary ensemble-averaged form, integrated over the pipe volume V in
steady conditions, leading;:

OP  [47,dS

ox | VA

(2.1.46)

where S is the inner surface of the channel/pipe. For a channel flow, Eq. 2.1.46 can be
simplified as:

oP Tw

—_— = 2.1.47

Ox J’ ( )
where ¢ is the half height of the channel. In a circular pipe flow, a similar expression is
obtained:

oP 47,

—_— = 2.1.48

Ox D’ ( )

where D is the inner pipe diameter.
Therefore, the global friction factor can be related to the pressure loss in a circular pipe:

0P D

- 2 2.1.49
ox 2prbQ ( )

Jq

2.1.10 Wall heat transfer

Heat transfer coefficient

Convective heat transfer in fluids is a combination of advection and conduction of heat.
On no-slip walls, as the flow velocity on wall is zero, no advection occurs and there is only
conductive heat transfer between solid surfaces and flows. This conductive heat transfer
is the main heat transfer mode in tubes heated by flames in a furnace in many chemical
processes (when radiation can be neglected). To describe this kind of heat transfer, the
heat transfer coefficient h is defined as the ratio between the wall heat flux ¢, and the
thermodynamic driving force:

G G
h pu— p— 2.]_.
AT~ Ty — Ty (2.1.50)

where the reference temperature 7.y is often chosen as the bulk temperature of the fluid:

 Jy v

T, = 2.1.51
= (21.51)
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As the temperature and the heat flux at the fluid/solid interface are equal in the fluid
and the solid, the heat transfer coefficient h in Eq. 2.1.50 for the fluid at the wall may be

rewritten as:
_A<8T>
on
h=— ‘7w (2.1.52)

AT

with n representing the wall normal.

Nusselt Number

Nusselt number, Named after Wilhelm Nusselt, is a dimensionless number defined with the
heat transfer coefficient h and thermal conductivity A:

Nu=— (2.1.53)

where L is a characteristic length, usually taken as the inner diameter D of tubes for pipe
flows.
Using Eq. 2.1.52 for h, the Nusselt number may be written as:

Nu = — (Z:)w (ALT) (2.1.54)

As a consequence, for a given geometry and the same AT, Nu is proportional to the tem-
perature gradient at the wall.

The Nusselt number is a measure of the efficiency of the heat transfer, and more precisely
of the impact of convection on the wall heating or cooling. As turbulence increases mixing,
for a flow with imposed wall temperature, the heat flux at the wall is established more rapidly
and it leads to larger Nusselt number.

In the present work, the Nusselt number in tubes is obtained from the formula:

quwD

Ny= — v~
YTNT, — T

(2.1.55)
where A\ is calculated from Eq. 2.1.8, knowing the Prandtl number, kinematic viscosity v,
mass density p and the heat capacity C, of the fluid. The global Nusselt number Nu, is
defined with the averaged wall flux ¢, 4 over the surface of the tube instead of the local wall
flux qy,:

— fS qwdS

Qu,g g (2.1.56)

Note that, contrary to the wall shear stress 7, which stays constant along the tube, the
heat flux ¢, may vary depending on the thermal treatment applied to the tube, justifying
the definition of a local and a global Nusselt number.
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Stanton Number

As a complement, the Stanton number, St or Cy, named after Thomas Edward Stanton
(1865-1931), is also introduced. It is a dimensionless number that measures the ratio of heat
transferred into a fluid to its thermal capacity. It is used to characterize heat transfer in
forced convection flows:

h
St = —, 2.1.57
CprUb ( )

The Stanton, Nusselt, Reynolds, and Prandlt numbers are linked through the relation:

Nu

t:
S Re - Pr

(2.1.58)

2.2 Correlations for the friction factor and Nusselt num-

ber in smooth tubes

Many theoretical, semi-theoretical or experimental correlations for the friction factor and
Nusselt number exist. For pipe flows, flows with constant physical properties have been
firstly studied, then, correlations with variable physical properties have been proposed for
the application to industrial heat-exchange systems which often operate under conditions of
high heat load, thus considerable variation of physical properties of liquids or gases [35].

To carry out the analysis, the following assumptions are made [35]:

e the effect of mass forces is small in comparison with the effect of viscous and inertial
forces.

e flows far from the inlet of the tube are investigated, thus the change in the axial
component of mass velocity along the tube axis is small.

Oonly correlations for turbulent flow are discussed in this section.

2.2.1 Friction factor

The friction factor f, depends on the parameters of the pipe and the velocity of the flow, but
it is known with high accuracy within certain flow regimes. It may be evaluated for given
conditions by the use of various empirical or theoretical relations, or it may be obtained from
published charts. These charts are often referred to as Moody diagrams [32] (see Fig. 2.2.1),
after L. F. Moody, and hence the factor itself is sometimes called the Moody friction factor.
The Moody diagram is divided into two regions: laminar and turbulent (between these two
regions, in the “transition region”, the flow behaviors are more difficult to capture). For a
rough pipe, the friction factor can be read by knowing the “relative roughness” (on the right
side of the diagram, this parameter was mostly used in the early research about rough pipe
flows, which will be introduced in section 2.4.1.)
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Maoady Diagram

(LRI

(.02
(AN ) B

{1.011

Laminar Flow

b2

(KRN

Friction Factor

£ GeamjEnoy] adi] asrim]ay]

Materianl £ imm auli
R % [
-‘;IT Ll

=== 3y}

ol o e By R
EFEFrT DS

AP Sucesth Pipe

1l I I 111 10 141

Revnolds Number, Re = -'-r-}-l—"l

Figure 2.2.1: Moody diagram - friction factor vs Reynolds number [32].

The friction factor f, can also be obtained from correlation formula. The classical
Kérmén-Nikuradse equation was obtained semi-experimentally by Karman (1934) [75,80]:

1

NG — 2.461InRey/f,/2 + 0.30 (2.2.1)

fq/2

As this equation is an implicit one, and not very handy to use, Kays gave a commonly
employed empirical equation that closely fits the Karman-Nikuradse equation over the range
3 x 10* < Re < 10°:

fy = 0.046Re™ "2 (2.2.2)

Another formula was given by Petukhov [35] in 1963:

1
B for 10° 10° 2.2,
[ (1.58InRe —3.28)2 0* < Re < 5 x 10 (2.2.3)

One of the most wildly used correlations was proposed by Blasius in 1913 [69] (among
several), and is called the Blasius friction factor. Assuming a one-seventh power-law velocity
profile [40], Blasius obtained [81]:

fy = 0.079Re™ "% (2.2.4)

It is used as a reference in the present work.
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2.2.2 Nusselt number

Contrary to the friction factor which is related only to the Reynolds number, the Nusselt
number depends on both the Reynolds number and the Prandtl number. The impact of
Prandtl number has been widely studied experimentally and numerically [43,78,82]. By
using an analogy between friction and heat transfer, Kays [75] proposed a semi-experimental
formula for the global Nusselt number (the formula of Stanton number can also be found in
his book):

RePr(f,/2)

! 0.88 4+ 13.39(Pr*/3 — 0.78) /£, /2’

for a circular tube with Prandtl numbers in the range 0.6-6.0.
By replacing the friction factor f; in Eq. 2.2.2, the formula becomes:

Nu

(2.2.5)

B 0.023Re”*Pr
0.88 + 2.03(Pr¥? — 0.78)Re 1’

(2.2.6)

Ug
Similarly, Petukhov [35] proposed in 1963:

o RePr(f,/2)
CL07+12.7(PrR = 1),/f,/2

(2.2.7)

with f, in Eq. 2.2.3.
This correlation was later modified by Gnielinski [83] in 1976, using experimental data
in a Reynolds number range from 2300 to 10 000:

Ny (Re— 1000)Pr(f,/2)
1+ 127(PrR = 1),/f,)2

Kays [75] reported in his book that this formula was in fact in the valid Reynolds number
range [2300, 5x10°] and Prandtl number range [0.5, 2000].
Kays also indicated that, in the Prandtl number range [0.5, 1.0], Eq. 2.2.6 can be ap-

(2.2.8)

proximated quite well by [75]:
Nu, = 0.022Re”*Pr’?® (2.2.9)

This expression is very close to the most widely used “Dittus-Boelter correlation” for a
heating case:
Nu, = 0.023Re”*Pr®* (2.2.10)

Expression 2.2.10 is a little different from the original “Dittus-Boelter correlation” in the
paper of Dittus & Boelter (1930) [84], and the history of correlations of the type Nu, =
ARePPrY, where A, B, C are constants, can be found in Winterton (1998) [85]. Dittus
& Boelter (1930) [84] summarized all the available data (from McAdams & Frost (1922,
1924) [86, 87], and Morris & Whitman (1928) [88] ) [40], and averaged them to get the
correlations. By converting all the variables in Dittus & Boelter (1930) [84] to basic SI unit,
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Winterton (1988) [85] found the original Dittus-Boelter correlations to be:

0.8p..0.4 -
N _{ 0.0241Re™"Pr for heating (2.2.11)

o = 0.0264Re’*Pr’®  for cooling

which agree well with Kays [75].

2.2.3 Correlations for flows having variable properties

According to Kays [75], for liquids where the viscosity variation is responsible for most of
the effect, excellent approximations can be obtained from:

Jow _ <Nw>m (2.2.12)

fg,c Mo
Nug, _ Sty _ ()" (2.2.13)
Nug,c Stc Hy o

where index v means the estimation value for variable properties flows (non-isothermal flows),
index ¢ indicates constant properties flows (isothermal flows), and ., and p;, are the dynamic
viscosities respectively at the wall temperature and the bulk temperature. Sieder and Tate
(1936) [89] proposed m =n = 0.14.

On the other hand, as the viscosity, thermal conductivity, and density of gases depend
on the temperature, and as this dependence is similar for different gases, the temperature-
dependent-property effects can be correlated by:

v To\"
Jou _ () , (2.2.14)
fg,c Tf
Nug,  St, T,\"
v v [ I® 2.2.15
Nuw Stc <Tf> ’ ( )

where T is the mean calorimetric temperature of the fluid in the section of the tube [75],
which can be considered as T} in the present work.
The indices m and n in Eq. 2.2.15 and 2.2.15 are discussed below.

Index m for the friction factor

Petukhov (1963) [35] considered the results for air and hydrogen at high temperature load.
By tracing the relation between f,, and f,. in function of Reynolds number, he noted that
the ratio m is strongly dependent on the Reynolds number, and proposed:

—0.6 + 3.3 1/2 -
m — + /(Rem) for heating,
—0.6 + 0.6/(Rey/ fy../32)/8  for cooling

When Re varies from 14x10? to 10°, the value of m varies from -0.44 to -0.58 for heating
and from -0.32 to -0.42 for cooling. m can also be taken as constant and equal to -0.52 for
heating and equal to -0.38 for cooling, giving an error of less than 7% and 4% respectively [35].
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Moreover, Petukhov compared his correlation with the experimental results from II'in [90]
and found good agreement for heating condition but not for cooling condition.
On the other hand, Kays [75] proposed m =-0.1.

Index n for the Nusselt number

Petukhov [35] noted that index n for the Nusselt number in Eq. 2.2.15 also depends on
Reynolds number, but in contrast to the friction factor, this dependence is not strong. So
he proposed a constant value for n: for the air and hydrogen flow in the Reynolds number
range [1.4 10*,10%], n = —0.5 for heating and n = —1/3 for cooling.

Kays [75] also proposed n values for T,,/T, < 1 and T,,/T;, > 5, while Sleicher & Rouse
(1975) [91] gave n for 1 < T, /T, < 5 [92]:

O, Tw/Tb <1
Tu) 1/4
n=1{_ [1ogw (Tbﬂ 403, 1<Ty/T,<5 (2.2.16)
—0.5 T,/T) > 5

2.3 Turbulent flow over ribbed walls: review of exper-

iments

In this section, the turbulent flow over rough wall is discussed. Many experiments have been
conducted to investigate global quantities like the global friction factor and Nusselt number
for different kinds of rough tubes/channels flows, and various correlation formula for friction
factor and Nusselt number are proposed in the literature. However, the flow structures
or the velocity/temperature fields of fully developed turbulent flow in a ribbed tube are
rarely experimentally measured due to measurement difficulties. Only Nourmohammadi et
al. [93] performed experimental investigations of fully developed turbulent flow in regularly
ribbed tubes (i.e., tubes with repeated or transversal ribs) and gave streamwise velocity and
shear stress profiles at different axial locations. More literature may be found about ribbed
channels or plates, where particle image velocimetry (PIV) [94-99], microphone array and
split-fiber film [100] were used to measure the velocity and wall-pressure, as well as real-
time holographic interferometry [101], Liquid Crystal Thermometry (LCT) [95] or infrared
thermography (IRT) [102] to measure the heat transfer.

Since the turbulent flow over ribbed channels/plates is qualitatively representative of most
kind of ribbed walls, this section makes a short review of such flows to give a preliminary
impression of what could be expected in ribbed tubes. Despite that the turbulent boundary
layers over a ribbed plate or a ribbed channel show some discrepancy due to the different
outer boundary condition [97], this discrepancy will be ignored in the present review.

2.3.1 Turbulent flow structure over ribbed walls

Because of the presence of ribs on the wall, separation of the turbulent flow occurs behind the
obstacle where recirculation flow patterns appear, as shown in Fig. 2.3.1, and reattachment
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Flow direction—

Muler dies
SN eEe |

Separation Boundary Layer
bubble Development

Figure 2.3.1: Mlustration of turbulent flow structure with the separation and reattachment
mechanisms in a ribbed channel [103].

location depends on the rib pitch. If the turbulent flow is not fully developed, different flow
patterns are observed along the channel: reattachment occurs earlier after the last rib than
the first rib [104]. This phenomenon is not in considered in the present work, where only
fully developed turbulent flows are studied.

The impact of the rib pitch on reattachment is observed in Fig. 2.3.2 as proposed by
Webb et al. (1971) [14]. When the pitch tends to infinity, the reattachment distance tends

W Flow Pattern

. ~ X = 6e 1o ¥e

0.75 “Tir
s | Il

Figure 2.3.2: Recirculation flow patterns over transverse ribs as a function of rib pitch in a
ribbed channel [14,105].

to stay in the range 6e to 8e where e is the rib height. This agrees with Mantle (1966) [106]’s
observation of a constant reattachment length in this case at 8.5e. Liu et al. (2008) [100]
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measured a reattachment length of 9.75e for a turbulent flow over a plate with only one rib.

With the decreasing of the rib pitch (Webb et al. (1971) [14] proposed the range
5 < p/e < 10), the reattachment appears earlier. Mantle (1966) [106] reported that the reat-
tachment length decreases from 8.5 to 4 as p/e decreases from 28 to 12 [107]. Aliaga et al.
(1994) observed similar results (reattachment length between 3e and 4e for p/e=12) [108],
and Islam et al. (2002) [109] demonstrated a reattachment length approximately 4e for
p/e = 10 and 20.

Finally reattachment disappears when p/e is below 5. This limit p/e was found to be 6.6
by Mantle (1966) [106], and the experimental results of Aliaga et al. (1994) [108] confirmed
no reattachment for p/e = 5. Tsikata & Tachie (2013) [99] recently tested three ribbed
channel flows with p/e = 2,4, 8 respectively, showing reattachment only for p/e = 8. This
coincides with the classification of K-type (p/e > 4) and D-type (p/e < 4) roughness, also
mentioned by Jimenez (2004) [110].

2.3.2 Mean velocity profiles in ribbed channels

Unlike the velocity profiles in smooth tubes where the profiles do not evolve, in the rough
tube, velocity profiles vary significantly between two consecutive ribs. Still, for a fully
developed turbulent flow, all patterns between two consecutive ribs behave the same. This
pattern, stretched in Fig. 2.3.3, may be discretized in segments of length le, where e is the

B

= | 1 1 1 1 1 J11]+¢

|
4 0 1 2 3 4 5 6 7 8 9 10
o

p = 10e L

>

Figure 2.3.3: Numerotation of successive locations between two ribs A and B, with distances
expressed in rib height e unit.

rib height.

All measurements of the mean velocity profiles in regularly transverse-ribbed channels
give very similar results, in Liou et al. (1993) [101], Casarsa et al. (2002) [95], Palikaras
et al. (2003) [94], Lee et al. (2008) [111], Wang et al. (2010) [98], and Tsikata & Tachie
(2013) [99]. Fig. 2.3.4 shows the mean streamwise velocity field with streamlines, measured
by Tsikata & Tachie (2013) [99]. Mean streamwise velocity profiles normalized by the bulk
velocity, at different locations in a ribbed channel by Labbé (2013) [112] are illustrated in
Fig. 2.3.5. From Fig. 2.3.4 and Fig. 2.3.5, the following phenomena are observed: first, a
flow acceleration on rib top appears; second, the recirculation zones appear in front (a small
one) and behind the ribs (a larger one), the latter ending at a distance x = 3e to 4e away
from the rib center, where reattachment occurs, which agrees well with the reattachment
length reported by other authors mentioned in section 2.3.1.
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Figure 2.3.4: Mean streamwise velocity field with the streamlines in ribbed channel where

p/e =8 [99].
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Figure 2.3.5: Mean normalized streamwise velocity profiles at different locations in a ribbed
channel where p/e = 10 (experimental results: symbols) [95]. LES results are also plotted
with lines [112].

Comparison with the smooth tube

The streamwise velocity profile in ribbed and smooth channels are compared in the work by
Tsikata and Tachie (2013) [99] as shown in Fig. 2.3.6, where the smooth tube data taken
from DNS of Moser et al. (1999) [41] and the experimental data of the ribbed channel
is validated by DNS of Leonardi et al. (2004) [113] and of Nagano et al. (2004) [114].
The distance from the wall is normalized with each boundary layer thickness d;, (but the
location where the d;, is measured in the ribbed channel is not mentioned by Tsikata and
Tachie (2013) [99]), thicker on ribbed wall than on smooth wall, and even thicker with
increasing rib pitch (p/e = 2,4, 8 are investigated in [99]). The mean steamwise velocities
are all normalized with the maximum streamwise mean velocity value U,,, which are the
same in the ribbed and smooth channel. As the channel has a diverging form, two different
regions, in the parallel section and diverging section respectively, are chosen to plot the
profiles. The impact of ribs is observed in Fig. 2.3.6 where only the case p/e = 8 is shown.
Within the boundary layer, the velocity increases rapidly away from the smooth wall, but
much more slowly over the ribbed wall. Similar effects are observed at the two locations,
the difference being due to the diverging shape.
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™  Smooth- DNS (Moser et al. (1999)
™  Ribbed loc 1 ]_ Exp. Tsikata and Tachie
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Figure 2.3.6: Mean streamwise velocity profiles over smooth and ribbed walls, normalized
by the mixed outer velocity [99].

When plotted in wall units, the profiles show a global velocity shift AU = 9.86 [99,115]
in the ribbed channel compared to the smooth wall, as shown in Fig. 2.3.7. Agelinchaab and

30 nomo
o il Smooth OOID
[~ | symbols (experimental results) OO
25 i lines (DNS results) |9
E e \ OO
20 — | 7 p=8e OOO
+ - OO
- = e
15 - ®
[ i - ] '_._.'
o @
10 + =9, 0
: AU+=9.86 _.qe®" A\
- * Ribbed wall
S e symbols (experimental results)
[ P = lines (DNS results): locations 11 and IV
0‘"‘1"_1'_'|"|-3r'|'1'1" L1l L1l R
10! 10° 10°

y+
Figure 2.3.7: Mean streamwise velocity profiles in wall units for two locations II and IV

between ribs (black symbols), comparing with the experimental data of smooth wall (white
symbols) [115], and DNS results are also plotted in lines [111].
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Tachie (2006) [116] found similar results over hemispherical ribs in open channel flow, and
observed that with increasing p/e (2, 4 and 8 in their experiments), the shift AU increases.

2.3.3 Velocity fluctuations in ribbed channel

Measurements of velocity fluctuations were also reported in previous literature. The profiles
of the RMS of axial and normal velocity fluctuations u!,, . and v/, . (using the same notation
as in Fig. 2.1.3) normalized by the bulk velocity U, (note that they are not normalized by the
friction velocity w, ), at different locations in the ribbed channel, is illustrated in Fig. 2.3.8 by

Labbé (2013) [112]. The profiles are disturbed by the recirculation zone near the wall, and

x=0e x=0.65e | x=2e x=3e x=9.2e
» q 2, ) 5 2 ; ) §
N Y
14 T‘Ih 1 X 1
o & o 4 o
| 1 r'(
B 925 68 078 % 525 [ o7s %
L)
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o
%g% \ :
.II""L;%. 1\. o%_‘
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1 ' | § 1 ‘.. ;ﬁ '
@ © & |e /% o
> > (8 > ) f >
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> = s*
o 545 03 0 o = 7 O s  es %
H
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Figure 2.3.8: Profiles of the mean velocity fluctuations ., and v;,, . normalized by the bulk

velocity Uy, at different locations in a ribbed channel where p/e = 10 (experimental results:
symbols) [95]. LES results are also plotted in lines for two locations [112].

the peaks appear at a different distance from the wall for the different locations. Casarsa et
al. (2002) [95] and Labbé (2013) [112] mentioned that the maximum value decreases with
the axial distance, but this was not observed by other authors. Note that, fluctuations v/, .
are weaker than u,

Tms"*

Comparison with the smooth tube

The comparison of velocity fluctuations with smooth channels was also done by Tsikata and
Tachie (2013) [99], as shown in Fig. 2.3.9. The Reynolds normal stress u/2 /U2 defined
with the RMS of the axial fluctuation velocity ., and the mixed outer velocity U, is
investigated, and the distance from the wall is normalized with half of the channel height 9.
Profiles are plotted at two locations, as introduced in Fig. 2.3.6. The peak appears closer

to the wall in the smooth channel, while it moves towards the center in ribbed channel, and
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Figure 2.3.9: Streamwise Reynolds normal stress over the smooth and ribbed walls [99].

ribs induce stronger fluctuations. The difference between the two locations in the ribbed
channel is due to the diverging shape of the tested channel.

2.3.4 Temperature profiles in ribbed channel

Only Liou et al. (1993) [101] reported experimental results of temperature profiles using
real-time holographic interferometry. Profiles of instantaneous dimensionless temperature
©1 (Eq. 2.1.35) are plotted in Fig. 2.3.10 for three locations (no time-averaged results are
reported). The wall distance is normalized with the channel height h. The upper wall of the
channel (y/h = 1) is an adiabatic smooth wall, while the temperature of the bottom ribbed
wall (y/h = 1) T, is higher than the upper smooth wall temperature. Higher dimensionless
temperature ©1 (thus lower temperature) is observed with further distance x/e, and at
location x/e = 2.5, the thermal boundary layer is thicker due to the recirculation zone. On
rib top x/e = 0 and on z/e = 5.5, the temperature gradient at the ribbed wall is stronger,
leading to a higher heat flux.

2.3.5 Distribution of local friction coefficient over ribbed wall

The local friction coefficient, usually noted as C, defined differently from Eq. 2.1.44:

Cp=—"t— (2.3.1)
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Figure 2.3.10: Dimensionless temperature profiles in ribbed channel (p/e = 7.2) [101].

where 7(z) is the axial component of the stress vector (see Appendix B). In contrary to the
smooth wall, where the friction factor is the same all along the wall for a fully developed
turbulent channel/tube flow, on a ribbed wall, C; changes at different locations, and has a
negative value in the recirculation zone. A view of the distribution of the local friction coef-
ficient over a ribbed wall is given in Fig. 2.3.11 by Lee et al. (2008) [97], and a comparisons

0.006

0.003

-0.003

Figure 2.3.11: Distribution of local friction factor over ribbed wall (p/e = 8) [97].

with DNS results by Lee & Sung (2007) [117] is also shown. Maximum value is observed
on top of the ribs and negative value is found in the recirculation zone. DNS results give
negative values in the whole region between the two ribs, which seems not usual. Lee et
al. (2008) [97] attributed the discrepancy between results of PIV and DNS to the limited
spatial resolution of PIV along the wall-normal direction.
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2.3.6 Distribution of local Nusselt number over ribbed wall

Similar to the friction coefficient, the Nusselt number also locally varies along a ribbed wall.
The heat transfer over a ribbed wall was measured experimentally by Liou et al. (1993) [101],
Aliaga et al. (1994) [108], Lorenz et al. (1995) [102] and Cakan (2000) [118]. As shown in
Fig. 2.3.12 [101] (note that the surface of the rib is unfolded along the axial axis, marking
A, B and C for three corners), the Nusselt number (normalized by the Nusselt number on
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Figure 2.3.12: Distribution of Nusselt number over ribbed wall (p/e = 7.2) [101].

a smooth wall Nuy) reaches a maximum value around the leading edge of the ribs, then
decreases on top of the ribs till the trailing edge. The minimum value is located at the back
side of the rib-wall conjunction, and then the Nu number increases again, reaching a relative
maximum value when reattachment occurs, and finally decreases till the next upstream rib-
wall conjunction. The maximum Nusselt is found up to 4 times higher than on a smooth

wall.

2.4 Correlations for the friction factor and Nusselt num-

ber in rough tubes

Though details of turbulent flow in rough tubes are difficult to find, many global measure-
ments in rough tubes have been done in past years. Correlations have then been proposed for
the global friction factor and Nusselt number, taking into account geometrical parameters
of the roughness.

R. Von Mises (1914) [12,119] introduced the “relative roughness” 2e/D, where D is the
diameter, to observe all of the then-known data from the viewpoint of similarity. For 2D
roughness, T. E. Stanton (1911) [120] proved the similarity of flow though rough pipes, by
varying the pitch p and depth e of the roughness. So the rough pipes who have the same
proportions p/D and e/D can be seen as “similar”. For multi-started helically ribbed tubes,
the helix angle « is another factor. Moreover, the shape of the rib will also have an impact.
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Table 2.4.1 lists several main studies on rough tubes, with various roughness type, ribs

Roughness type e/D range . Re range
Year Author [Ribs shape] [péD range] Test fluid [Pr range]
1971 | Webb et al. [14] Transverse ribs 0.01-0.04 Heated air 6000 - 100 000
[Square] [0.1-0.8] water [0.71 - 37.6]
n-butyl alcohol
1980 | Gee & Webb [15] Helical ribs 0.01 Heated air 6000 - 65000
Multi-started [0.15] [0.7]
[Square]
1983 | Sethumadhavan Helical ribs 0.089-0.236 Water 4000 - 100000
& Rao [17] Single-started [0.621-3.055] 50% Glycerol [5.2 - 32]
(Wire coil inserted)
[Circle]
1991 | Zhang et al. [121] Helical ribs 0.037-0.177 Air 6000 - 100000
Single-started [0.355-4.616] [0.7]
[Circle, rectangular]
1996 Ravigururajan Transverse/helical ribs | 0.023-0.047 Heated water 5000 - 60 000
& Bergles [122] Single/multi-started | [0.434-1.120] Air [0.66 - 37.6]
[Square, circle,
semi-circle, triangle]
2004 Vicente Helical ribs 0.02-0.06 Water 2000 - 90 000
& Garcia [16] Single-started [0.6-1.2] Ethylene glycol [2.5 - 100]
(Spirally corrugated)
2005 | Garcia et al. [123] Helical ribs 0.07-0.10 Water 80 - 90000
Single-started [1.17-2.68] Water- [2.8 - 160]
(Wire coil inserted) propylene glycol
[Circle]
2010 | Saha et al. [18] Helical ribs 0.044-0.074 Air 40000 - 100000
Single-started [0.220-1.470] 4x107 - 3x10°
(Wire coil inserted) [0.7]
[Circle]

Table 2.4.1: Summary of experimental studies of ribbed pipes

shapes, geometrical parameters (using the concept of the similarity), and various Reynolds
number range for different flows. According to the classification of “k-type” and “d-type”
roughness by Perry et al. (1969) [19] (section 1.2.2), most data are obtained for “k-type”
roughness, as shown in Fig.2.4.1.

2.4.1 Pressure drop in rough tubes

Roughness enhances the pressure drop due to the increase of the wall friction.

J. Nikuradse (1950) [12] studied the flow in sand-grain rough tube (Fig. 1.2.3) in 1933,
with the relative roughness e/ R at values 0.067, 0.0327, 0.0167, 0.0079 and 0.00397 (R/e =15,
30.6, 60, 126 and 252 in his paper). He found that increasing e/ R increases the friction factor,
and he defined the quantity R, with the friction factor and the relative roughness:

1
Ry = —— —

Vit
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Figure 2.4.1: Geometrical parameters range of some investigators.

He also introduce another dimensionless term, the roughness Reynolds number e*:

ot () (B) = () ne % 242

442 e D 2
loge™ = log(Re\/rfg/él\/i) —log (R/e) (2.4.3)

By plotting R; against loge™, as shown in Fig.2.4.2, he found that in region where
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Figure 2.4.2: Relation between Ry and e™ [12].

loge™ < 0.55 (Re<2500, thus the flow is laminar), R; behaves similarly as in a smooth
pipe. Then a transition region appears from loget = 0.55 to loget™ = 1.83, and finally for
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loge™ > 1.83, Ry is no longer dependent on loge™ and tends to a constant. He proposed
the following correlations [12]:

0.8+ 2loge™, 0 <loget <0.55
1.18 + 1.13loge™, 0.55 < loge™ < 0.85
Ry ={2.14, 0.85 < loge* < 1.15 (2.4.4)
2.81 — 0.588loge™, 1.15 <loge™ < 1.83
1.74 1.83 < loge™

Nikuradse also defined a dimensionless term R from the velocity U and found its relation
with the global friction factor [12] in the case of sand-grain roughness:

=Y 57500 (y)

- e

2 2e
— [+ +25n <> +3.75,
fq D

where y is the distance from the wall in the tube. Based on R* (Eq. 2.4.5), Webb et al.
(1971) [14] plotted his own experimental results of tubes with transversally repeated ribs
(Fig.1.2.5a), using R™ vs et (Eq. 2.4.3) to observe the effect of parameter p/e. He found
that increasing p/e decreases the friction factor, and by plotting R}, = R™ (p/ e)7053 vs e,
as shown in Fig.2.4.3, the data could be correlated as:

(2.4.5)
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Figure 2.4.3: Friction correlation for transversal ribbed tubes by Webb et al. [14].

R}, =095 for e’ >35 (2.4.6)

In this way, knowing the geometrical parameters (e/D,p/e) and assuming a e™, the friction
factor f, can be calculated from R™ and finally the Reynolds number Re can be recomputed
with Re = e™,/(2/f,)/(e/D). He also noticed that Nikuradse’s correlation calculate well the
friction factor for turbulent flow in transversally ribbed tubes having p/e = 10.
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Several years later, Gee & Webb (1980) [15] tested the effect of helix angle of helically
ribbed tubes having p/e = 15. The helical rib was multi-started (Fig.2.4.4a), so that there

is no relation between p and « as in the single-started rib (Fig.2.4.4b) when « and p/D are
related by tana = D /2p.

(a) Multi-started helically ribbed tube [15].  (b) Single-started helically ribbed tube.

Figure 2.4.4: Multi-started and single-started helically ribbed tube.

Data was correlated by plotting R = RT (a/50)%1¢ against e™, as shown in Fig.2.4.5.
Increasing the helix angle increases the friction factor. No correlation formula was proposed
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Figure 2.4.5: Friction correlations for multi-started helically ribbed tubes having p/e = 15
with different helix angles [15].

but data can be read directly from the figure. Gee & Webb (1980) [15] indicated that this
correlation may be combined with the results in Webb et al. (1971) [14] for a range of p/e,
but the accuracy cannot be ensured.

W. Nakayama et al. (1983) [124] also developed friction factor correlations based on R™
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in multi-started helical ribbed tubes, using p/e and classifying the data by helix angle:

—0.16 0.1
5.02(et)015 (g()) <p sin a) a < 45°,
e
+ oz (X (P . 01 o o
R™ = {5.14(e™) ES = sin 45° < o < 60°, (2.4.7)
e
2.59
4545631074 <p> Ine* a > 60°
e

Sethumadhavan & Rao (1983) [17] correlated their data for single-started helical-wire-
coil-inserted tubes. The helical-wire-coil-inserted tubes are helically ribbed tubes with ribs
having a circular shape. As mentioned before, the pitch to diameter ratio p/D and the helix
angle « are related (Fig. 2.4.4b). Sethumadhavan & Rao plotted Ry, = R (tana)’!®
against e™, as illustrated on Fig.2.4.6, and obtained the expression:
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Figure 2.4.6: Friction correlation for flow in helical-wire-coil-inserted tubes by Sethumadha-
van & Rao [17].

R" - (tana)?'® = 7.0(e™)"" (2.4.8)

Li et al. (1982) [125] took experiments with water turbulent flow in the Reynolds number
range 10* to 8 x 10% in helical-ridging tubes (helical-corrugated tube) and correlated the data
by using the least-square method:

—0.156 0.465 0.484 InRe — 9.62 2
R* =0.995 (e> <p> <O‘) exp <( s 1;) (2.4.9)
D e 90 1000 (p/e)

However, as the definition of R* in Eq. 2.4.5 came from Niskuradse’s analysis and ex-
perimental data for sand-grain rough tubes, which may not be the optimum values for
helical-ridging tubes (and other 2D roughness type), Li et al. (1982) [125] used the nonlin-
ear parameter estimation to refine the correlation and obtained:

2 D e\ 00T rp\OS £\ 114 (InRe — 9.62)?
— =342ln — —4.64 +1.25 () <) <) ex — 2.4.10
I, 2e D ¢/ \o0 P\ 000 (pey ) 410

This correlation predicted most of their data with relative errors below §10%. It has not
anymore much relation with Nikuradse’s semi-experimental correlation, where theoretical
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2.4. CORRELATIONS IN ROUGH TUBES

analysis and experimental results were combined, but has became a fully empirical correla-
tion.
In 1990’s, most investigators abandoned Nikuradse’s correlation and developed experi-

mental correlations in the form of f, = f(e/D,p/D,Re). Zhang et al.(1991) [121] gave a
general expression of the friction factor as follows:

pea () (3) oo w

with A, B, C' and D being equal to 1.29, 0.769, -0.707, -1.079 respectively.
Ravigururajan & Bergles (1996) [122] correlated many existing experimental results, plus
their own, and proposed a correlation in the form of:

NP [ p\C (tan-' (2D /p) D\ 15/16\ 16/15
fo = Jos(Re) 1+(29.1ReA (D> (D) (90> ) (2.4.12)

where f,(Re) is the friction factor in a smooth tube of same Re according to Blasius
correlation (Eq. 2.2.4), and A, B, C and D are all functions of p/D, e/D, or Re:

B B J AN arctan (2D /p)
A(p/D) = 0.67 — 0.06 (D) 049 TSR (2.4.13)
Blp/D) = 1.37 — 0.157 (g) : (2.4.14)
C(p/D,Re) = —1.66 10~ Re — 0.33 m/(gD/p), (2.4.15)
s
D(p/D,Re) = 4.59 +4.11 107° Re — 0.15 (g) : (2.4.16)

After year 2000, Vicente & Garcia (2004) [16], Garcia et al. (2005) [123] and Saha et al.
(2010) [18] correlated the friction factor for different types of roughness in the same form:

e\B /p\C 5
where all coefficients are constant, as given in Table 2.4.2. It indicates that the friction factor,
thus the pressure loss, in the rough pipe increases with increasing e/ D and decreasing p/D
in their testing range of (e/D,p/D).

Author A B C D
Vicente & Garcia [16] || 1.47 0.91 -0.54 | -0.16
Garcia et al. [123] 1.44 0.95 -1.21 | -0.217
Saha et al. [18] 0.165 | 0.0782 | -0.253 | -0.273

Table 2.4.2: Constant coefficients of Eq. 2.4.17 proposed by different investigators.
Fig. 2.4.7 plots the above semi-experimental formula for the friction coefficient against

Reynolds number, applied to the ribbed tube considered in the present work (next chapter).
Results are very much dispersed, and although they all exhibit the same trend, they do
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Figure 2.4.7: Global friction factor correlations versus Reynolds number according to pub-
lished experimental works for the ribbed tube considered in the present work

not allow a quantitative evaluation of pressure loss. This confirms that existing experimen-
tal correlations can not be used as is to estimate the pressure loss in ribbed pipe. As a
consequence, accurate simulations and/or dedicated experiments are necessary.

2.4.2 Heat transfer in rough tubes

In 1963, Dipprey & Sabersky [126] developed a heat transfer similarity law, which is com-
plementary to Nikuradse’s friction similarity law for sand-grain rough tubes. Their model
is based on the heat/momentum transfer analogy applied to a two-region flow model: a
viscous wall region which is affected more by roughness and a turbulent outer region which
is insensitive to roughness. The data of the Stanton number for constant Pr are correlated
in the form G [126]:

G = Jo/(250) — 1 + R, (2.4.18)
(f4/2)

where RT is the dimensionless term defined in Eq. 2.4.5 for the friction factor correlation. A
power law correlation GT = G7Pr" can be used to account for the Prandtl number depen-
dency. In 1971, Webb et al. [14] extended it to transverse-rib roughness. They conducted
experiments by applying a heat flux matching the local heat-transfer coefficient distribution,
so that the local temperature difference (between the wall and the bulk fluid temperature)
did not vary more than 1 percent along the distance between the ribs. According to their

results, they replaced the R in G§ (Eq. 2.4.18) by R}, leading to:
fqo/(2St) —1
Gpe = T————+ R}, (2.4.19)

(f9/2)
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In addition, a cross-plot of G}, = G{,.Pr" vs Pr showed G, o< Pr”*". The final correlation

in the form of G}, vs e is shown in Fig. 2.4.8, using a base 10 logarithmic scale for the
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Figure 2.4.8: Heat transfer correlation for transversal ribbed tubes by Webb et al. [14]

x/y-axis, demonstrating a linear dependance for et > 25

In 1980, heat transfer investigations with multi-started helically ribbed tubes were con-
ducted by Gee & Webb [15]. In their experiments, air was heated by 8-12 K. The helix
angles were introduced into the correlation:

L (fres) =1\ /an
Goa = (m ) +Ra) <5oo> : (2.4.20)

where (2.4.21)
j=0.37 for «<50°
j=-0.16 for « > 50°

Gy vs et for the air flow data (only one Prandlt number Pr = 0.71) are shown in Fig. 2.4.9.

Later in 1982, Sethumadhavan & Rao [17] conducted experiments about turbulent flow
and heat transfer in helical-wire-coil-inserted tubes. The studies were carried out for water
and 50% glycerol inside the tube placed in a heat exchanger using hot water (as the heating
medium) at a constant temperature. The temperature of the exchanger fluids at inlet and
outlet, and also of the metal walls, were obtained from digital temperature indicator. They
reported that G is a strong function of the fluid Prandtl number, and proposed:

G+

tan o

— G (tan o) 18Pr 0% = 8 6(e+)013 (2.4.22)

Similarly to what happened with friction factor correlations, from the 1990’s, most cor-

relations turned to entirely empirical formula, and correlations for Nusselt number were
developed in the form of Nu(Re, Pr, e/D, p/D).
Zhang et al. (1991) [121] experimentally measured the Nusselt number by heating air
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Figure 2.4.9: Heat transfer correlation data for helically ribbed tubes by Gee et al. [15].

flow at 200 £ 5°C' in spiral coil inserted tubes, and proposed:

e B P C I

where A, B, C, D are equal to 0.253, 0.378. -0.171, 0.716 respectively.
Ravigururajan & Bergles (1996) [122] gave another Nusselt number correlation:

N /7

0.212 —0.21 t -1 2D 0.29
Nu, = Nu,, [ 1+ (2.64Re0-°36 (;) <1p)) <‘m9(0/p)> (Pr)®0% | | (2.4.24)

where Nug ¢ is the Nusselt number in smooth tube (Eq. 2.2.7) proposed by Petukhov and
Popov [35].

Vicent et al. (2004) [16] carried out studies under constant heat flux conditions for
corrugated tubes by using water at 40 and 65°C' and ethylene glycol at 40, 55 and 70°C.
Nusselt numbers were determined from measurements on a section located in fully turbulent
region. The correlation of Nusselt number reads:

Nu, = 0.403(e/ D) (p/D)""*(Re — 1500)"*7*Pr**. (2.4.25)
Garcia et al. (2005) [123] tested wire coil inserted tubes and proposed:

Nu, = 0.303(e/D)**2(p/ D)3 Re? P13 (2.4.26)

Finally, Saha (2010) [18] also proposed a correlation of the Nusselt number for wire-coil
inserted tubes for Re > 4x10":

Nug _ O'1856(6/D)0.1392(2D/p)0.317Reo.538Pr0.356(Nb/uw)O.IZL’ (2427)

0.14

where the impact of the variable properties is induced via the ratio (p/ )", as proposed

49



2.4. CORRELATIONS IN ROUGH TUBES

by Sieder and Tate (1936) [89] for liquid flows. Note that Vicent et al. (2004) [16] and
Garcia et al. (2005) [123] corrected their Nusselt number measurement by (up/pt.,)%'* before
developing the correlations.

Fig. 2.4.10 plots the above formula for the Nusselt number in ribbed tubes against
Reynolds numbers, applied to the ribbed tube considered in the present work (see next
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Figure 2.4.10: Global Nusselt number correlations versus Reynolds number according to
published experimental works for the ribbed tube of present work

chapter). Similar results are observed from the formula of Zhang et al. (1991) [121], Rav-
igururajan & Bergles (1996) [122], and Vicent et al. (2004) [16], while much higher Nusselt
number is predicted by Garcia et al. (2005) [123]. This confirms again the necessity to
conduct accurate simulations and/or dedicated experiments.

2.4.3 Performance of rough tubes

The artificial roughness’s performance is evaluated, considering the impact on heat transfer
compared to the impact on friction.

Gee & Webb (1980) [15] studied the performance of multi-started helically ribbed tubes
in heat exchangers applications by looking at the ratio St/Sts where Sty is the Stanton
number in a smooth tube, Fig. 2.4.11. The increase of St/Sts reaches its maximum at
around et = 20, so this value is recommended for optimum design. Second, by tracing the
efficiency index n = (St/Sts)/(f,/fss), as shown in Fig. 2.4.12, the helix angle a = 49°
gives the best performance. As a consequence, once the operating Re required for a design
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Figure 2.4.12: Efficiency index n vs. et by Gee et al. [15].

is known, using the recommended design condition e™ = 20, and the helix angle o = 49°,
leads to the value of e/D that should be used.

Considering the efficiency index 7, Sethumadhavan & Rao (1982) found that, for their
test fluid in helical-wire-coil inserted tubes, the optimum helix angle o was 55° for water
(Pr=>5.2) and 60° for 50% glycerol (Pr=32). They concluded that the optimum helix angle
increased slightly with an increase in Prandtl number.

More recently, Vicente et al. (2004) [16] used the criterion R3 outlined by Bergles et
al. (1974) [127] to quantify the benefits of corrugated tubes. The criterion is defined by
R3 = Nu,/Nu, s, where Nu, 4 is the Nusselt number obtained in an smooth tube for
equal pumping power and heat exchange surface area. To satisfy the constraint of equal
pumping power, Nug  is evaluated at the equivalent smooth tube Reynolds number Rey
which matches nge3 = fy.s0Reso. In addition, to characterize the tube roughness, they used
the severity index defined by ¢ = €?/pD as the unique geometrical parameter.
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2.4. CORRELATIONS IN ROUGH TUBES

Fig. 2.4.13 plots the performance parameter R3 vs ¢ for corrugated tubes at Prandtl
numbers 6 and 60. It is first observed that the performance improves with increasing Prandtl
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Figure 2.4.13: Performance evaluation criterion R3 vs. severity index ¢ for Prandtl 6 and
60 [16].

number as expected. Comparison between different values of the severity index ¢ shows
that, the highest ¢ gives the best performance at low Reynolds numbers (Re<5000), while
intermediate roughness is more suitable at high Reynolds numbers.

2.4.4 Conclusions

In summary, if the same general trends have been found by many authors, many quantitative

correlations exist with give different results and can not be used directly. The general trends
are:

e ¢/D increase leads to increase both friction and heat transfer,

e p/D increase leads to decrease both friction and heat transfer.

Other impact: rib shape

Less attention has been paid to the impact of rib shape. In 1996, Ravigururajan & Bergles
[122] developed general correlations for friction factor and heat transfer in rough tubes
considering the then-known results, and introduced an empirical shape factor Sh in the
friction factor correlation:

Sh=1+2.94(sin fB)/n (2.4.28)
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where ribs are classified with the number n of sharp corners facing the flow (two for triangular
and rectangular ribs, and infinity for smoother profiles), and the contact angle 3 (the real
measured angle for triangular, and 90° for rectangular, semi-circular and circular profiles)
as shown in Fig. 2.4.14. This suggestes that when the number of shape corners increases,

777%777
Figure 2.4.14: Sketch of the contact angle 3 of rib.

friction decreases, and that friction is proportional to the sinus value of the contact angle.
On contrary, no marked influence of the profile shape on heat transfer was found.

Chandra et al. (1998) [128] published results on the effect of rib shapes on turbulent
channel flow friction and heat transfer. Fig. 2.4.15 shows the experimental setup, with
the same rib height and pitch for different rib shapes. Similar results as Ravigururajan &
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Figure 2.4.15: Test cases of Chandra et al. [128]: a) cross section of test channel, b) ribbed
wall geometry, ¢) cases with various rib profiles

Bergles (1996) [122] were found for friction: first, with the same Reynolds number, square ribs
produce the largest friction, as this type of ribs has the smallest number of sharp corners and
highest sinus value of contact angle (equal to 1); second, the triangular shape gives a greater
friction than the slant-edged ribs (case E in Fig. 2.4.15¢) because sin60°/2 > sin 90°/3;
finally, the circular and semi-circular ribs have the smallest friction with the largest number
of sharp corners (infinity). Moreover, results also showed that square ribs produced the
highest heat transfer increase at a given friction factor.



2.5. TURBULENT FLOW IN RIBBED TUBES: NUMERICAL SIMULATIONS

2.5 Turbulent flow in ribbed tubes: reviews of numer-

ical simulations

As mentioned in previous section, most experimental investigations of ribbed tubes are
directed to measure the global friction factor and Nusselt number and to develop predic-
tive correlations for these quantities, but most correlations tend to have large uncertainties
because of insufficient accounting of appropriate physics involved in the flow and limited
experimental data. On the other hand, experimental measurement of local quantities is too
expensive [129]. For this reason, the numerical simulation has become an important research
tool.

2.5.1 General review of numerical simulations of flow over ribbed
wall

Many numerical investigations were conducted for ribbed plate/channels. Leonardi et al.
(2004) [113], Ashrafian et al. (2004) [130], Nagano et al. (2004) [114], Lee & Sung (2007) [117]
and Lee et al. (2009) [111] have conducted DNS for ribbed channel and shown similar results
comparing with experiments, as mentioned in section 2.3. LES investigations can be found
in [21,112,131-140], and RANS have been conducted in [101,141-148]. Agreement with the
experimental results are reported and effects of various parameters are tested.

Less numerical simulations were conducted for ribbed tube. In particular, no DNS inves-
tigations could be found.

The regularly ribbed tube (i.e., tubes with transversal ribs) was studied using LES by
Jordan (2003) [149], Vijiapurapu & Cui (2007,2010) [150, 151], and using RANS by Shub
(1993) [152] and Vijiapurapu & Cui (2010) [151]. Details are given in Section 2.5.3.

For the helically ribbed tube, only RANS results are reported in the literature. The
multi-started helically ribbed tubes (i.e., finned tubes) were investigated by Liu & Jensen
(2001) [153], Kim et al. (2004) [129,154] and Agra et al. (2011) [155]. Only Hossainpour &
Hassanzadeh (2011) [156] reported RANS results on a single-started helically ribbed tube,
i.e., the geometry studied in the present work. and it is detailed in the next section.

2.5.2 Turbulent flow in helically ribbed tubes: RANS investiga-
tions

Hossainpour & Hassanzadeh (2011) [156] used a finite volume based CFD code using SIMPLE
algorithm [157]. The length of the tubes is 500 mm and inside diameter is 24 mm, with e/D
ranging from 0.02 to 0.06 and p/D from 0.6 to 1.2. The Reynolds number range is 25
000 to 80 000. The temperature, total relative pressure, velocity magnitude fields, and
streamwise velocity contours are reported, showing reattachment at x/e=3-4. The global
friction factor and Nusselt number for cases with various geometrical parameters at tested
range of Reynolds number, showed that decreasing p/D or increasing e/D, which leads to
decreasing p/e, increases the friction factor and Nusselt number. The global Nusselt number

results for e/D = 0.02, p/D = 0.8 (thus p/e = 40) and e¢/D = 0.04, p/D = 1.2 (thus
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p/e = 30) are validated with experimental data from Ravigururajan & Bergles (1996) [122].
For the case e/D = 0.06, p/D = 0.8 (thus p/e ~ 13), which is closest to the case studied in
this work, the friction factors are found to be around 3 times higher than the friction factor
in smooth tube, and the Nusselt numbers are about 2 times higher.

2.5.3 Turbulent flow in regularly ribbed tubes: LES investigations

To give more insight to the study of ribbed tube, the LES results of regularly ribbed tube
from Vijiapurapu & Cui (2007) [150] is also discussed in this section.

Numerical settings

The LES model in the commercial CFD software Fluent is used, with the dynamic subgrid-
scale model, which employs the Boussinesq hypothesis [158] as in RANS models. Tubes with
p/e = 2,5 and 10 are simulated, with e/D ~ 0.05, and the length of computational domain
is 0.6R,1.5R and 2R respectively, using periodic boundary conditions combined with an
imposed force along the flow direction to ensure a fully developed flow. The first grid points
above the wall falls into y* = 1-2 and the wall condition is no-slip.

Mean streamwise velocity

Streamlines of the mean flow show that in the near-wall region, the velocity profiles are
affected by the presence of ribs, while little impact is found towards the center region of the
tubes. Again, the length of reattachment is found to be around 3e-4e for the case p/e = 10.
Mean streamwise velocity profiles for three cases p/e = 2,5 and 10 at the location where
the recirculation zone ends, is compared with experimental results by Nourmohammadi et
al. [93], and good agreement is found. In addition, regions affected by the ribs are larger
with increasing p/e.

Pressure variation and local friction

Local friction factors show similar distribution (but not the same values) as the experimental
results of turbulent flow in ribbed channel by Lee et al. (2008) [97] (section 2.3.5). Unlike
in the smooth tube, where the mean pressure profile stays unchanged along the tube (in a
periodic configuration), the local pressure varies a lot due to the presence of ribs, and the
local pressure coefficient is introduced:

_P_Pref

= 2.5.1
P 1/2pU2 ( )

where the pressure at the downstream corner of the rib has been chosen as the reference
Py, so that (), is equal to zero there by the definition. Fig. 2.5.1 shows the local pressure
coefficient distribution along the wall for the case p/e = 10, which is close to the geometry
studied in our work. Note that the front side and back of ribs are aligned in this figure. Two
valleys of minimum values of C), are observed from front-side-top conjunction to top center,
and it increases towards zero till the rib top (/e = 0). Slight perturbations are observed
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Figure 2.5.1: Distribution of local pressure coefficient over ribbed wall (p/e = 10) [150].

on the back side of the ribs, then after a slightly decrease behind the back side of rib-wall
conjunction, C, increases again till the front side of next rib. Finally, on the front side of
the ribs, C}, mainly decreases, with a secondary peak appearing. The maximum value of
pressure coefficient is about 70 times higher than that of friction coefficient.

The pressure drag D,, (computed from the pressure difference between the front the back
faces of the ribs) and friction drag Dy (including that from the groove and the rib top) both
contribute to the total drag force. In periodic smooth tubes, pressure drag is zero but only
the friction drag Dy, compensates the motion source force. According to the results by
Vijiapurapu & Cui (2007) [150], for the the ribbed tube where p/e = 10, the pressure drag
D, ~ 282Dy, and the friction drag D; ~ 7Dy, at Reynolds number equal to 50000. The
total drag agrees well with the motion source force in their study.

According to previous data, the global friction factor f,, which is defined in Eq. 2.1.49,
should be around 28247 = 289 times higher than in smooth tube at the same Reynolds num-
ber of 50000, or 420 times higher for Re=100000. However, Vijiapurapu & Cui (2007) [150]
reported a friction factor f, in ribbed tube (p/e = 10) equal to 0.0812 (without mentioning
the Reynolds number), which is only 15 (if Re=50000) to 20 (if Re=100000) times higher
than the friction factor in smooth tube. This is in disagreement with the results on the
drags, which remains to be validated.

2.6 CFD of thermal cracking chemistry

RANS has been widely used to carry out coupled simulations of the flow, combustion, ra-
diative heat transfer and thermal cracking reaction processes in the cracking furnace, where
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the tubes and the burners in the furnace are modeled as a global system, in order to provide
informations for the optimization of the geometrical structure and operational parameters of
the cracking furnace (examples are in [159-165]). The feedstock can range from light distil-
late fractions such as ethane or propane [165] to heavy fractions like naphtha [159-161, 164]
or gas oil. The simulations were conducted with detailed radical kinetics with around 100
reactions [165] or using reduced schemes containing only 20 reactions [164]. The product
(especially the ethylene) yields, coke deposition, the distribution of the skin temperature of
tubes and the pressure distribution were evaluated.

However, such CFD simulations for smooth or finned cracking pipes coupling with the
chemistry are rarely carried out. RANS of reacting flow in smooth and finned tubes using
Fluent can be found in Schietekat (2014) [166], in which detailed free-radical chemistry
of propane cracking of 26 species and 203 elementary reactions was used. The results are
dedicated to the temperature and pressure distribution and product yields, together with the
optimization of fin parameters, e.g., fin height, number of fins, and helix angle (to maximize
heat transfer). According to their observation, optimal fin parameters can reduce the tube
metal skin temperature by up to 50 K compared to conventional tubular reactor, and coking
rates are reduced up to 50%. However, the pressure drop increases by a factor from 1.22
to 1.66 causing shifts in light olefin selectivity, e.g., ethylene selectivity drops while propene
and 1,3-butadiene selectivity increase.

No discussion on the physical phenomena occurring in the reacting turbulent flow in
smooth/ribbed tubes used in thermal cracking furnaces can be found in the existing literature
for lack of LES or DNS of this kind of flows. Because of the increasing interest to reveal the
impact of finned/ribbed tubes on the thermal cracking process, LES appears as a favorable
tool for this kind of study.

2.7 LES and the LES code AVBP

2.7.1 Definition of Wall-Resolved LES and Wall-Modeled LES ap-
proach

Both Wall-Modeled LES (WMLES) and Wall-Resolved LES (WRLES) approaches can be
used for LES. WRLES fully resolves the wall-layer structures and requires an increased com-
putational cost compared to WMLES where a wall model is used to evaluate the shear stress
and does not require such a refined grid. Chapman (1979) [167] proposed the first complete
analysis of grid-resolution requirement for LES of turbulent boundary layers. Examining the
resolution requirements for inner and outer layers separately, he found that the number of
grid points required for WMLES is proportional to Ny, ~ Re?/?, while it is proportional
to Ny ~ Re®® for WRLES. Recently, Choi & Moin (2012) [53] confirmed this estimation
to Nyg ~ Re'®/7.

WRLES is more accurate than WMLES when the wall flow has dominant effects on the
whole field and when the classical wall models are inaccurate. The objective of the present
work being to study reacting wall flows in turbulent pipes, the WRLES approach is used.

The mesh resolution of the boundary layer plays a key role as the first cell size on the
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wall directly impacts the velocity gradient at the wall when WRLES is used. The typi-
cal first node distance from the wall for a turbulent boundary layer flow using WRLES is
Ayt =1 [168,169]. The stretching ratio of the mesh has little impact on the skin friction,
mean and fluctuating axial velocity, but a non-negligible impact on transverse velocity fluc-
tuations, which are important in swirling flows [170]. As a result, LES of turbulent flow in
helically ribbed tubes where rotational motion occurs requires higher mesh quality in terms
of stretching ratio than LES in smooth tubes.

2.7.2 Numerical tools in this study: the LES code AVBP

All simulations in this work were conducted with the in-house high-fidelity LES code AVBP
[171-173] developed by CERFACS and IFP-EN. AVBP solves the three-dimensional com-
pressible Navier-Stokes equations for turbulent reacting flows, using both the DNS and LES
approaches on unstructured and hybrid meshes.

Sub-grid scale model

The filtered compressible N-S equations exhibit SGS tensors and vectors describing the
interactions between the non-resolved and the resolved motions. The influence of SGS on
the resolved motion is taken into account in AVBP by a SGS model based on a turbulent
kinematic viscosity ;. Such an approach assumes that the effect of the SGS field on the
resolved field is purely dissipative. Various SGS models are available in AVBP, only differing
in the estimation of 1. The Smagorinsky model and its dynamic version [174] are more
appropriate when performing WMLES. The WALE (Wall Adapting Linear Eddy) model
proposed by Nicoud and Ducros (1999) [175] gives the correct scaling of turbulent viscosity
when approaching walls and determining transition from laminar to turbulent flow, and is
therefore recommended for WRLES.

Numerical schemes

The discretization of the governing equations is based on the finite volume (FV) method,
and the cell-vertex approach is used for implementing F'V methods in AVBP. To discretize
the convective fluxes, i.e., the hyperbolic part of the Navier-Stokes (N-S) equations, differ-
ent numerical schemes are available in AVBP. Both the third-order in space, fourth-order
in time numerical scheme TTGC [176] and the second-order in space, third-order in time
numerical scheme Lax-Wendroff (LW) [177] are used in this work. Two diffusion operators
called 4A and 2A [178] are available in AVBP, and the latter is recommended. A brief the-
oretical demonstration shows the advantage of the 2A operator when capturing wall flows
in Appendix A.

Artificial viscosity

As small-scale oscillations may be generated due to the centered schemes used in AVBP,
artificial viscosity (AV) may be locally added into the discrete equations to avoid wiggles and
to smooth very strong gradients. A sensor detects whether the solution is well resolved on the
grid or if strong local variations appear, requiring the use of AV. A certain amount of 2nd or
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4th order AV is then applied, depending on the sensor value and on user-defined parameters.
The Colin sensor [179] is more suitable for most unsteady turbulent computations, and is
used in this work. Note that the 2nd order operator which smoothes strong gradients and
introduces artificial dissipation is applied only when required. On the contrary, the 4th order
operator is applied everywhere once being set.

Boundary conditions

Two types of wall boundary conditions are implemented in AVBP, using the classical law of
the wall or a no-slip condition. For the first one, the velocity profile is obtained by imposing
Eq. 2.1.36 with k = 0.41 and C*t = 5.4, and the temperature profile is obtained by the
Kader law in Eq. 2.1.38 [37] with kg = 0.47 and fe = (3.85Pr/3 — 1.3)% + 2.121og (Pr).
In a non-isothermal case, when significant density/temperature variations appear close to
the wall, an improved velocity/temperature coupled wall-model is used, where the velocity
profile is based on the Van Driest transformation [180] and the expression for temperature
profile is coupled with velocity. More details can be found in the PhD thesis of O. Cabrit
(2009) [92]. For the no-slip condition, which is used in the present work, the velocity is
simply forced to zero at the wall.

Turbulence-chemistry model

The Damkohler number measures the interaction between chemistry and turbulence and is
defined as:
Tt

Da = (2.7.1)

)
Tchem

where 7, is a turbulent timescale and 7., a chemical timescale.

If Da < 1, turbulence is much faster than chemistry, leading to a rapid mixing of products
and reactants. On the contrary if Da > 1, chemistry is much faster than turbulence and the
reaction front is generally smaller than the standard mesh size used for LES. To solve the
reaction front on a LES mesh, the Dynamic Thickened Flame (DTF) model that thickens
the flame front has been developed in AVBP [173].

In the present work, Tenem (order of magnitude [1078, 107%]s) is smaller than 7; (order
of magnitude [1075, 107%]s), leading to Da > 1 in a comparable order, so no turbulence-
chemistry model is imposed to solve the reacting flow.
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for the design of an optimum rib geometry.
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In this chapter, the academic case of a non-reacting, isothermal flow is introduced. Sim-
ulations are conducted in both smooth and ribbed tubes, having the same diameter to facil-
itate the comparison. The aim of this chapter is to investigate the dynamic properties of the
turbulent flow including the friction drag and pressure drag in ribbed tube compared with
the smooth one, and to find out the impact of mesh resolution and of numerical scheme. In
particular, simulations are conducted with both a wall-resolved and wall-modeled approach.
In the first case, the boundary-layer is solved in a DNS-like mode to capture all its dynamic
features, and two LES codes, AVBP and CharLes*!, are used and compared to validate the
results. In the second case, a coarse mesh is evaluated by comparison with the WRLES
results. The objective is to understand the ribs’ impact on pressure loss and give first trends

1Simulations with CharLes* were performed by Dr. Julien Bodart from ISAE/DAEP, ENSICA, Toulouse,
France during CTR summer program 2014.
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3.1 Configuration

3.1.1 Geometry

Fig. 3.1.1 displays the ribbed pipe geometry named R51 used in this work. It is a cylindrical
tube of diameter D = 51 mm in which helicoidal ribs with semi-circular shape have been
inserted, as illustrated in Fig. 3.1.1. As mentioned in chapter 2, ribbed pipes can be charac-

L=10P
P 5&

Figure 3.1.1: Configuration of helically ribbed tube with 10 periodic patterns.

Rib shape/y_ e
“%e

terized by the rib height e and the pitch p (axial distance between two ribs). The semi-circle
rib height is e = 1.875 mm thus the width is 2e = 3.75 mm. The two main geometrical
parameters are p/D = 0.42 and e/D = 0.036 respectively. These quantities are relevant to
the targeted petrochemical applications. The rib height being very small compared to the
pipe diameter, there is no blocking effect. In addition, as p/e = 11.6 > 4, this roughness
is kind of “K-type” according to the classification introduced in section 1.2.2. According
to [19,20], the flow outside the boundary layer stays undisturbed for p/e < 4. When p/e
exceeds 4, eddies of the size of the roughness height are shed from the roughness elements
and penetrate into the bulk flow toward the pipe center. The studied configuration clearly
falls in the second category, which is consistent with the objective of increasing turbulent
mixing close to the wall.

For comparison purposes, the same pipe without ribs (smooth pipe) named S51 is also
computed. The results of the smooth tube can also be compared with theoretical and
experimental data from the literature to validate the numerical method used in this study.

3.2 Mesh

3.2.1 Unstructured meshes

AVBP uses only unstructured meshes, with hexahedra, tetrahedra or a combination of both.
Meshes are generated with the commercial software Centaur. Two resolutions of the mesh
are used in this study for both R51 and S51. Mesh Y1, is refined in the close wall region,
to solve the boundary-layer in a DNS-like mode, requiring a distance to the wall of the
closest node in wall units of y™ =1 [181]. As the friction velocity is not known a priori and
changes along the ribbed wall, preliminary simulations were conducted to gradually adapt
the mesh and reach the y* = 1 constraint everywhere in the tube. Note that a hybrid
mesh is used, with tetrahedra everywhere except in a thin layer along the wall meshed with
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prisms (Fig. 3.2.1b for the ribbed tube R51 and Fig. 3.2.1a for the smooth tube S51). This
allows a better control of y* and improved behavior of the numerical scheme in the wall
region. In addition, this reduces the cell number of the mesh. About 10 prism layers are
used for the wall in both ribbed and smooth tubes, while a reduced number of layers (only

about 5 layers) are meshed around the ribs to adapt the geometry. The mesh is significantly
coarsened toward the pipe center, where it corresponds to a typical LES resolution.
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(b) Ribbed tube R51 on mesh Y1: y* = 1 with prism layers near the wall and tetrahedra elsewhere.

Figure 3.2.1: Meshes Y1 for smooth (S51) and ribbed (R51) tubes.
To decrease the CPU cost for the target industrial application, two coarser meshes with
full tetrahedra (mesh Y10t) or prism layers close to the wall combined with tetrahedra toward

the center (mesh Y10pt) are also tested. Fig. 3.2.2 illustrates both meshes Y10t and Y10pt
for the ribbed tube R51. For the smooth tube S51 only Y10t was tested.
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(c) Ribbed tube R51 on mesh Y10pt: y™ = 10 prism layers near the wall and tetrahedra elsewhere.

Figure 3.2.2: Meshes S51Y10t (a), R51Y10t (b) and R51Y10pt (c)

For a tube length of one pitch, the mesh information, as the cell number, node number,
and the smallest cell volume, are given in Table. 3.2.1.

Smallest Smallest Tetra Prism
Mesh Cell number | Node number | tetrahedra prism stretching | stretching
volume [m?] | volume [m?] ratio ratio
S51Y1 1.16 million 491 660 2.98x10~12 | 1.32x10712 19
R51Y1 2.22 million 800 706 2.21x1071 | 1.13x10713 1.05-1.2 '
S51Y10t 0.82 million 160 661 2.0x10" 12 - -
R51Y10t 0.94 million 191 946 1.97x10713 - 1.05-1.5 -
R51Y10pt || 0.34 million 78488 8.12x10~™ | 4.80x10~'2 | 1.02-1.5 -
Table 3.2.1: Mesh information for all the unstructured meshes for both S51 and R51.

3.3 Numerical Methodology

The fluid used in all the non-reacting academic cases is gaseous air, at a bulk temperature of
973K and a pressure of 1atm, leading to a bulk density of 0.036 kg/m®. The methodology
to maintain turbulent flows in periodic tube is described below.
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3.3.1 Steady flow in a periodic tube

As periodic boundary conditions are applied in the axial direction of the tubes, the flow has
to be maintained with an imposed mean pressure gradient, added in the form of an additional
source term Sygp, in the axial momentum equation, together with its work counterpart wSygm,
added to the total energy equation, as shown in Egs. 3.3.3:

dp  O(pu;
% gm ) _o (3.3.1)
A(pu;) | Ipuiu,) dp Oy
- _ ~ 3.2
8t + ai‘j a(L‘Z + a.’L'j + Sqdm,u (3 3 )
p?t = _ag[;z + T%(TZ]UZ) — %(puz) + wr + quqdm,z' (333)

This imposed source term Sygm, is constant, and directly linked to the global pressure
loss. It can be related to the global fanning friction coefficient f, in a pipe as :

2 U?
Sqdm - fgg) b7

(3.34)
where U, is the streamwise bulk velocity. As the exact total pressure loss in the simulation
is not known a priori, the source term is adjusted manually from preliminary simulations to
ensure that the simulated flow reaches the target bulk velocity.

3.3.2 Numerical set-up

To evaluate the impact of the numerical scheme, both LW (second order) and TTGC (third
order) schemes are used. The wall is simply no-slip and the wall temperature is set at value
T, =T, = 973 K. The sub-grid scale model is WALE. All the cases presented in this chapter
are listed in Table. 3.3.1.

Case Tube Mesh | Numerical scheme
S51.Y1.TT Y1
S51_Y10t_TT g th Y10t TTGC
S51_Y1 LW moo Y1 W
S51_Y10t_LW Y10t
R51.Y1.TT Y1
R51_Y10t_TT Y10t TTGC
R51_Y10pt_TT || Ribbed | Y10pt
R51_Y1 LW Y1 LW
R51_Y10t_ LW Y10t

Table 3.3.1: Non-reacting isothermal flow in smooth (S51) and ribbed (R51) tubes: list of
test cases.
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3.4 Preliminary tests on the tube length

Primary tests have been done to verify the independence of the results on the number of
periodic patterns. The motivation is to find the minimum numbers of patterns to save CPU
time. As fully developed turbulent flow is considered, the only causes of possible variation
along the tube would be accumulation effects, or phenomena having spatial scale larger than
one pattern. It is therefore important to verify that none of these mechanisms exist here.

LES have been conducted on helically ribbed tubes having 1, 3 or 5 periodic patterns,
as shown in Fig. 3.4.1. The meshes used here are different from the ones presented in the
previous section and are based on tetrahedra only, with y* ~ 1 at the wall. The benefit of
prisms at the wall was found later and was not applied here. However the mesh has little,
even probably no impact on the conclusions about the effect of the number of patterns, as
the y* ~ 1 constraint is respected. The mesh for the 1 rib case 1RIB contains about 20
millions tetrahedra elements and the 3 and 5 ribs cases (3RIBs and 5RIBs) are meshed with
exactly 3 and 5 times more elements by repeating the same periodic pattern 3 and 5 times
respectively.

S5RIBs

Figure 3.4.1: Configurations of helicoidally ribbed tubes with 1, 3 or 5 periodic patterns.

The numerical scheme TTGC was used only for the 1RIB case to validate the results
obtained with the LW scheme, otherwise applied to all the three cases. The same pressure
gradient S,q,, was imposed in the axial direction in all the cases. The Reynolds number Re
and the global friction factor f, have been calculated after around 300 flow through times
(based on the length of one pattern), and averaged over about 20 flow through times. For the
three cases, it was proven that the inner turbulent flow varies very little, having a Reynolds
number Re around 23000 and a friction factor f; ~ 0.032, as shown in Fig. 3.4.2. This
confirms that the number of periodic patterns has little impact on the results and that only
one periodic pattern is sufficient. This will be then systematically applied from now on, to
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Figure 3.4.2: Friction factor vs Reynolds number of helically ribbed tube R51 with 1, 3 or 5
periodic patterns.

economize computational cost.

3.5 WRLES of turbulent flow in smooth tube S51: the
reference case with mesh Y1

Since the mesh Y1 is the most refined close to the wall and TTGC is the most accurate
scheme, WRLES is firstly conducted with mesh Y1 and TTGC to obtain the reference
case. The numerical scheme LW is also applied on mesh Y1 for validation purposes. The
convergence time 7., being the number of the flow through times after which the data are
averaged, and the average time 7,, being the number of flow through times over which the
time-averaged solutions are obtained, together with the CPUs cost per iteration (in seconds),
and the CPUh cost for the simulations (in hours), are summarized in Table. 3.5.1 for cases
S51_Y1.

Case Te To | Time step [s] | CPUs [s] | CPUh [h]
S51_.Y1.TT || 551 | 1100 6.1x10~8 0.038 23 766
S51_Y1_LW || 499 | 887 6.1x107% 0.079 11515

Table 3.5.1: Simulation information of case S51_Y1_TT.

The simulations in current study were carried out on Neptune of CERFACS, a Bullx B510,
by using 128 compute processes.

As a constant S,4n, is applied to approach as close as possible the target operating point,
the solutions are not exactly at this operating point, and the effective obtained operating
points are given in Table. 3.5.2.
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Case Sqam [Pa/m] | Uy [m/s] | Re [-]
S51_Y1_TT 290 59.89 26 938
S51_Y1_IW 360 60.25 | 27103

Theory 312 59.9 27000

Table 3.5.2: Effective operating points of cases S51_Y1.TT and S51_Y1_LW.

To obtain a Reynolds number around 27000, leading to a bulk velocity U, = 59.9 m/s, the
value of Sy4, has been found to be 290 Pa/m in case S51_Y1.TT and 360 Pa/m in case
S51_Y1_LW. Note that case S51_Y1.TT is closer to the theoretical value 312 Pa/m obtained
with Eq. 3.3.4 and the Blasius correlation [81] Eq. 2.2.4 at Re=27000.

3.5.1 Velocity profiles

The mean axial velocity profiles of turbulent pipe flow S51_Y1.TT and S51_Y1.LW are
plotted in Fig. 3.5.1. The normalized centerline velocity U../U, for both numerical simulations

0 ! ! ! ! ! T
0.2 e e R > S —
w TTGC O f
o : LW + “.= :
= : . Power-law Y
0.6 [ g s
i

Figure 3.5.1: Mean axial velocity profile in smooth tube S51: cases S51_Y1_TT (circles) and
S51_Y1_LW (crosses), compared to the power law of turbulent pipe flow velocity (solid line).

is around 1.23, and the results agrees well with the power law of Eq. 2.1.40 (section 2.1.7),
with n =7 and U../U, = 1.23.

The RMS of the velocity fluctuations uff,,, ., %'
velocity u, (3.22m/s) obtained from the simulation by averaging at the first nodes above the
wall against y™, are shown in Fig. 3.5.2, compared with available turbulent pipe flow data
from Laufer (1954) (experiments, at Re=50000) [34], Eggels (1994) (DNS, Re=5300) [39],

Toonder & Nieuwstadt (1997) (experiments, Re=24 580, only providing data on ., ) [182]

T,rms

and Wu & Moin (2008) (DNS, Re=44000) [183]. The same scale (from 0 to 3.5) is used
for the three components as usually done, to show the relative intensity in each direction.
Similar behaviors between the current WRLES results and the existing data are observed
in the vicinity of the wall, while deviations are found in the outer region: both S51_Y1_TT
and S51_Y1_LW overpredict while S51_Y1_TT gives better results, and underpredict

T,rms?
I+

I+
U’O,rms and ur,rms'

More detailed comparisons in boundary layer are given in the following section 3.5.3.

and v/*_ normalized with the friction

r,rms’

70



CHAPTER 3. LES OF NON-REACTING ISOTHERMAL FLOW

S51 YLTT O
S51 Y1 LW  +
Laufer(1954) =======
Eggels(1994)
Toonder(1997) =
Wu(2008) exereee
&

-+
u

X,rms [
(a) RMS of u.t,,.
?O ~
T T T T T H T T T T
1 S51 YILTT O N S51.Y1LTT O
S51 Y1 LW + : S51 Y1 LW +
Laufer(1954) ======= o2 L BB Laufer(1954) =======
Eggels(1994) ’ E 1 Eggels(1994)
Wu(2008) ==sseeee -& Wu(2008) ==seeee
— : ‘ 1 o 04 7@ ‘ ‘ .
x g BlE
= = [
- 06 V% .
¢
. E B 0.8 - H E
e | | | 1 G| | | |
15 2 2.5 3 3.5 0 0.5 1 15 2 25 3 3.5
v+ v+
U g,rms [ U™ ms ]
I+
(b) RMS of uf,,,..

(c) RMS of ;-
Figure 3.5.2: RMS of velocity fluctuations u',,,,, g, and u/f, in smooth tube S51 on
mesh Y1, compared with existing experiments/DNS data.

3.5.2 Energy spectrum and turbulent viscosity

At two points respectively at the tube center and 1/4 radius as indicated in Fig. 3.5.3, the

Y radius

—

kg ] T‘

+

Center
Figure 3.5.3: Tube center and 1/4 radius points.
Similar results are observed.

kinetic energy spectra in both cases S51_Y1_TT and S51_Y1_LW are plotted in Fig. 3.5.4.

tube S51 in Fig. 3.5.5. Case S51_Y1_TT shows stronger turbulent viscosity, correspondent
to the lower RMS of u/}

The turbulent viscosity v; fields are shown on the transverse plane (one pattern) of the
wrms 10 Fig. 3.5.2a.
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Figure 3.5.4: Kinetic energy spectrum in both cases S51_Y1_.TT and S51_Y1.LW at two
locations.
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Figure 3.5.5: Turbulent viscosity on the transverse plane in both cases S51_Y1_.TT and
S51_Y1 LW.

3.5.3 Boundary layer behavior

The boundary layer thickness d;, is here taken as the distance from the wall where the mean
axial velocity U, = 99%U,. The thickness normalized with the radius of tube &;,/R for
S51.Y1.TT is 0.206 (y* ~ 145) while for S51_Y1 LW is 0.25 (y* ~ 206), as expected, the
boundary layer is thicker when the turbulent flow is solved with the lower order LW scheme.
It is also observed in Fig. 3.5.6, plotting u™ (Eq. 2.1.32, normalized with the friction velocity
ur (3.22m/s), compared with the classical wall laws for turbulent channel flows, and the
DNS results of Eggels (1994) (pipe flow) [39]. Case S51_Y1.TT agrees well with the DNS
data, following the linear law in the viscous sublayer and deviating a little from the classical
log law after y* ~ 20, while S51_Y1_LW underpredicts ™ in the log law region.
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Figure 3.5.6: Wall flow in the smooth tube S51 on mesh Y1: WRLES results compared with
the law of the wall and the DNS results from Eggels (1994) [39].

Turbulence intensity

The RMS of velocity fluctuations normalized by u., ugrms, u/H,T‘ms and uf’;ms, are plotted
against yT in the boundary layer, compared with the DNS results from Wu & Moin (2008)
(DNS, Re=44000) [183] (data is provided only till y* < 100), as shown in Fig. 3.5.7. The
peak value and position for uf,,, . are close to the DNS results, and similar results are also

observed for the two other components. Note that the Reynolds number is different and may
be responsible for the discrepancy observed.

Friction factor

The simulated global friction factor for the S51 tube is found to be 0.0057 (S51_Y1.TT)
and 0.007 (S51_-Y1.LW), from Eq. 2.1.49, where the source term Sy4m,. was used to evaluate

the pressure loss. The values are very close to the value 0.0062 obtained from the empirical
correlation of Blasius [81] (Eq. 2.2.4) at Re=27000.

3.5.4 Conclusions

The flow in the smooth tube S51 simulated by WRLES with a full resolution of the wall flow
is found similar to existing theoretical/empirical/DNS results, especially in the boundary
layer, although some discrepancy is observed in the outer region. TTGC gives overall better
results and the numerical methodology (hybrid mesh Y1 with TTGC scheme) is validated
as a reference.

73



3.6. IMPACT OF THE MESH: SMOOTH TUBE

3.5 ! ! ! ! !
090 : ‘ ]
3Rt @ R
o5 Q : :
_ 2'5-;!3 IR O} ¥ @ |
+ b
=] .
15 - .
1 E b SBIYLTT . O A
) ‘ ‘ L SBLYLLW  +
; ; WU(2008) rreeeees
05 | | 1 1
20 40 60 80 100 120
+
y [
+
(a) uw,rms‘
35 T T T T T 35 T T T T
S51Y1TT O S51Y1TT O
sl SBLYLLW  + | albo.......SSLYILW + |
Wu(2008) ........ : : : Wu(2008) ........
E £
+F L5 e s ] S L5 R e
R ‘ ‘ ‘
| S 0 b e @ | i [N FESUUUPVIN NYSPUIS SO i
T © ‘ : : Q‘ ® o 65 o © © 6 ¢
T S 05'3 e
0 | | | | I O | | | | |
20 40 60 80 100 120 20 40 60 80 100 120
+ +
y [ y [
I+ 14
(b) u9,rms’ (C) ur,rms'
. . . . . /_;’_ /+ ,_;’_ .
Figure 3.5.7: RMS of velocity fluctuations normalized by w,, uy', ¢, Uglrms and w,l, o, in the

boundary layer of smooth tube S51 on mesh Y1, compared with DNS data from Wu & Moin
(2008) (DNS, Re=44000) [183].

3.6 Impact of the mesh: turbulent flow in smooth tube
S51 on tetrahedra coarse meshes Y10t

As the objective of this project is to finally resolve the industrial problem, it is important
to find the best trade-off between accuracy and computational cost. In fact, later in the
discussion on the results of the ribbed tube, it will be found that it is reasonable to use the
coarse mesh having y* ~ 10. For the reason of comparison, the mesh Y10 (y* ~ 10) is also
tested and compared to the results of the reference case for the smooth tube S51_Y1_TT.
The convergence times information of the cases on mesh Y10t is listed in Table. 3.6.1.

Case Te T, | Time step [s] | CPUs [s] | CPUh [h]
S51_Y10t_TT || 1660 | 1660 1.20x10°7 0.039 12484
S51_Y10t_ LW 830 | 1466 1.33x10°7 0.019 4207

Table 3.6.1: Convergence and CPU times of cases S51_Y10t_TT and S51_Y10t_LW.

Half less CPU cost is found with the coarse mesh Y10t than on refined mesh Y1.
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The imposed source term Syqpm,, the final bulk velocity and the Reynolds number are given
in Table. 3.6.2, compared to the reference case S51_Y1_TT.

Case Sgam[Pa/m] | Uy [m/s] | Re []
S51.Y1.TT (ref) 290 59.89 26938
S51_Y10t_TT 223 60.09 27031
S51_Y10t_LW 185 60.12 27042

Table 3.6.2: Operating conditions of the turbulent heated flow in smooth tube S51, using
mesh Y10t and the two numerical schemes TTGC and LW, compared to the reference case
S51_Y1.TT.

3.6.1 Velocity profiles

The mean axial velocity profiles of turbulent flow in smooth tube S51, on mesh Y1 and Y10t,
are plotted in Fig. 3.6.1. Very similar profiles are found in cases S51_Y10t_TT (U./U, = 1.22)

0 ! ! ! ! ! '

oof &

0.4 i o
T S51 Y1 TT |
= S51_Y10£TT Q | |
= ss1ylotlw [ | |
1 g 4 : ‘

0o 02 04 06 08 1 12 14
U /Uy [

Figure 3.6.1: Mean axial velocity profiles in smooth tube S51: the reference case S51_Y1_TT,
S51_Y10t_TT and S51_Y10t_LW.

and S51_Y10t_LW (U./U, = 1.21) compared to the reference case S51_Y1.TT (U./U, = 1.23).
The scheme TTGC better reproduces the profile than the scheme LW.

3.6.2 Energy spectrum and turbulent viscosity

The kinetic energy spectra at center and 1/4 radius in both cases S51_Y10t_TT and S51_Y10t_ LW
are plotted in Fig. 3.6.2, compared with the reference case S51_Y1_TT. Similar results are

observed.
The turbulent viscosity v; fields are shown on the transverse plane (one pattern) of the
tube S51 in Fig. 3.6.3. Similar results are found in both TTGC cases, stronger 14 than the

LW case is observed.
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Figure 3.6.2: Kinetic energy spectrum in both cases S51_Y10t_TT and S51_Y10t_LW at two
locations, compared to the reference case S51_Y1_TT.
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Figure 3.6.3: Turbulent viscosity on the transverse plane in cases S51_Y1_TT, S51_Y10t_TT
and S5H1_Y10t_LW.

3.6.3 Boundary layer behavior

The thickness of the boundary layer (defined using U = 99%U,) normalized with the radius
of tube &;,/R is 0.2 and 0.11 for S51_Y10t_TT and S51_Y10t_LW respectively, compared to
0.206 for the reference case S51_Y1_TT. It is observed in Fig. 3.6.1 that the axial velocity
profile of case S51_Y10t_LW shows a sharp increase at around U/U, = 1, which explains the
thinner boundary layer. To better understand the near-wall flow, the dimensionless velocity
u™ is plotted against y* in Fig. 3.6.4. As expected, the coarser mesh can not well reproduce
the log law behavior, and the scheme LW has more deviation than the scheme TTGC on
mesh Y10t, compared to the reference case. On the contrary, both TTGC and LW on mesh
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Figure 3.6.4: Non-dimensional velocity profile for cases S51_Y10t_TT and S51_Y10t_LW,
compared to SH1_Y1.TT.

Y10t well predict the linear region of the wall flow.

Turbulence intensity

I+ I+ 14
T,rms’ u@,rms and Up rms> are plOtted

The RMS of velocity fluctuations normalized by u,, u
against y* in the boundary layer, as shown in Fig. 3.6.5, comparing the results on coarse
mesh Y10t and refined mesh Y1. Both TTCG and LW on mesh Y10t over-predict u’,

T,rms?

by errors up to 17% and 40% respectively, while they under-predict ugﬁ,ms and wuf,,., with

deviation up to 14% and 30% respectively. In addition, the positions of the peaks move
toward the center of tube on the mesh Y10t.

Friction factor

Finally, the global friction factor of the turbulent pipe flow is obtained equal to 0.0044 and
0.0036 for S51_Y10t_TT and S51_Y10t_LW on coarse mesh, i.e., is under-predicted by 23%
and 37% compared to value 0.0057 obtained in the reference case S51_Y1_TT.

3.6.4 Conclusions

Tests for the simulation of the turbulent flow in the smooth tube S51 on the coarser mesh
Y10t are conducted in this section. Neither the numerical scheme TTGC nor LW can
well predict the flow, as expected. However, case S51_Y10t_TT shows better results than
S51_Y10t_LW, with an error up to 23% compared to the reference case S51_Y1_TT, in terms
of mean axial velocity, RMS of velocity fluctuations and global friction. Considering the best
trade-off between accuracy and computational cost, the mesh Y10t is acceptable for further
industrial applications to conduct the simulation of turbulent flow in the smooth tube S51,
in order to compare with the results obtained in the ribbed tube R51.
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Figure 3.6.5: RMS of velocity fluctuations normalized by w,, uy', e, Uglrms and wl, o, in the

boundary layer of smooth tube S51 on mesh Y10t, compared to S51_Y1_TT.

3.7 WRLES of turbulent flow in ribbed tube R51: the
reference case with mesh Y1 and TTGC scheme

The same numerical methodology as in the section 3.5 is now used to study the dynamics
and wall flow in the ribbed tube R51. This section gives a first view of the results, and
details are given in the next sections, in particular the comparison with the results in the
smooth tube S51_Y1_TT. The convergence/averaging times and CPU cost of the ribbed tube
case RH1_Y1.TT are listed in Table. 3.7.1.

Case Te | To | Time step [s] | CPUs [s] | CPUh [h]
RALYLTT || 381 | 386 2.27x1078 0.193 83 838

Table 3.7.1: Convergence/averaging times and CPU cost of case R51_Y1.TT.

The effective operating point is given in Table. 3.7.2. As for the smooth case S51, the
value of the source term Syq,, is adjusted manually to obtain a Reynolds number around
27000, and is found to be 1830 Pa/m.
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Case Sqam [Pa/m] | Uy [m/s] | Re [-]
R51.Y1ITT 1830 59.97 26974.2

Table 3.7.2: Operating point for the ribbed tube case R51_Y1.TT.

3.7.1 Q-criterion

Figure 3.7.1 shows a snapshot of a Q-criterion iso-surface in one periodic pattern, colored

X-velocity direction (-)

-
1 :illustration zone

z

Figure 3.7.1: Turbulent flow in the ribbed tube R51_Y1_TT: instantaneous Q-criterion iso-
surface, colored by axial velocity. Black corresponds to recirculating flow.

by the axial velocity component?. As expected, the flow appears highly turbulent with
elongated vortical structures in the wall region. Recirculating flow is visible downstream the
ribs and the turbulence intensity seems slightly higher behind the ribs.

3.7.2 Mean velocity

Both transverse and axial cut planes are used to illustrate the fields of various mean quan-
tities, as indicated in Fig. 3.7.2. For the axial cut plane, only half of the computational
domain is illustrated due to symmetry.

The mean fields are helically axisymmetric, so they are independent of the axial position
by rotating in the same way as the helical ribs, as illustrated on Fig. 3.7.3, showing the
mean axial velocity fields normalized by the bulk velocity U, in transverse planes at three
positions A, B and C along the tube. Only the transverse cut plane at position A will be
used in following.

The mean axial velocity field normalized by bulk velocity U, is presented on Fig. 3.7.4, in
both transverse and axial cut planes. A persistent recirculation zone is observed close to the
wall, starting just behind the rib. With the the zero axial velocity contours marked with a

2Flow in the tube is from left to right, and the same for all figures.
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(a) Transverse cut plane. (b) Axial cut plane with two patterns.

Figure 3.7.2: Transverse and axial cut planes in ribbed tube R51.
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Figure 3.7.3: Mean axial velocity fields normalized by U, in transverse planes at three
positions in ribbed tube R51.

white line, a small upstream recirculation zone and a longer recirculation zone downstream
the rib are shown. The latter starts at the top of the rib and extends downstream over a dis-
tance of 4-5e, in good agreement with the existing results from literature [108] (section 2.3.1)
on ribbed walls having 10 < p/e < 20. This confirms the strongly separated character of the
wall flow, with a direct impact on the wall friction, and leading to a thicker boundary layer
between ribs. In addition, the flow accelerates on the top of the rib, resulting in a locally
thinner boundary layer in this zone.

Another remarkable feature of this flow is the rotating motion, illustrated by the az-
imuthal velocity Uy = (U, z — U, y)/R (where y and z are the cartesian coordinates on
the axial cut plane), normalized by U, in Fig. 3.7.5. The rib geometry creates a non-zero
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Figure 3.7.4: Mean axial velocity field normalized by U, in the ribbed tube case R51_Y1_TT.
The white lines mark zero axial velocity and the 99% of bulk velocity. Left: transverse cut;
Right: half of axial cut, repeated on two periodic patterns.

center line

Figure 3.7.5: Mean azimuthal velocity field normalized by U, in the ribbed tube case
RS1_Y1_TT. Left: transverse cut. Right: half of axial cut.

azimuthal velocity developing mostly between the ribs, and this rotating motion helps the
flow to keep helical axisymmetry and contributes to the pressure loss as it extracts energy
from the imposed pressure gradient. Moreover, two wakes appear downstream the rib: one is
attached to the top of the rib,; the other appears behind the rib, due to the enhancement of
the recirculation zone by the rotation motion, and where a maximum value of the azimuthal
velocity is observed. The azimuthal velocity naturally decreases gradually from the wall
region to the center of the tube.

A more quantitative insight on the effect of the ribs on the wall flow is given in Fig. 3.7.6,
where the mean axial and azimuthal profiles (normalized by U,) are plotted at a series of
locations along the ribbed tube. The radial distance from the centerline r is normalized
with the radius of tubes R, and the the axial distance from the rib top is normalized by the
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Figure 3.7.6: Mean axial and azimuthal velocity profiles normalized by U,, at various loca-
tions along the ribbed tube case R51_Y1_TT.

rib height e, as introduced in section 2.3.3 (Fig. 2.3.3). 12 locations are investigated from
-le to 10e. The scale of the velocity is indicated on top of the figures for location -1e, and
is the same for all locations. Due to the presence of ribs, the velocity profiles vary a lot
at the different locations, nevertheless, as explained in Fig. 3.7.3, the velocity profiles stay
helically axisymmetric. The shape of the profiles differ mainly in the near-wall region, while
both axial and azimuthal velocity components stay unchanged on the central axis, being
respectively U, /U, ~ 1.45 and Uy /U, = 0. This confirms the limited blocking effect of the
small-size ribs, whose impact stays mostly confined to the wall region. The axial velocity
shows important deviations from a smooth tube wall flow due to both the acceleration on
the rib top and the recirculation zones. The length of the downstream recirculation zone
is observed clearly between 4-5e. The peak values of the azimuthal velocity (normalized by
Up) vary from 0.25 to 0.45, and stays almost at the same distance from wall. A second peak
is observed at location le to 4e, corresponding to the downstream recirculation zone.
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3.7.3 RMS of velocity fluctuations

Finally the impact of the ribs on turbulence may be viewed from Fig. 3.7.7 showing the RMS

of the axial fluctuating velocity .., normalized by U,. There is a clear trace of the rib, with
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Figure 3.7.7: RMS of the axial fluctuating velocity field «/, . normalized by U, in the ribbed

rms

tube case R51_Y1.TT. Left: transverse cut. Right: half of axial cut.

turbulence production in the separation induced shear layer. The inter-rib distance is too
large in this case to observe interaction between the turbulent wakes of two successive ribs
and there seems to be no cumulative effect in the axial direction. This is consistent with the
observation that the simulation seems insensitive to the number of rib patterns involved. The
zone of maximum turbulence intensity is maintained at a fixed wall distance corresponding
to the rib top, which is therefore an important geometrical feature to maximize mixing and
enhance heating in the final application.

3.7.4 Pressure variation

As mentioned in section 2.5.3, unlike in the periodic smooth tube, pressure in the ribbed
tube varies a lot along the tube. The coefficient C,, (defined in Eq. 2.5.1) can be used as
a normalized pressure to illustrate the pressure variation. The pressure in the downstream
corner of the rib is taken as the reference P,y in Eq. 2.5.1, so that by definition C,, is always
equal to zero at this location. The mean field of C), is shown on Fig. 3.7.8 in the transverse
and axial cut planes. Although the pressure increases in front of the rib and decreases behind
in the viscous region, it stays undisturbed in the outer flow. These pressure variations are
clearly correlated to the upstream and downstream recirculation zones and play a key role
in the global pressure loss.
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Figure 3.7.8: Mean pressure coefficient fields in the ribbed tube case R51_Y1_TT. Left:
transverse cut. Right: axial cut.

3.8 Impact of ribs: comparison between the ribbed
tube R51 and smooth tube S51

3.8.1 Boundary layer thickness

Two cases both with mesh Y1 and TTGC scheme are compared to analyze the difference
between the ribbed tube R51 and smooth tube S51, i.e., R51_Y1_TT and S51_Y1_TT. Five
locations are taken from the ribbed tube R51 for further comparisons with S51, which are
respectively on the upstream corner (-1le), the top (0e), the downstream corner (1le) of ribs,
in the downstream recirculation zone (3e), and out of the recalculation zone (7e) (index
referred to Fig. 3.7.6). The boundary layer thickness d;, (where U, = 99%U,) at these
locations normalized by the pipe radius R are given in Table. 3.8.1, and compared to S51.

Locations in R51
-le Oe le 3e Te 851
din/R ][ 0.232 ] 0.137 | 0.201 | 0.202 | 0.235 | 0.206

Table 3.8.1: Boundary layer thickness at different locations in ribbed tube R51, compared
to the smooth tube S51.

Note that at the location Oe, the distance is measured from the top of the rib. It agrees
well with what was shown by the iso-contour of U, = 99%U, in Fig. 3.7.4, the boundary
layer thickness in the downstream recirculation in R51 being very close to the value in S51.
Then it increases and becomes thicker than that in S51, and finally decreases when the flow
accelerates on the top of the ribs, leading there to a thinner boundary layer than in S51.

The global 7, , (see Appendix B) in tubes obtained using Eq. 2.1.48 (using the value
of the imposed source term as the pressure loss) is preferred to define the global friction
velocity u,,. With this notion, the dimensionless boundary layer thickness 8;, = (u,0y,)/v
at the five locations in the ribbed tube case R51_Y1_TT are rewritten in Table. 3.8.2.
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Locations in R51
-le Oe le 3e Te 851
6 || 420 | 248 | 363 | 365 | 426 | 145

Table 3.8.2: Dimensionless boundary thickness at different locations in ribbed tube R51,
compared to the smooth tube S51.

Note that §; at the location Oe is larger than in the smooth tube S51, due to the high global
friction velocity in the ribbed tube R51.

3.8.2 Velocity profiles

Using the global wall shear stress 7, , (obtained from 7, ; = Sy4,D/4 using Eq. 2.1.48, refer
to Appendix B), the dimensionless velocity u™ = u/u, , (where u, , = 8.04m/s, compared to
3.22m/s in the smooth tube case S51_Y1_TT) is plotted against y* = (u,4y)/v in Fig. 3.8.1.
A similar behavior of u™ is found at the five locations for y* > 400, i.e., in the outer region,

25 R B R51 loc -1e —e—
R51 loc 0g —%—
20 - R51 loc 1e —»—
R51 loc 3¢ —®—
R51 loc 3¢ ——
15 b S51 Y1.TT O
> 10 .
=}
5 -
0 -
0.1 1 10 100 1000 10000

Figure 3.8.1: u™ (normalized by global u.,) vs y* at five locations in the ribbed tube R51,
compared to results in the smooth tube S51.

with the same shift Aut ~ 13 compared to the smooth tube S51. This observation agrees
well with the observations in [95,112] (as mentioned in section 2.3.3). On the contrary, in
the log law region of the boundary layer 50 < y* < 400, only the locations -le and 7e are
similar, keeping the shift Au™ ~ 13 with S51, while the profiles vary a lot at other locations,
due to the impact of the rib, e.g., the downstream recirculation zone leading to the negative
value at location 3e.

3.8.3 Turbulence intensity

The value of u, averaged over the surface, equal to 1.62m/s, is now used to non-dimensionalize
velocity fluctuations in the boundary layer, plotted in Fig. 3.8.2 for case R51_Y1_TT and
compared to the results in the smooth tube case S51_Y1_TT.

First, in a general view, the velocity fluctuations are all stronger in R51 than in S51 (re-
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Figure 3.8.2: RMS of velocity fluctuations normalized by surface averaged wu,: u

spectively 3, 6 and 6 times higher for u/} u’;;nms and u/ ), and differ at the five different

T,rms? r,rms

locations, especially for v/ and uy, _, as the axial and azimuthal motions are dominant.

T,rms
Second, unlike in the smooth tube, where only the axial motion is dominant, the intensities
of both u},,,, and u,,, in helically ribbed tube R51 are at the same level (peak values at

around 10), twice higher than u}

Third, for u}f,,,., peak locations shift toward the tube center in R51 compared to S51, due
to the thicker boundary layer, and two peaks are observed at location Oe (on top of the rib)
and 3e (in the downstream recirculation zone). Moreover, almost the same profile is found
at location -1e and le (the two corners of the rib) in R51, while the profile shape at location
7e is very similar (but with higher value) to the one in S51, and the profile at location 3e is

intermediate between the profiles at locations Oe and 7e;

I+
6,rms>»

Finally, for u the largest peak value is observed at location -1e in R51, where the rota-
tion motion starts to develop, while the second largest peak value is at location Oe (rib top).
Similar behaviors are observed at location 3e and 7e.

The RMS of velocity fluctuations normalized with the bulk velocity are also plotted
against /R in Fig. 3.8.3 for cases R51_Y1_.TT and S51_Y1.TT.

To summarize, the turbulence intensity is significantly increased in the helically ribbed
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Figure 3.8.3: RMS of velocity fluctuations normalized by U, in the ribbed tube R51 at 5
locations, compared to smooth tube S51.

tube RbH1, compared to the smooth tube S51, and the rotation motion becomes also as
dominant as the streamwise flow in R51.

3.8.4 Energy spectrum and turbulent viscosity

The kinetic energy spectra at center and 1/4 radius in both tubes S51 and R51 are plotted
in Fig. 3.8.4. At 1/4 radius, the spectra in case R51_Y1_TT are plotted at 3 locations and
similar results are found. The -5/3 slope is always observed, but more energy is found in the
highest frequency range in R51.

The turbulent viscosity v; fields are shown on the transverse plane (one pattern) of the
tubes S51 and R51 in Fig. 3.8.5. Consistently with the higher fluctuation levels and smaller
turbulence scales in the ribbed tube R51, globally stronger value is observed in the smooth
tube while the turbulent viscosity close to the wall is zero in both tubes.
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Figure 3.8.4: Kinetic energy spectrum in both tubes S51 and R51: cases S51_Y1_T'T and
R51_Y1.TT.

3.8.5 Pressure drag and friction drag

The global friction factor (Eq. 2.1.49) in the ribbed tube R51 is equal to 0.0356, i.e., much
higher than all measured values for a Reynolds number of 27000 in Fig. 2.4.7, replotted here
in Fig. 3.8.6. Compared to 0.0057 in the smooth tube, it shows an increased global friction
factor of 524%.

To better understand the global friction factor, the momentum equation of steady flow
in a tube with periodic configuration is considered:

—

d . .
por = —VP+V T+ F, (3.8.1)

where the volume force is related to the imposed source term Sy, in Eq. 3.3.3. From this
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Figure 3.8.5:  Turbulent viscosity on the transverse plane in cases S51_Y1.TT and
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Figure 3.8.6: Friction factors versus Reynolds number in ribbed tube R51 and smooth tube
S51, compared to published experimental works.

equation, a balance equation is written for the axial momentum:

PngdS+ ¢ #(@)dS + [ SpamadV (3.8.2)
- fraas+ |

pressure drag friction drag  total imposed force

where n, is the axial component of the wall-normal vector and 7(x) is the axial component
of the stress vector (see Appendix B).

In a smooth periodic tube pressure drag is zero because the pressure keeps spatially
constant. The imposed force generated by the source term Syq4, is totally balanced by the
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friction drag. On contrary, as mentioned in section 3.7.4, pressure variation is observed in
the ribbed tube R51. With the definition of the local pressure coefficient C, (Eq. 2.5.1) over
the wall and of the local skin-friction coefficient Cy (Eq. 2.3.1), Eq. 3.8.2 can be rewritten
as:

1

total drag total imposed force

The evolution of C), and C; along the wall surface in both ribbed (R51_-Y1_TT) and
smooth (S51_Y1_TT) tubes are illustrated in Figs. 3.8.7 and 3.8.8.
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Figure 3.8.7: Evolution of the pressure coefficient C,, along the wall surface in both ribbed
(R51-Y1.TT) and smooth (S51_Y1_T'T) tubes.

As done in section 3.7.4, the pressure in the downstream corner of the rib is taken as the
reference P, in Eq. 2.5.1, so that C,, is zero at this location. Local data P and 7(x) are taken
at the first node above the wall of the time-averaged solution of ribbed tube R51_Y1_TT.
As there is no pressure gradient in axial direction, C, in the smooth tube S51 is zero. On
the contrary, the local pressure coefficient C), in the ribbed tube R51 gradually increases
from the downstream location 2e until the location around 10.6e (the upstream corner of the
next rib), where a recirculation zone is observed, reaching a maximum value of around 0.58,
then decreases on windward of the rib till the top of the rib where is located the minimum
value. After small perturbations on leeward of the rib, C, remains almost constant in the
downstream corner region from le to 2e. This qualitatively agrees well with the distribution
of local pressure coefficient over the surface in a ribbed tube observed by Vijiapurapu & Cui
(2007) [150]. Note however that the contribution of pressure Cypn, in Eq. (3.8.3) is non-zero
only on the rib surface, where 77 has a non-zero axial component.

The local wall shear stress (related to the local friction coefficient C) in the ribbed
tube R51 exhibits a strong peak just before the rib top, with a maximum of C; = 0.0375
(7, - @ = 27 Pa), about 8 times higher than in the smooth tube S51 (Fig. 3.8.8). Cj is
around zero between le to 2e (the downstream corner region of the rib of a length e), where
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Figure 3.8.8: Evolution of the skin friction coefficient C; along the wall surface in both
ribbed (R51_Y1_TT) and smooth (S51_Y1.TT) tubes.

flow separation occurs, then becomes negative in the recirculation zones between le to 4e
(downstream of the rib) and 10e to 1le (upstream of the next rib). Between the ribs the
wall shear stress is always below the smooth tube value, due to the effect of the separation
and reattachment. This also is in good qualitative agreement with the distribution of local
friction factor over ribbed wall observed by Lee et al. (2008) [97]. Note that the maximum
value of C), is about 20 times higher than the maximum value of C}.

Table 3.8.3 gives the results of the axial momentum balance in both ribbed (R51-Y1.TT)
and smooth (S51_Y1_TT) tubes. In this table, the total drag is the sum of pressure and fric-
tion drag in Eq. 3.8.2. The calculated drag components and imposed force are all normalized
by pUZL?, where L = p is the tube length. Results are also expressed in terms of percentage
of the total imposed force in the smooth tube S51_Y1_TT, taken as a reference.

Pressure drag

Friction drag

Total drag

Total imposed force

R51

1.28x10~1 (609.5%)

5.37x1073 (25.5%)

1.33x 10T (635%)

1.30x 10T (619%)

S51

0 (0%)

2.1x1072 (100%)

2.1x1072 (100%)

2.1x1072 (100%)

Table 3.8.3: Axial momentum equation balance in both ribbed (R51-Y1_TT) and smooth
(S51-Y1.TT) tubes.

The increased total drag and the imposed force in R51 agree with the increase of global
friction factor compared to S51. Not surprisingly the total axial drag in the ribbed tube is
mainly due to the pressure drag created by the ribs: the flow separation induced by the ribs
results in a contribution as high as 96% of the total drag through its pressure contribution.
Consistently the friction force is reduced in comparison to the smooth case S51, as significant
portions of the flow are detached.

Flow separation and its effects regarding the total drag provide some guidance to setup
simulations of the same configuration at a reduced cost: (i) The flow separation is a critical

91



3.9. COMPARISON BETWEEN TWO LES CODES

feature that requires significant resolution to be accurately represented. Strongly under-
resolved mesh in the vicinity of the wall would poorly capture this feature and lead to
inaccurate results regarding the total drag estimation. (ii) This test case is a good candidate
for roughness-type modeling of wall flows in which an empirical sink term is added to the
momentum equation, accounting for the local pressure loss created by the rib. This kind of
modeling can potentially generate significant savings, especially regarding mesh generation
as the computation would be carried out in a smooth tube, the pressure jump produced by
the rib being fully modeled. The model should help recovering the correct swirl properties
of the flow field by providing the correct torque. However, questions arise regarding the
turbulence intensity generated by the rib wake. Such modeling approach should be tested
in further studies, but was not investigated in the present work.

3.9 Comparison of WRLES of turbulent flow in ribbed
tube R51 between the LES codes AVBP and CharLes*

In this section, the objective is to compare the results in the tube R51 obtained in AVBP
with another high-fidelity LES code, CharLes¥, as there is no experimental data available
yet. The simulations and post-processing using CharLes® were conducted by Dr. Julien
Bodart! and his student Emmanuel Tabeko!.

3.9.1 Description of the CharLes” solver, grid and operating points

Description of the CharLes* solver

CharLes™ is a high-fidelity unstructured compressible flow solver for LES, developed by
CTR (Center for Turbulence Research) at Stanford University and ISAE/DAEP, ENSICA.
It solves the spatially-filtered compressible N-S equations, using a finite volume formulation,
control-volume based discretization on unstructured hexahedral meshes [184,185]. The back-
ground scheme is only non-dissipative for perfectly regular grids, but adds a small amount
of numerical dissipation on irregular grids to aid the robustness [186]. Two sub-grid scale
modeling options are available in the code: the dynamic Smagorinsky model [187-189] and
a dynamic version of the Vreman model [190,191]. A mole detailed description of CharLes*
can be found in Khalighi et al. (2011) [184].

Structured mesh for code CharLes*

The LES code CharLes™ requires a full hexahedra structured mesh, which turned to be quite
difficult to generate. To generate the mesh with hexahedra in the ribbed tube R51, the rib
geometry had to be slightly modified (Fig. 3.9.1) due to different CAD treatment, as well as
the inlet and outlet of the periodic domain (Fig. 3.9.2). While the rib have the same shape,
their orientation is different. This may impact the wall flow structure close to the rib and
should be kept in mind for further comparison of the two codes.

Fig. 3.9.2 displays the grid used in CharLes*. The mesh resolution also holds y* = 1

ISAE/DAEP, ENSICA, Toulouse France
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Figure 3.9.1: Difference in rib geometry in the configuration R51 for AVBP (A) and
CharLes® (B).

Figure 3.9.2: Mesh of ribbed tube for LES code CharLes®: y™ = 1 with hexahedra (by Dr.
Julien Bodart).

near the wall to compare with the mesh Y1 used in AVBP. The mesh contains 14 million
cells.

Operating points

The objective is to compare the case R51_.Y1_TT of AVBP with CharLes®. The effective
operating point simulated with CharLes® slightly differ from the one calculated with AVBP.
Table. 3.9.1 compares them.

Case Code Up [m/s Re w [kg/(ms)] | pp kg/m] | Ty [K] | P [Pa]
R51.Y1.TT AVBP 59.97 26974.2 | 4.10x107° 0.36 973 101 356.5
R51-Y1h CharLes* 54.09 28200 6.34x10° 1.3 290 110500

Table 3.9.1: Operating points for ribbed tubes cases: R51_Y1_TT using AVBP and R51_Y1h
using CharLesX.

The Reynolds number of the turbulent flow is close to 27000 in both simulations. The
differences in laminar viscosity i and mass density p are mainly due to the different flow
temperatures: case Rb1_Y1_TT with AVBP is run at 973 K as it is the typical temperature
of the cracking process, while case R51_Y1h using CharLes® uses an ambient temperature
290 K. This difference in bulk temperature (and bulk pressure) has however no impact on
the results, as all comparisons are conducted for the same non-dimensionless parameters,
related to the tube geometry and the Reynolds number.
The convergence time for CharLes® (noted R51_Y1h) are summarized in Table. 3.9.2:
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Case Code Te | Ta | Time step [s] | CPUs [s] | CPUh [h]
R51_Y1h || CharLes® | 3-4 | 8 1.15x1077 1368 10000

Table 3.9.2: Convergence and CPU times of case R51_Y1h using CharLes™.

3.9.2 Velocity

All the fields are compared in the half axial cut plane of the ribbed tube R51. In this
section, the illustration domain and the color scales of the AVBP results are adapted to
the ones used for the CharLes™ results. Fig. 3.9.3 shows the time-averaged fields of axial
velocity normalized by U,. The white arrow indicates the flow direction. The fields obtained

center line

AVBP | :> CharLes* |:>

Figure 3.9.3: Mean axial velocity fields normalized by U, in ribbed tube R51. Left:
R51_Y1_TT using AVBP; Right: R51_Y1h using CharLes*.

with the two codes are very similar, both of them showing the acceleration on rib top and
the recirculation zones upstream and downstream the rib, visualized with the zero-velocity
contours (white line). The length of the downstream recirculation zone simulated with
CharLes” is slightly shorter than in the AVBP case, equal to around 4e and 4.5¢ respectively.

The rotational motion induced by the helical ribs in the tube is analyzed looking at the
mean azimuthal velocity fields normalized by the bulk velocity Uy, shown in Fig. 3.9.4. The
same flow topology is recovered by AVBP and CharLes®. The difference between AVBP and
CharLes™ results lays in the strength of the rotational motion, which is about twice larger in
the AVBP simulation and has therefore a more important impact on the outer region. This
may explain the longer length of the downstream recirculation zone in the AVBP results.
This difference may be due to the different geometries and the difference between two codes,
and further analysis is needed.

For quantitative comparison, time-averaged profiles of axial (Fig. 3.9.5) and azimuthal
velocity (Fig. 3.9.6) (normalized by U,) are plotted along the tube at different locations of
the ribbed tube R51. Note that the data of CharLes® are provided only at 7 locations
(from -1e to 5e). A zoom near the wall (0.8 < r/R < 1) is given in the bottom of the figures.
Very similar axial velocity profiles are found between AVBP and CharLes®, even in the near
wall region, where good agreement is observed. However, the azimuthal velocity shows larger
differences, as already observed in Fig. 3.9.4. A stronger rotational motion is observed in
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Figure 3.9.4: Mean azimuthal velocity field normalized by U, in ribbed tube R51. Left:
R51_Y1_TT using AVBP; Right: R51_Y1h using CharLes*.
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Figure 3.9.5: Time-averaged axial velocity profiles (normalized by U,) in ribbed tube R51
with AVBP and CharLesX. A zoom on the boundary layer is shown in the bottom part of
the figure.

the AVBP simulation, which is almost twice larger than in the CharLes® simulation, and
the two peaks at location le appearing with AVBP are not present for CharLes® (as shown
in the profile at the bottom of Fig. 3.9.6).
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Figure 3.9.6: Time-averaged azimuthal velocity profiles normalized by U, in ribbed tube R51
with AVBP and CharLesX. A zoom on the boundary layer is shown in the bottom part of
the figure.

3.9.3 Axial fluctuating velocity

The impact of ribs on turbulence is illustrated by the RMS of axial fluctuating velocity u, .,

normalized by U, in Fig. 3.9.7. A clear trace of the rib is observed in both simulations:

center line

| CharLes*

I"|’>c1rms"lub ('}
0.0 01 0.2 0.28

| | | | | :[ J._.I: L1 1| |

Figure 3.9.7: RMS of axial fluctuating velocity fields normalized by U, in ribbed tube R51.
Left: R51_Y1_TT using AVBP; Right: R51_Y1h using CharLes™.

turbulence is generated in the wake of the rib top, then develops downstream and finally
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dissipates before the next rib in a very similar process. However stronger turbulence is
observed in the AVBP solution, especially in the outer region. The difference may be due to
more dissipative characteristics of code CharLes™.

3.9.4 Pressure variation and shear stress

Fig. 3.9.8 gives the comparison between AVBP and CharLes” in terms of pressure coefficient
C,. Both results show very similar distributions: the pressure increases in front of the rib and

center line

| Charles® | ety

Figure 3.9.8: C,, fields in ribbed tube R51. Left: R51_-Y1.TT using AVBP; Right: R51_-Y1h
using CharLes*.

decreases behind the rib, which is correlated to the upstream and downstream recirculation
zones, and a minimum value on the top of rib is observed. The pressure is undisturbed in
the outer flow, and the disturbed region has similar thickness in both simulations.

The global friction factor in ribbed tube R51 computed using CharLes™ is 0.034, very
close to the value 0.0356 obtained with AVBP. Note that the Reynolds number of case
R51_Y1h using CharLes® is slightly higher than the case R51_Y1_.TT with AVBP (see Ta-
ble. 3.9.1). It is therefore reasonable to have a weaker friction factor, according to the Blasius
correlation for turbulent pipe flow and the existing results on the flow in ribbed tubes, as
shown in Fig. 3.8.6. As in previous section, the pressure coefficient C, (Eq. 2.5.1) and the
local skin-friction coefficient C'y (Eq. 2.3.1) are plotted along the inner surface of the tube
R51, in Figs. 3.9.9 and 3.9.10.  Comparison between AVBP and CharLes® shows very
similar results on both quantities. Small differences on C, are observed in the zone Oe to
le, where the results of CharLes® are smoother, and in the region from 2e to 7e, where
CharLes® predicts a slightly higher C,. The peak value of C; obtained with CharLes® is
smaller than that obtained with AVBP, which may be due to the first node distance to the
wall y that is locally higher than 1 on the top of the rib in the mesh used with CharLes™,
as shown in Fig. 3.9.11.

Considering the axial momentum balance in Eqs. 3.8.2 and 3.8.3, Table 3.9.3 gives the
different terms (normalized by pU?L?) obtained with AVBP and CharLes™. Results are also
expressed in percentage of the imposed source term in the smooth tube as in Table 3.8.3.
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Figure 3.9.9: Evolution of the pressure coefficient C, along the wall surface for AVBP and
CharLesX simulations.
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Figure 3.9.10: Evolution of the skin friction coefficient C'y along the wall surface for AVBP
and CharLesX simulations.

Pressure drag Friction drag Total drag
AVBP 1.28x1071 (609.5%) | 5.37x1072 (25.5%) | 1.33x10~! (635%)
CharLes™ [[ 1.18x10~! (561.9%) | 4.73x1073 (22.5%) | 1.227x10~! (584.4%)

Table 3.9.3:
CharLes*.

Total imposed force
1.30x10~T (619%)
1.24x10~1 (590.5%)

Axial momentum balance in ribbed tube R51 computed using AVBP and
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Figure 3.9.11: Dimensionless distance y* of the closest node to the wall of the mesh used
in the CharLes* simulation.

Similar results are found in terms of pressure drag, friction drag and total imposed force.
Note that the smaller values in CharLes® simulations are related to the higher Reynolds
number. The difference is however small and the results are comparable.

3.9.5 Conclusions

The numerical simulations are validated by comparing two LES codes. Similar fields and
profiles of mean axial velocity, RMS of axial velocity fluctuation, pressure variation and
evolution of the pressure/friction coefficient are found. The main difference is observed for
the mean azimuthal velocity which is almost twice higher with AVBP. Further investigation
as the two-points correlation can be conducted to understand the differences.

3.10 Impact of the mesh

It is important to find the best trade-off between accuracy and computational cost for the
industrial applications. Considering the results of the previous sections, meshes with y*+ = 10
are interesting to evaluated: indeed most pressure loss and turbulence enhancement are
associated to phenomena of size ~ e, ie., y© ~ 50. Two meshes with y© = 10 have
therefore been used, Y10t with only tetrahedra (Fig. 3.2.2b) and Y10pt with prisms layers
at the wall (Fig. 3.2.2c). The numerical scheme TTGC is used and convergence time of case
R51_Y10t_TT and R51_Y10pt_TT are listed in Table. 3.10.1.

Case Te To | Time step [s] | CPUs [s] | CPUh [h]
R51-Y10t_TT 1659 | 481 6.22x10~8 0.045 19923
R51.Y10pt_TT 559 | 605 4.95x107% 0.052 15982

Table 3.10.1: Convergence and CPU times of cases R51_Y10t_TT and R51_Y10pt_TT.
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A significant reduction of the CPU cost by 3/4 of the reference case R51_Y1_TT is found.
The effective operating point obtained in the different cases are given in Table. 3.10.2.

Case Sqdm [Pa/m] | Uy [m/s] Re []
R51.Y1.TT 1830 59.97 26974.2
R51.Y10t_TT 1813 60.10 27032.08
R51_Y10pt_TT 1900 58.89 26 486.52

Table 3.10.2: Effective operating points of the ribbed tube simulations on different meshes.

All three cases are conducted under the same conditions, the imposed source term Sy,
being adjusted manually to obtain the Reynolds number around 27 000. The final deviation
of about 2% on Re is acceptable.

3.10.1 Velocity

Fig. 3.10.1 shows the time-averaged field of axial velocity normalized by U, for the three
meshes. The fields are very similar, especially between the reference case R51_Y1_T'T and

U Uy, ()
0.2 0.0 0.4 0.8 1.2 15
E—— —
R51_Y1_TT

mm—

R51_Y10t_TT RS1_Y10pt_TT

——> —

Figure 3.10.1: Time-averaged axial velocity fields normalized by U, in ribbed tube R51.
Upper: R51_Y1_TT; Bottom left: R51_Y10t_TT; Bottom right: R51_Y10tp_TT.

R51_Y10pt_TT, which are both using prism layers. First, similar boundary layers are indi-
cated by the white iso-contour of U, = 99%U,, while R51_Y10t_T'T gives a thinner boundary
layer between le to 2e, due to a stronger impact of the flow acceleration on top of the rib.
Second, the recirculation zones are still observed upstream and downstream of the rib, but
they are shorten in coarse meshes Y10t and Y10pt, because the near wall region is not as
well resolved as in the reference case R51 Y1 TT (y* = 1). It is also observed that the
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CHAPTER 3. LES OF NON-REACTING ISOTHERMAL FLOW

upstream recirculation zone is better predicted by R51_Y10pt_TT, while the downstream
recirculation zone of R51_Y10t_TT looks more similar to R51_Y1_TT.

The time-averaged fields of azimuthal velocity Uy normalized by U, shows the rotational
motion induced by the helical ribs. The same flow topology is observed for the three meshes
in Fig. 3.10.2. The wakes appearing in the rib region are well captured by all meshes. The

Uy/ Uy ()
0.2

0.0 0.1 0.3 0.4

R51_Y1_TT

R51_Y10t_TT R51_Y10pt_TT
)

Figure 3.10.2: Time-averaged azimuthal velocity fields normalized by U, in ribbed tube R51.
Upper: R51_Y1_TT; Bottom left: R51_Y10t_TT; Bottom right: R51_Y10pt_TT.

rotational motion is weaker in R51_Y10pt_TT, because the size of the prism elements of the
mesh Y10pt at the wall in the azimuthal direction is larger, around x ~ 30, compared to
x4 ~ 10 in meshes Y1 and Y10t, so that the smallest eddies in this direction may be not
solved correctly. On the contrary, results of R51_Y10pt_TT are in good agreement qualita-
tively and quantitatively with the reference case R51_Y1_T'T, with only little difference on
the wakes generated by the ribs.

Time-averaged profiles of axial and azimuthal velocity normalized by U, are now given
for quantitative comparison in Figs. 3.10.3 and 3.10.4,

in the same way as Fig. 3.9.5. All profiles are very similar among the three meshes.
In Fig. 3.10.3, the recirculation zone behind the rib disappears at a distance of around 4e
on all the three meshes, with a slightly shorten zone in the coarse meshes. However, in
Fig. 3.10.4, it is clear that R51_Y10t_TT reproduces better the profiles of Uy/U, obtained
with the reference case R51_Y1_TT, in particular, the two peaks observed at location le are
well reproduced, while the case R51_Y10tp_TT always underpredict the azimuthal velocity.

3.10.2 Impact of ribs on turbulence

The RMS of axial fluctuating velocity /. . normalized by U, in Fig. 3.10.5 illustrates the

ms
impact of ribs on turbulence for the three meshes. The similarity among the fields on the

101



3.10. IMPACT OF THE MESH

Normalized mean axial velocity U,/Uy, (-)

0.2

04

MR ()

0.6

0.8

0.8

MR ()
o
[(e]

-2 - 4 5 6 7 8
Distance from the rib’s top, normalized with e (-)
R51 Y10t TT @ R51 _Y10pt TT © |

| R51 Y1 TT

Figure 3.10.3: Time-averaged axial velocity profiles normalized by U, in ribbed tube R51
on the three meshes Y1, Y10t and Y10pt. A zoom on the boundary layer is shown in the
bottom part of the figure.

three meshes is again observed. Results of case R51_Y10t_TT show stronger turbulence in
the outer layer region than that of Y1, with a difference however less than 10%. On the
other hand, stronger turbulence is found on the top of ribs in case R51_Y10tp_TT.

3.10.3 Pressure variation and shear stress

The time-averaged fields of the pressure coefficient C,, (defined in Eq. 2.5.1) in Fig. 3.10.6
show qualitatively similar pressure variations on the meshes Y1, Y10t and Y10pt. In partic-
ular, good agreement in the viscous layers among the three solutions is observed. However,
some wiggles are found near the ribs in the case R51_Y10tp_T'T, especially on the region of
transition from prism elements to tetrahedra.

The evolutions of C, (Eq. 2.5.1) and C; (Eq. 2.3.1) on the inner surface of the tube
are plotted in Fig. 3.10.7 and 3.10.8 for the three meshes. Similar evolution of the pres-
sure coefficient C), is obtained, while discrepancies appear only around the rib top where
R51_Y10t_TT has a stronger peak. However, since it is only the integral of the pressure
variation on the wall (i.e., the total pressure drag) that contributes to the pressure loss,
deviations at a few locations will not affect the global performance, as will be seen later with
the momentum balance.

The friction coefficients are more different, which is expected, as the wall shear stress
is well resolved only when y* < 1. Lower peak values on the top of ribs and less negative
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Figure 3.10.4: Time-averaged azimuthal velocity profiles normalized by U, in ribbed tube
R51 on the three meshes Y1, Y10t and Y10pt. A zoom on the boundary layer is shown in
the bottom part of the figure.

Figure 3.10.5: RMS of axial fluctuating velocity fields normalized by U, in ribbed tube R51.
Upper: R51_Y1_TT; Bottom left: R51_Y10t_TT; Bottom right: R51_Y10tp_TT.
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Figure 3.10.6: Time-averaged pressure coefficient fields in ribbed tube R51. Upper:
R51_Y1.TT; Bottom left: R51_Y10t_TT; Bottom right: R51_Y10tp_TT.
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Figure 3.10.7: Evolution of the pressure coefficient C,, along the wall surface on the three
meshes Y1, Y10t and Y10pt.

values from 2e to 8e are observed for coarse mesh cases R51_Y10t_TT and R51_Y10pt_TT,
and the latter is in agreement with the shorter length of the recirculation zone. However it
was demonstrated that, in ribbed tubes, the wall friction is not the dominant contribution
to the total pressure loss, so that inaccuracy on this term has little impact on the final
estimation of the pressure loss in ribbed tubes.
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Figure 3.10.8: Evolution of the skin friction coefficient C'y along the wall surface on the
three meshes Y1, Y10t and Y10pt.

Considering finally the balance of axial momentum (Eqs. 3.8.2 and 3.8.3), Table 3.10.3
gives the different drag terms and the imposed force (all normalized by pUZL?) for the three
meshes.

Mesh Pressure drag Friction drag Total drag Total imposed force

Y1 1.28x10~1 (609.5%) | 5.37x1073 (25.5%) | 1.33x10~! (635%) 1.30x10~1 (619%)
Y10t 1.41x1071 (671.4%) | 7.32x1073 (34.9%) | 1.48x10~ 1 (706.3%) | 1.29x10~! (614.3%)
Y10pt || 1.91x10~1 (909.5%) | 1.03x1072 (49.0%) | 2.02x10~! (958.5%) | 1.37x10~! (652.4%)

Table 3.10.3: Axial momentum balance in ribbed tube R51 on the three meshes Y1, Y10t
and Y10pt, with numerical scheme TTGC.

Results are also expressed in percentage of the imposed source term in the smooth tube
S51_Y1_TT as in Table 3.8.3, for a direct comparison between the ribbed and smooth
tubes. More discrepancy between the total drag and the total imposed force is observed in
both cases R51_Y10t_TT and R51_Y10pt_TT. The difference on the pressure drag between
R51_Y10t_TT and the reference case R51_Y1_TT is only 10%, and on the total imposed force
is only 0.8%. However, larger difference appears in the results of R51_Y10pt_TT, with 50%
error on the pressure drag (this may due to the wiggles behavior on the pressure observed
in Fig. 3.10.6) and 5.4% error on the total imposed force.

3.10.4 Conclusions

The impact of mesh resolution on results of the ribbed tube R51 simulations is discussed by
comparing three meshes Y1, Y10t and Y10pt. Results show that the mesh Y10t reproduces
well the reference case Rb1_Y1_T'T and gives better results than mesh Y10pt in terms of the
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rotational motion and the momentum balance. As a consequence, the mesh Y10t can be
used for the study of ribbed tubes with a good accuracy and lower computational cost.

3.11 Impact of the numerical scheme

In this section, the results of the turbulent flow in the ribbed tube R51 solved with two
numerical schemes TTGC (TT) and LW are compared, with the two meshes Y1 and Y10t.
The convergence times of the two cases introduced here, R51_Y1_LW and R51_Y10t_LW, are
listed in Table. 3.11.1.

Case Te To | Time step [s] | CPUs [s] | CPUh [h]
R51Y1t LW 97 | 773 2.27x1078 0.0696 34317
R51_Y10t_.LW || 305 | 1246 6.21x10~8 0.022 7081

Table 3.11.1: Convergence and CPU times of cases R51_Y1_LW and R51_Y10t_LW.

Only about half of the CPUh is cost compared to correspondent case with TTGC as expected.
The effective operating points of these two cases using LW scheme are given in Ta-
ble. 3.11.2.

Case Sqdm [Pa/m] | Uy [m/s] Re [-]
R51.Y1.LW 2025 60.04 27003.43
R51_Y10t_LW 1900 60.20 27077.4

Table 3.11.2: Effective operating points of the turbulent flow in ribbed tube R51 with LW
scheme on meshes Y1 and Y10t.

As usual, the source term Syqy, is adjusted to maintain a Reynolds number around 27 000.
First insight in this table shows that Sg4, of case R51_-Y10t_LW is closer to previous ones
using the scheme TTGC (R51-Y1/Y10t/Y10pt_TT).

3.11.1 Velocity

Figs. 3.11.1 and 3.11.2 show the time-averaged field of the axial velocity U, and the azimuthal
velocity Uy, normalized by U,. As in previous discussions, the white curves indicate the zero-
velocity contours and the 99%U, contours to show the recirculation zones and the boundary
layer. The comparison among R51_Y1_TT, R51_Y10t_TT, R51_Y1_LW and R51_Y10t_ LW
shows very similar results, except the upstream recirculation zone no longer visible in the
R51_Y10t_LW case. Comparing the two schemes TTGC and LW, on the mesh Y1, i.e.,
R51_Y1_TT and R51_Y1_LW, thicker boundary layer is observed with LW, and perturbations
occur in the near wall region, while the recirculation zones appear similar. On the other hand,
for R51_Y10t_TT and R51_Y10t_LW on the coarse mesh, the same boundary layer thickness
is obtained, and slightly modified boundary layer on the top of ribs is observed with LW,
showing stronger effect of the flow acceleration there.
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Figure 3.11.1: Mean axial velocity fields normalized by U, in ribbed tube R51. Top

left: RH1_Y1.TT; Top right: R51_-Y10t_TT; Bottom left: R51_Y1_LW; Bottom right:
R51_Y10t_LW.

R51_Y1_TT R51_Y1_LW
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Figure 3.11.2: Mean azimuthal velocity fields normalized by U, in ribbed tube R51. Top
left: R5H1_Y1.TT; Top right: R51_Y10t_TT; Bottom left: R51_Y1_LW; Bottom right:
R51_-Y10t_LW.

In Fig. 3.11.2, the same flow topology is observed on the time-averaged fields of azimuthal
velocity, showing the rotational motion. Note that perturbations appear in the near wall
region of the case R51_Y1_LW, i.e., the numerical scheme LW performs better on the mesh
Y10t than on the hybrid mesh Y1. In addition, the field of R51_Y10t_LW looks more similar
to the reference case R51_Y1_TT, even more than R51_Y10t_TT.
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Figure 3.11.3: Mean axial velocity profiles normalized by U, in ribbed tube R51, using two
meshes and two numerical schemes. A zoom on the boundary layer is shown in the bottom
part of the figure.

The time-averaged profiles and the zoom in the near wall region of the axial (Fig. 3.11.3)
and azimuthal velocity (Fig. 3.11.4) are plotted for quantitative comparison, in the same way
as Figs. 3.9.5 and 3.9.6. Compared to the reference case R51_Y1_TT, the case R51_Y1_LW
shows higher axial velocity U,/Ub near the centerline 0.4 < r/R < 0, while R51_Y10t_LW
agrees better with the reference results, also in the near wall region. Similar to the results
on U, /Ub, Uy /Uy is also better predicted by R51_Y10t_-LW than R51_Y1_LW, and the zoom
on the near wall region shows that LW obtains better profiles, even better than TTGC on
the coarse tetrahedra mesh Y10t.

3.11.2 Impact of ribs on turbulence

In Fig. 3.11.5, both the numerical schemes TTGC and LW on mesh Y10t capture the similar
phenomena to the reference case R51_Y1_TT in terms of RMS of axial fluctuating velocity

!/

ul... (normalized by U,), and again perturbations are observed in case R51-Y1.LW.

3.11.3 Pressure variation and shear stress

Fig. 3.11.6 shows the time-averaged fields of the pressure coefficient C,, (Eq. 2.5.1). The case
R51_Y10t_LW is in better agreement with the reference case R51_Y1_TT, while R51_Y1_ LW
generates perturbations in the near wall region.

The evolution of the pressure coefficient C), and the skin-friction coefficient C'y (Eq. 2.3.1)
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Figure 3.11.4: Mean azimuthal velocity profiles normalized by U, in ribbed tube R51, using
two meshes and two numerical schemes. A zoom on the boundary layer is shown in the
bottom part of the figure.

Figure 3.11.5: RMS of axial fluctuating velocity fields normalized by U, in ribbed tube R51,
using two meshes and two numerical schemes.

on the inner surface are plotted in Fig. 3.10.7 and 3.11.8. R51_Y10t_LW shows a stronger
amplitude of C), on the rib top, which however does not affect much the total drag as the nor-
mal has a 0 component in the axial direction at this location, as explained in section 3.10.3.
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Time-averaged pressure variation fields in ribbed tube R51.
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Figure 3.11.7: Evolution of the pressure coefficient C), along the wall surface of ribbed tube
R51, using two meshes and two numerical schemes.

The friction coefficient C; (Fig. 3.11.8) depends significantly on y* at the wall, as already
seen in section 3.10.3. However, C} is less controlled by y* in the downstream recirculation
zone (from le to 5e), where R51_Y1_LW shows also differences with R51_Y1_T'T, maybe due
to the perturbations on hybrid mesh Y1.

Finally the balance of axial momentum (Egs. 3.8.2 and 3.8.3) is given in Table 3.11.3 in
the same manner as Table 3.8.3.
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Figure 3.11.8: Evolution of the skin friction coefficient C; along the wall surface of ribbed
tube R51, using two meshes and two numerical schemes.

R51 Pressure drag Friction drag Total drag Total imposed force
Y1I.TT 1.28x10~ 1 (609.5%) | 5.37x1072 (25.5%) | 1.33x10~! (635%) 1.30x10~" (619%)
Y1.LW 1.37x10~ ! (652.4% 8.6x1073 (41.0%) | 1.46x10~1 (693.4%) | 1.44x10~ "' (685.7%)
Y10t_TT || 1.41x107T (671.4%) | 7.32x10=3 (34.9%) | 1.48x10~T (706.3%) | 1.29x10~T (614.3%)
Y10t LW || 1.46x1071 (695.2%) | 6.32x1073 (30.1%) | 1.52x107! (725.3%) | 1.34x10~1 (638.1%)

NPl Nl Nasl Nl

Table 3.11.3: Axial momentum balance in ribbed tube R51, using two meshes and two
numerical schemes.

All cases demonstrate again that the pressure drag is the dominant contribution to the
total drag (so to the pressure loss), compensated with the imposed source term. The total
imposed source term in case R51_Y10t_LW shows 3% discrepancy and the pressure drag
is over-estimated by 14% compared to the reference case R51_Y1_TT. Note that, while
R51_Y1_LW has less error on the pressure drag, it is less accurate on friction probably due
to the combination of the numerical scheme LW with the hybrid mesh.

3.11.4 Conclusions

In comparison to the reference case R51_Y1_TT, though better results on mean velocity
profiles are observed in R51_Y10t_LW rather than R51_Y10t_TT, the pressure drag is over-
estimated and leads to more total imposed force, but the error stays acceptable. On the
refined mesh, perturbations are observed in the near wall region with LW, leading to worse
results. As a consequence, it is concluded that the scheme LW should be used only on full
tetrahedra meshes even with larger y™ ~ 10 at the wall, rather than on hybrid meshes with
a refined mesh at the wall y™ ~ 1.
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3.12 Conclusions

In this chapter, the non-reacting isothermal turbulent flow in both smooth (S51) and ribbed
(R51) tubes has been investigated with the LES code AVBP. The impact of the mesh and
the numerical scheme has been evaluated. The reference case of smooth tube S51_Y1.TT
has been validated against theoretical/empirical results, while the results of S51_Y1_LW
shows that the numerical scheme LW works not as well as TTGC. The methodology of using
periodic configuration with a computational domain L = p < D (where p corresponds to
the ribs pitch of ribbed tube R51, thus the length of one pattern), combined with a source
term Sy in the flow equations solved on a hybrid mesh having y* = 1 at the wall with the
numerical scheme TTGC, is found to give accurate results and is used to compute reference
solution.

For this reason, the Y1 mesh with TTGC scheme applied to ribbed tube R51 is also taken
as a reference case. Comparison of the results with different meshes and numerical schemes
on R51 show that mesh Y10t with scheme TTGC or LW can both well capture the dynamics
of the turbulent flow, allowing to reduce significantly the computational cost. Results show
that, contrary to the smooth tube where the pressure loss is mainly due to the friction drag,
in ribbed tubes the pressure drag is dominant, and can be well predicted on a coarse mesh
with y™ = 10 at the wall. As it is an effect of the pressure, the classical wall law does not
work and the WRLES will be used.

To validate further the simulations, the LES code CharLes® has been also applied to
the R51 geometry. The same flow topology in terms of mean axial velocity, axial velocity
fluctuation, pressure variation, etc, are observed, and similar results are obtained for the mo-
mentum balance. Discrepancy is however observed for the rotational motion, which requires
further investigation and analysis.
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4.1. NUMERICAL METHODOLOGY

As the tubes in the cracking furnace are heated from the outside through the wall, the
heat transfer efficiency is a key factor for the chemical process and the occurrence of coking
phenomena. In this chapter, the non-reacting heated flow in both smooth and ribbed tubes
is discussed. Similarly to the isothermal flow studied in the previous chapter, academic
configurations of periodic tubes are used. After discussing the numerical set-up, impact of
mesh resolution, and numerical scheme, results are analyzed and compared to show the effect
of ribs on heat transfer.

4.1 Numerical methodology

The fluid used in the heated case is the same as presented in Section 3.3.2, in terms of
composition (gaseous air), bulk temperature (973 K), pressure (latm) and bulk density
(0.036 kg/m3).

The geometries S51 and R51 for both smooth and ribbed tubes and meshes (S51_-Y1,
S51-Y10t, R51_Y1 and R51_Y10t, presented in Section 3.2) are exactly the same as in Chap-
ter 3. The simulations are performed with AVBP. The methodology to heat the tube is
described below.

4.1.1 Steady heated flow in a periodic tube

To establish a stationary regime of the flow heated from the wall in the periodic tube, where
the temperature at the wall T}, is higher than the bulk temperature T;, an additional source
term S, (of negative value) expressed in [W/m?] is added to the energy equation to maintain
the bulk temperature at a steady mean value. This source term S, is used to evacuate
the heat coming from the hot wall at a higher temperature: without this source term, the
temperature in the tube would keep increasing until reaching the wall temperature.

This source term comes in addition to Syqy,, presented earlier in the previous chapter, so
that the flow equations which are now solved are:

dp  O(pu;
" E% ) _ 0, (4.1.1)
- j 4.1.2
or " o, oz, T 0w, Sadmi (4.1.2)
DE dg; 0 0 _
PDr = om T %(Tijui) - %(pui) + 1ip — Se + UiSqdm,i (4.1.3)

Unlike the source term Syq,, which keeps a fixed value during the simulation, S, is adjusted
during the simulation, following the variation of bulk properties. At each time step, a new
value is computed as in Eq. 4.1.4 so that the bulk temperature 7}, tends to the target value
Téfarget:

Ttarget fV pUTdV
b, pudV
S, = Geonstant y jlarget citarget v (4.1.4)
) TS

e
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where [, puTdV/ [, pudV is the instantaneous bulk temperature in the computational do-
main, and 7g, is a relaxation time, typically set as (V/S)/(3y/7w/p). The quantities p,* 9"
and Cﬁf@j‘get are the target bulk density, and bulk heat capacity at constant volume, and
Seonstant jg an initial estimation of S.. When a balance between the source term S, and the
wall heat flux is established, S, reaches a constant value:

GuwS

= —— 4.1.
S, o (4.1.5)

expressing that heat ¢, S transferred from the wall to the fluid is subtracted from the volume

of fluid as S.V, and leading to a final bulk flow temperature T}, close to the T,* 9.

4.1.2 Numerical set-up

To evaluate the impact of the numerical scheme, both LW (second order) and TTGC (third
order) schemes are tested. The sub-grid scale model is WALE, as in the isothermal flow
simulations. The wall temperature is set at T;, = 1200, i.e., the wall is hot compared to the
fluid, and a constant heat flux ¢, establishes between the wall and the fluid. All the cases
presented in this chapter are listed in Table. 4.1.1, the first letter “H” referring to “Heated”.

Case Tube Mesh | Numerical scheme
HS51YLTT Yl
HS51_Y10t_TT Smooth Y10t rree
HS51_Y10t_ LW LW
HR51YLTT Yl
HR51_-Y10t_TT || Ribbed Y10t rree
HR51_-Y10t_LW LW

Table 4.1.1: Non-reacting heated flow in smooth (S51) and ribbed (R51) tubes.

4.2 WRLES of heated flow in the smooth tube S51 on
the hybrid refined mesh Y1

According to the results of the previous chapter, the case HS51_Y1_TT using TTGC on mesh
Y1 with fully resolved boundary layer is considered as a reference and presented here.
The convergence times of case HS51_Y1_TT is listed are Table. 4.2.1.

Case Te | To | Time step [s] | CPUs [s] | CPUh [h]
HS51_Y1.TT || 865 | 474 5.55x10~8 0.078 24054

Table 4.2.1: Convergence and CPU times of case HS51_Y1_TT.

The imposed source term Sygm, the Reynolds number, the bulk velocity, the bulk tem-
perature and the final value of S, are given in Table. 4.2.2.
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Case Sgam[Pa/m] | Uy [m/s] | Re [ | Se [W/m®] | ¢, W/m?] | T}, [K] | To [K]
S51_Y1_TT 290 59.89 26 938 - - 973.0 973.0
HS51_Y1.TT 290 60.67 | 27251 | 1439737.2 18574.8 | 975.02 | 1200.0

Table 4.2.2: Operating conditions of the turbulent heated flow in the smooth tube
HS51_Y1_TT, compared with the reference case of the isothermal flow S51_Y1_TT.

L | 1 L L
01 02 03 04 05 06
time [s]

Figure 4.2.1: Temporal evolution of S,V in heated smooth tube HS51_Y1_TT (solid line),
and the initial estimation S5V (dashed line).

Fig. 4.2.1 gives the temporal evolution of S,V (which subtract the heat ¢,,.S from the wall, as
explained in Eq. 4.1.5 and demonstrated with values in Table. 4.2.2) to show the convergence
history of the simulation of HS51_Y1_TT.

Note that in Table. 4.2.2, though the target bulk temperature in Eq. 4.1.4 is set to
be 973K for HS51_Y1_TT, the obtained bulk temperature differs slightly, and this can be
explained by the difference between the final value of S, and the initial estimation S5 ag
illustrated in Fig. 4.2.1. This however will have little impact as the results are analyzed with
dimensionless quantities. Not also that the same Syq, in both cases leads to different Re
and Uy, due to the impact of the non-isothermal flow on the skin friction. This is discussed
in the following section.

4.2.1 Flow dynamics

Velocity

Fig. 4.2.2 shows the profile of the mean axial velocity U, normalized by the bulk velocity
U, in the smooth tube HS51_Y1.TT, compared to the isothermal flow S51_Y1_TT. The
same profile is observed for both heated and isothermal case, thus a similar boundary layer

thickness dy,/R (0.191 for HS51_Y1_TT compared to 0.206 for S51_Y1_TT) is found (with
the definition U = 99%Ub). The difference of temperature close to the wall is not sufficient
to change the flow dynamics.

Boundary layer

Fig. 4.2.3 plots the dimensionless velocity u™ in function of y* for both cases. Again, very
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Figure 4.2.2: Profile of the mean axial velocity U, normalized by the bulk velocity U, of the
heated flow in the smooth tube HS51_Y1_TT, compared to the isothermal flow S51_Y1_TT.
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Figure 4.2.3: Law of the wall of the heated flow in the smooth tube HS51_Y1_TT, compared
to the isothermal flow S51_Y1_TT.

good agreement is found between the two cases.

RMS of the velocity fluctuations w,.,., tgh,, and ¥, in the boundary layer are plotted
against y in Fig. 4.2.4. The scale of the three figures is the same to allow a direct comparison.
Same results are observed between HS51_Y1_TT and S51_Y1_TT, demonstrating again that

the heated flow behaves the same as the isothermal flow in the boundary layer.

Friction factor

The friction factor of the heated flow in the smooth tube (HS51_Y1_TT) is found to be
0.00556 from the source term Syqn, as the value of the pressure loss, compared to 0.0057 of
isothermal flow (S51_Y1_TT). This difference on f, is due to the slight difference on 7} (thus
py) and Uy,. The flow heated from the wall has variable properties as the temperature gradient
leads to a variation of the mass density etc in the flow. As mentioned in Section 2.2.3, the
correlation on the friction factor for this kind of flow can be made by multiplying (T,/73)%?,
as proposed by Kays [75], which is the most widely used, and leads to a value of 0.0057,
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Figure 4.2.4: RMS of velocity fluctuations normalized by u,, thus u;’,,.., ug'.,s and w

in the boundary layer of the heated flow (HS51_Y1_TT), together with the isothermal flow
(S51_Y1.TT), in smooth tube S51 on mesh Y1.

the same as for the isothermal flow S51_Y1_TT. In fact, in the current case, the difference
between the wall temperature and the bulk temperature is not too large (about 20%), thus
the temperature gradient is not too sharp, the impact of the variable properties is relatively
small.

4.2.2 Thermal behavior

Temperature profile

The time-averaged profile of the non-dimensional temperature © defined in Eq. 2.1.26 is
plotted in Fig. 4.2.5, together with the dimensionless velocity U, /U, profile. The value at
the center line is around 1.2 and a profile similar to the velocity profile is observed.

Thermal boundary layer

The thermal boundary layer thickness dr is here defined as the distance from the wall where
the temperature T verifies T,, — T = 99%(T,, — T3). It is found to be 0.281R for the reference
case HS51_Y1.TT, i.e., thicker than the velocity boundary layer thickness 0.191R. The
temperature in the thermal boundary layer can be also investigated by plotting © against
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Figure 4.2.5: Time-averaged non-dimensional temperature © profile (circles), compared to
the dimensionless velocity U, /U, profile (solid line): case HS51_Y1.TT.

yT, as shown in Fig. 4.2.6. Theoretical /empirical laws of the wall for temperature in the
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Figure 4.2.6: Non-dimensional temperature profile ©F vs y* for case HS51_Y1_TT.

linear region (Eq. 2.1.37) and in the log law region are also reported. In the log law region,
the proposition by Redjem-Saad et al. (2007) [43] and Kays [75] are used (using ke = 0.34
in Eq. 2.1.38 as the the Prandtl number in current work is equal to 0.71). Both linear and
logarithmic behaviors are well reproduced, and a closer agreement is found with the law of

Redjem-Saad et al. (2007).
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Temperature fluctuation

It . is plotted against y* in Fig. 4.2.7,
The peak is located around y* = 30 and is equal to 2.5, compared to the DNS results

The dimensionless RMS of temperature fluctuation O
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Figure 4.2.7: Dimensionless RMS of temperature fluctuation ©’F _of the heated flow in case
HS51_Y1.TT.

of turbulent pipe flow with fixed wall temperature reported by Redjem et al. (2007) with
yT (peak) = 20 and ©7F (peak) = 1.5 in Fig. 2.1.9. Note that the Reynolds number in their

ms

case is only 5500, much lower than 27 000 in the present work.

Nusselt number

In smooth tubes, the Nusselt number is uniform along the wall and equal to the mean value.
It is calculated here to be Nu = 72.4 from Eq. 2.1.55. Using the correlation for variable
properties of Eq. 2.2.16, the correlated Nusselt number Nu,,,.. is equal to 76.2. Using the
empirical formula of Dittus-Boelter (Eq. 2.2.11 for heating) leads to 74.3. The Dittus-
Boelter approximation directly holds for small fluid/solid temperature differences, and can
be compared directly to the non-corrected Nu = 72.4 showing a very good agreement (2.5%
error).

The obtained results for both the velocity and temperature fields for case HS51_Y1.TT
confirms that this case may be used as a reference.

4.3 Impact of the mesh

To reduce the CPU cost of the final applications, the use of coarser mesh is evaluated
here as was done for the isothermal cases in Chapter 3. The mesh is Y10t presented in
Section 3.2.1, and both numerical schemes LW and TTGC are compared with the reference
case HS51_Y1_TT of the previous section.
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The convergence times of the cases on mesh Y10t are listed in Table. 4.3.1.

Case Te To | Time step [s] | CPUs [s] | CPUh [h]
HS51_Y10t_TT || 818 | 993 1.21x10°7 0.039 7528
HS51_-Y10t_LW || 666 | 1665 | 1.20x10" 0.019 4664

Table 4.3.1: Convergence and CPU times of cases HS51_Y10t_TT and HS51_Y10t_LW.

The imposed source term Sy, the Reynolds number, the bulk velocity, the steady bulk
temperature and the final value of S, are given in Table. 4.3.2, compared to the reference
case HS51_Y1.TT.

Case Syam[Pa/m] | Uy [m/s] | Re [] | Se [W/m®] | g, [W/m?] | T}, [K] | To [K]
HS51_Y1_TT (ref) 290 60.67 27251 | 1439737.2 18574.8 975.02
HS51.Y10t_TT 205 59.65 26861 | 1061676.7 13819.7 973.92 1200
HS51_Y10t_LW 185 60.32 27118 | 888003.1 11038.7 973.80

Table 4.3.2: Operating conditions of the turbulent heated flow in smooth tube S51, using

mesh Y10t and the two numerical schemes TTGC and LW, compared to the reference case
HS51_Y10t_TT.

As the dynamics of heated flow is very similar to the isothermal flow, this section focuses
on the comparison of thermal behavior of the three cases.

4.3.1 Temperature profiles

Time-averaged non-dimensional temperature profiles for cases HS51_Y1_T'T, HS51_Y10t_TT
and HS51_Y10t_LW are plotted in Fig. 4.3.1. Very similar profiles are observed for the three
cases.

4.3.2 Thermal boundary layer

The normalized thermal boundary layer thickness 07/ R for HS51_Y10t_TT and HS51_Y10t_LW
is respectively 0.307 and 0.297, i.e., 9% and 5% discrepancy compared to ér/R = 0.281 for
HS51_Y1_TT. The dimensionless temperature ©% is plotted against y* in Fig. 4.3.2. It is
expected that WRLES on the coarse mesh (y* ~ 10) does not predict the flow behavior on
the wall as well as the reference case. Both HS51_Y10t_TT and HS51_Y10t_LW over predict
O©1 in the region y™ > 20, i.e., in the buffer layer and the log law region. This results agrees
with the fact that HS51_Y1_T'T better predicts the temperature gradient at the wall, leading
to a higher higher wall normal heat flux (i.e., friction temperature) than on the coarse mesh
Y10t. This is also demonstrated by the higher S, in Table. 4.3.2.

4.3.3 Temperature fluctuation

The normalized RMS of the temperature fluctuation ©F is shown in Fig. 4.3.3. Both cases

rms

HS51_Y10t_TT and HS51_Y10t_LW overpredict ©’F by up to 30%, which is also explained

rms

by the higher temperature near the wall.
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Figure 4.3.1: Time-averaged non-dimensional temperature © for cases HS51_Y10t_TT and
HS51_Y10t_LW on coarse mesh, compared to the reference case HS51_Y1_TT.

25 ey
HS51_Y1_TT :
HS51 Y10(TT © |
HS51 Y10t LW [
g0 oot YOLLW M —
S T B
+|_, .
o
10 [ ) O s .
sp 5 |
D
0 [ li |
1 10 100

y' [
Figure 4.3.2: Dimensionless temperature ©F for cases HS51_Y10t_TT and HS51_Y10t_LW
on coarse mesh, compared to the reference case HS51_Y1_TT.

4.3.4 Nusselt number

Both HS51_Y10t_TT and HS51_Y10t_LW on the coarse mesh Y10t underpredict the Nusselt
number compared to the empirical formula of Nu proposed by Dittus-Boelter in Eq. 2.2.11,
by 22% and 34% respectively. This result agrees with the previous observation that the wall
normal heat flux solved by the coarse mesh Y10t is smaller than in the reference case.
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Figure 4.3.3: Normalized RMS of the temperature fluctuation ©'F  for cases HS51_Y10t_TT

rms

and HS51_Y10t_LW on coarse mesh, compared to the reference case HS51_Y1_TT.

4.4 WRLES of heated flow in the ribbed tube R51 on
hybrid refined mesh Y1 using TTGC

In this section, a reference case is computed for the heated flow in the ribbed tube R51 which
is presented in Chapter 3. WRLES is conducted on the hybrid refined mesh Y1 using the
TTGC scheme. The convergence times of this case HR51_Y1_TT are listed in Table. 4.4.1.

Case Te
HR51_Y1.TT || 284

Ta

284

Time step [s]
2.08x10°°

CPUs s
0.193

CPUh [h]
65817

Table 4.4.1: Convergence and CPU times of case HR51_Y1_TT.

Table. 4.4.2 gives the operating conditions of the case HR51_Y1_TT.

Case Sgam[Pa/m] | Uy [m/s] | Re [[] | Se [W/m?] | ¢, (W/m?] | T}, [K] | To [K]
HR51.Y1.TT 1830 61.7 27557 | 3367643.0 43329.3 984.48 1200
HS51_Y1.TT 290 60.67 27251 | 1439737.2 18574.8 975.02

Table 4.4.2: Operating condition of the case HR51_Y1_TT.

In the following sections, the comparison of HR51_Y1_TT with the isothermal flow in
ribbed tube R51_Y1_TT is first conducted to show the impact of the heat transfer on the flow
dynamics. Then the results are compared to the heated flow in the smooth tube HS51_Y1_TT
to show the impact of ribs on the heat transfer.
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4.4.1 Flow dynamics: comparison between heated and isothermal
flows in ribbed tube R51

Mean velocity

The mean axial and azimuthal velocity fields normalized by the bulk velocity are shown in
Figs. 4.4.1 and 4.4.2 respectively. Similarly to the smooth tube S51, nearly the same flow is

U,/ U, ()
-0.2 0.0 0.4 0.8 1.2 1.5
[ R
. RS1YLTT | | HR51_Y1_TT |

—— ——

Figure 4.4.1: Normalized axial velocity fields in a axial cut plane. Left: R51_Y1_TT; Right:
HR51_Y1.TT.

R51_Y1_TT HR51_Y1_TT
—

Figure 4.4.2: Normalized azimuthal velocity fields in a axial cut plane. Left: R51_Y1.TT;
Right: HR51_Y1_TT.

observed in both heated and isothermal ribbed tube R51. Quantitive comparisons between
the two cases of the normalized axial and azimuthal velocity profiles at 12 different axial
locations are given in Figs. 4.4.3 and 4.4.4, in the same way as done in the previous chapter,
and a zoom on the near wall region is provided in the bottom part. Very similar velocity
profiles for both cases R51_Y1_TT and HR51_Y1_TT are observed, with only a very small
discrepancy on the azimuthal velocity profiles. This shows that the flow heating is too small
to have an impact on the mean velocity.

RMS of velocity fluctuation

The fields of the RMS of the axial velocity fluctuation normalized by U, is illustrated on
Fig. 4.4.5. Again, similar fields are observed, especially in the near wall region. It is then

124



CHAPTER 4. LES OF NON-REACTING HEATED FLOW

Normalized mean axial velocity U, /Uy, (-)

o —& & 1 0 I

0 8T8 8 TR . .
) 3, v o - 5 i
® & 9 Y ¥  © W & o @ 0
0) ) O ) O €) () ) ol
0.2 T 9 ¢ ¢ 9 9 ¥ O ® P
T O QO | 9 9 o 0
0.4 : : : 1 2 9 : B
4 : : : : ) : : : @ : 1
= o 9 9P d ¢ 9 o
x ; ; ¢ ; D ;
= L QD ‘ ‘ ‘ ‘ | | | | i
06 | @) | | | " 0 : : @
0) ‘ ‘ ‘ @ j
08
1
-2
0.8
— L
=z
@ 09 |
= L
1
-2

Distance from the rib’s top, normalized with e (-)
[R51 Y1 TT HR51 Y1 TT ==®@--]

Figure 4.4.3: Normalized axial velocity profiles of cases R51_Y1_TT and HR51_Y1_TT. Top:
profiles from the pipe center (r/R = 0) to the wall (r/R = 1); Bottom: zoom in the near

wall region.
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Figure 4.4.4: Normalized azimuthal velocity profiles of cases R51_Y1_TT and HR51_Y1_TT.
Top: profiles from the pipe center (r/R = 0) to the wall (r/R = 1); Bottom: zoom in the

near wall region.
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Figure 4.4.5: Normalized RMS of the axial velocity fluctuation fields in a axial cut plane.
Left: R51_Y1.TT; Right: HR51_Y1.TT.

concluded that the heating does not have any effect on the turbulence.

Pressure variation and shear stress

The pressure variation in the ribbed tube R51 of both isothermal and heated cases is pre-
sented by the pressure coefficient C, (Eq. 2.5.1), as shown in Fig. 4.4.6. Similar pressure

-0.2 0.0 0.2 0.4 0.6

I

R51_Y1_TT HR51_Y1_TT

I

Figure 4.4.6: Pressure coefficient fields in a axial cut plane. Left: R51_Y1_TT; Right:
HR51_Y1_TT.

variation is found for R51_-Y1.TT and HR51_Y1_TT. In addition, the evolutions of C, and
Cr (Eq. 2.3.1) along the wall surface in both cases are illustrated on Figs. 4.4.7 and 4.4.8.

No significant impact of the heating condition to C,, and Cy along the wall of the ribbed
tube R51 is observed. The main difference is the peak value slightly higher in the heated
case. This is consistent with the fact that the same imposed source term Syq, = 1830 Pa/m
was used to maintain Re ~ 27000 for both cases (Table. 3.7.2 and 4.4.2).
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Figure 4.4.7: Evolution of the pressure coefficient C, along the wall surface of both cases
R51.Y1.TT and HR51_Y1.TT.
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Figure 4.4.8: Evolution of the skin friction coefficient C'y along the wall surface of both
cases RH1_Y1.TT and HR51_Y1.TT.

4.4.2 Thermal behavior: comparison with the heated flow in smooth
tube S51

Mean temperature

The time-averaged normalized temperature O fields (Eq. 2.1.26) for the heated flow in both
smooth (HS51_Y1.TT) and ribbed (HR51_Y1.TT) tubes are illustrated on Fig. 4.4.9, with
the iso-contour of © = 0.99 (thus 7, — T" = 99%(T,, — T3)) in black and © = 0.75 in white
respectively. The iso-contour of © = 0.99 indicates that the boundary layer is thicker in the
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Figure 4.4.9: Normalized mean temperature fields in a axial cut plane. Left: HS51_Y1_TT;
Right: HR51_Y1_TT.

ribbed tube R51, due to the more intensive heat transfer induced by the helical ribs. The
other iso-contour © = 0.75, indicating a sublayer close to wall, shows how the temperature
distribution is affected by the ribs in case HR51_Y1_TT: this sublayer is very thin on top
of the ribs and becomes thicker in the downstream recirculation zone, then reduces again

towards the next rib.
Details are shown in Fig. 4.4.10, plotting the mean normalized temperature profiles in

Normalized mean temperature O (-)

MR ()
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Distance from the rib’s top, normalized with e (-)

[ Hs51 v1 TT HR51 Y1 TT —6— |

Figure 4.4.10: Mean normalized temperature profiles of the heated flow at various locations
in both smooth (HS51-Y1_TT) and ribbed (HR51_-Y1_.TT) tubes.

both heated smooth (HS51_Y1_TT) and ribbed (HR51_Y1_TT) tubes, with a zoom on the
boundary layer for 0.6 < r/R < 0. The profiles vary along the wall of the ribbed tube R51,
while it keeps the same shape in the smooth tube S51. The profiles mostly different at the
back corner of the rib attaching to the wall (locations le), where the temperature close to
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the wall is higher and thus the temperature gradient at the wall is smaller in the ribbed tube.
This is due to the recirculation zone behind the rib, which accumulates the heat from the
rib surface at T, in this zone, thus decreasing heat transfer and leading to a thicker thermal
boundary layer.

On the contrary, at locations from 3e to 10e (a zoom on location 5e is given in Fig. 4.4.11
as an example for a better illustration), the profiles are similar. At these locations, two

Normalized mean temperature © (-)

MR ()

/rib height

Figure 4.4.11: Mean normalized temperature profiles of the heated flow at location 5e in

both smooth (HS51_Y1_TT) and ribbed (HR51_Y1_T'T) tubes.

effects can be observed by separating the thermal boundary layer into two parts depending
on the normal distance from the wall: the sublayer goes from the wall to the rib height e,
and the outer layer starts at the rib height. On one hand, lower temperature (higher value
of ©) is found in the sublayer of the ribbed tube R51, thus a greater temperature gradient
is observed, leading to greater heat transfer. On the other hand, in the outer layer, the
gradient of the temperature in R51 is smaller than in the smooth tube HS51_Y1_TT, due
to the better turbulent mixing, leading to a thicker thermal boundary layer and a higher
temperature (smaller value of ©) in this region. Moreover, more heat is brought from the
sublayer into this region, thus enhancing the first effect.

Thermal boundary layer

Like in the analysis of the isothermal flow in previous chapters, the five locations, respec-
tively at the upstream corner (-1le), the top (Oe), the downstream corner (le) of ribs, in the
downstream recirculation zone (3e), and out of the recalculation zone (7e) (index referred
to Fig. 4.4.3) are used to conduct the comparison with the heated flow in the smooth tube
S51. The dimensionless temperature © wvs y* is plotted in Fig. 4.4.12, using the global
friction velocity u,, (as explained in Section 3.8.1), and the global friction temperature 77 ,
(Eq. 2.1.33, using u,, and ¢, calculated from S. by Eq. 4.1.5). In the two corners of the
rib attached to the wall, i.e., locations -1e and 1le, similar behavior is observed: due to the
recirculation zone, the temperature profile is very different from the smooth tube. At the
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Figure 4.4.12: Dimensionless temperature ©F vs y* of the heated flow at 5 various locations
in the ribbed tube HR51_Y1_TT, compared to the heated smooth tube HS51_Y1_TT.

other locations, the linear law as in the smooth tube HS51_Y1_TT is reproduced, while a
shift in the log law region is observed, due to the enhanced turbulent mixing as always seen.

Temperature fluctuation

The profiles of dimensionless RMS of temperature fluctuations ©/F  at the five locations
along the wall of ribbed tube HR51_Y1_TT are plotted against y*, and compared to the
heated flow in the smooth tube HS51_Y1_TT in Fig. 4.4.13. In the near wall region (y* <
200), the peak is the same order of the smooth tube solution but appears close to the wall,
consistently with the observation on the mean temperature. In the outer layer (y* > 200),
stronger temperature fluctuation in the ribbed tube is observed at the five locations, again

in agreement with the temperature.

Nusselt number

The evolution of the Nusselt number along the wall of the ribbed tube (HR51-Y1.TT) is
plotted in Fig. 4.4.14, where the value in the smooth tube HS51_Y1_TT is also reported.
The Nusselt number is always higher in the ribbed tube, except in the back corner of the
rib (location le), in agreement with the previous observation on the profiles of the non-
dimensional temperature ©. The Nusselt number peaks on the upstream side of the rib,
then decreases to a minimum value just behind the rib, and increases again to reach a
plateau between the ribs.

The global Nusselt number of the ribbed tube HR51_Y1_TT is found to be 175.4, which
is 2.4 times higher than that of smooth tube HS51_Y1_TT. This means a significant enhance-
ment of the heat transfer, to be compared to the pressure loss increase, of 6 times higher
than in the smooth tube.
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5 various locations in the ribbed tube HR51_Y1_TT, compared to the heated smooth tube
HS51_Y1.TT.
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Figure 4.4.14: Evolution of the Nusselt number Nu along the wall surface of case
HR51_Y1_TT, compared to case HS51_Y1_TT.

4.5 Impact of the mesh and the numerical scheme on
WRLES of heated flow in the ribbed tube

In this section, the results of heated ribbed tubes on the coarser mesh Y10t using the two
numerical schemes LW (HR51_Y10t_LW) and TTGC (HR51_Y10t_TT) are compared to the
reference case HR51_Y1_TT on mesh Y1 using TTGC. No results using the scheme LW on
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the hybrid mesh Y1 is shown, it has been demonstrated in previous chapters that the use of
LW with Y1 having prism layers generates errors in the near wall region. The convergence
times of these cases are listed in Table. 4.5.1.

Case Te | 7o | Time step [s] | CPUs [s] | CPUh [h]
HR51_Y10t_TT | 392 | 280 5.70x10~8 0.045 6711
HR51_Y10t_.LW || 425 | 227 5.69x1078 0.022 3174

Table 4.5.1: Convergence and CPU times of cases on the mesh Y10t using the two numerical

schemes LW and TTGC.

Table. 4.5.2 shows the operating conditions of cases HR51_Y10t_LW and HR51_Y10t_TT,
compared to the reference case HR51_Y1_TT.

Case Spam Pajm] | Uy m/s] | Re [] | Se (W/m®] | Ty [K] | Tw [K]
HR51_Y1.TT (ref) 1 830 61.7 27 557 | 4140 944.4 | 984.48

HR51_.Y10t_TT 1 800 60.8 27 159 | 3837 078.5 | 984.54 1200
HR51_Y 10t LW 1900 61.6 | 27555 | 3385 463.8 | 982.15

Table 4.5.2: Operating conditions of the turbulent heated flow in ribbed tubes R51 solved on
the mesh Y10t using the two numerical schemes LW and TTGC, compared to the reference
case.

As the impact of heating on the flow dynamics is minor, and different mesh and nu-
merical schemes have been already evaluated for the isothermal flow in Chapter 3, no more
comparison on flow dynamics will be conducted in this section and the following discussion
focuses on the thermal behavior.

4.5.1 Temperature fields and profiles

Fig. 4.5.1 shows time-averaged temperature fields of the heated ribbed tube for the cases
HR51_Y1.TT (the reference case), HR51_Y10t_TT and HR51_Y10t_LW, with the iso-contour
of ©® = 99% in black and © = 75% in white. Similar topologies are observed, with almost
exactly the same solution with the numerical scheme TTGC, and only slight differences ap-
pearing between TTGC and LW schemes. In particular the thermal boundary layer (defined
with © = 99%) is thicker and the iso-contour of ©® = 75% shows more sharpen variations
and becomes thinner in the upstream of the ribs in case HR51_Y10t_LW.

Profiles of © at various locations along the wall of R51 are plotted in Fig. 4.5.2 for
comparison among the three cases. Again similar profiles are observed, including around the
ribs where the profiles deviate from the classical boundary layer behavior.

Fig. 4.5.3 shows the RMS of temperature fluctuation normalized by 7} in the heated
ribbed tubes of all these cases. HR51_Y10t_TT is in good agreement with the reference case
HR51_Y1.TT, but HR51_Y10t_LW underpredicts the intensity of the temperature fluctuation
in the tube, while capturing the behavior near the wall.
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Figure 4.5.1: Time-averaged fields of the normalized temperature © in the heated ribbed
tube R51. Top: HR51_Y1_TT; Bottom left: HR51_Y10t_TT; Bottom right: HR51_Y10t_LW.
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Figure 4.5.2: Time-averaged profiles of the normalized temperature © of the heated flow
in the ribbed tube R51. Top: HR51_Y1.TT; Bottom left: HR51_Y10t_TT; Bottom right:

HR51_Y10t_LW.

4.5.2 Nusselt number

The evolution of the local Nusselt number along the wall of the ribbed tube is plotted in
Fig. 4.5.4 for the cases HR51_Y1_TT (the reference case), HR51_Y10t_TT and HR51_Y10t_LW.
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Figure 4.5.3: Time-averaged fields of the RMS of the fluctuating temperature 7)., (nor-
malized by the bulk temperature 7}) of the heated flow in the ribbed tube R51. Top:
HR51_Y1_TT; Bottom left: HR51_Y10t_TT; Bottom right: HR51_Y10t_LW.
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Figure 4.5.4: Evolution of the Nusselt number along the wall surface in the heated ribbed
tube R51, on meshes Y1/Y10t, with TTGC/LW.

HRAH51_Y1.TT except at some singles points. HR51_Y10t_TT overpredicts clearly the values
on the top of the ribs, which has however no significant impact on the global Nusselt number.
The global Nusselt numbers are 162.55 and 142.05 in cases HR51_Y10t_TT and HR51_Y10t_LW,
i.e., respectively underpredict by 7% and 20% the reference value 175.4 of case HR51_Y1_TT.
Fig. 4.5.5 plots the results compared to the formula from the literature presented in Chap-
ter 2, and similar results with Vicent et al. (2004) [16] are found.
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Figure 4.5.5: Global Nusselt number correlations versus Reynolds number of the ribbed tube
R51 simulated by AVBP, compared to the correlation proposed by Vicent et al. (2004) [16]
and Garcia et al. (2005) [123], and the Dittus-Boelter correlation for the smooth tube.

4.6 Conclusions

In this chapter, the non-reacting non-isothermal turbulent flow in both smooth (S51) and
ribbed (R51) tubes has been investigated with the LES code AVBP. The comparisons with
the isothermal flow in smooth and ribbed tubes respectively show that the heating condi-
tion has little impact on the flow dynamics. The impact of the mesh and the numerical
scheme has also been evaluated on the thermal behavior. The reference case of smooth tube
HS51_Y1_TT has been compared to theoretical /empirical results with some differences ob-
served. The simulations of the heated smooth tube on coarser mesh (y* ~ 10) are in good
agreement with the reference case HS51_Y1_TT in terms of the temperature profiles, despite
the underprediction of the wall normal flux and the wall friction, that shows the possibility
to use the coarse mesh for industrial application.

The methodology of using periodic configuration with a computational domain L = p <
D as in the previous chapter, combined with a source term Sy, and a new source term S,
in the flow equations, a hybrid mesh Y1 having y*© = 1 and the numerical scheme TTGC,
has been taken again to conduct the reference case for the heated ribbed tube.

Comparisons between heated smooth and ribbed tubes show the impact of ribs on the
thermal behavior, being a thicker thermal boundary layer, and enhanced heat transfer by
a factor of 3. The results with different meshes and numerical schemes on R51 show that
mesh Y10t fully on tetrahedra with scheme TTGC or LW can both well capture the thermal

135



4.6. CONCLUSIONS

behavior of the turbulent flow, allowing to reduce significantly the computational cost.
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In this chapter, reacting heated flow simulations are conducted in the academic configura-
tions of both smooth (S51) and ribbed (R51) tubes. The ethane cracking process is studied,
which involves an endothermic reactive system. An ethane chemical scheme provided by
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Prof. Kevin Van Geem' [192] is implemented and tested in AVBP. To provide the heat flux
required to maintain the temperature, the tubes are heated at a constant temperature of
1200 K.

An introduction of ethane chemistry is firstly given, followed by the numerical setting to
conduct the reacting heated flow simulation in both smooth and ribbed tubes. At the end of
this chapter, the impact of ribs on the ethane cracking process is investigated by comparison
with the smooth tube results.

5.1 Ethane cracking chemistry

During the ethane cracking process, ethane decomposes into hydrogen and ethylene, as
described by the global reaction:

CQHG — CQH4 + Hs (511)

In reality, this reaction proceeds via a number of radical reactions that include the fol-
lowing initiation and propagation steps [1]:

CyoHg — CH3 + CHj

CHj + CoHg — CHy4 + CoHj5
CyHs; — Cy,Hy + H

H + CyHg — Hsy + CoHj

The process is terminated by recombination reactions which form undesired products [1],
e.g.,

H+ C2H5 — CQHG (516)
CHg + CQH5 — CgHg (517)
CQH5 + C2H5 — C4H10C2H4 +H — C2H5 (518)

As mentioned in Chapter 1, high temperature and low pressure conditions favor the olefin
production, and the undesired reactions are better to be limited by controlling the residence
time.

The reduced chemical kinetic scheme of the ethane steam cracking process used in
this work contains 19 species and 32 irreversible reactions (the species name, the thermal
database, and the description of the reactions are given in Appendix C). The initial compo-
sition of the gas mixture for the ethane cracking are 74.1% ethane CyHy and 25.9% water
H50 (steam) in terms of mass fraction, and the main products are ethylene CoHy, hydrogen
H, and methane CH, [193].

!Ghent University, Laboratory for Chemical Technology, Technologiepark 918 B-9052 Ghent, Belgium.
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5.2 Ethane cracking in Perfectly Stirred Reactor

The Perfect Stirred Reactor (PSR) configurations is used to evaluate the reduced ethane
chemistry scheme in three solvers: Cantera [194], Senkin [195] and AVBP. The PSR config-
uration is sketched in Fig. 5.2.1: at inlet, the initial composition of the mixture, the initial

m m
—» —
(Yk, T, P), (YK, T, P)out

Figure 5.2.1: Illustration of a PSR configuration.

temperature and the initial pressure are set; after a given resident time 7, the final com-
position of the gas mixture, the temperature and the pressure are measured at outlet. The
evolution of the mixture can be either at constant volume or constant pressure, an with
either adiabatic or isothermal boundary conditions. Note that in the PSR configuration, the
mixture is assumed perfectly homogeneous (i.e., species mix instantaneously), and no flow
is present.

A series of test cases and their characteristics are given in Table. 5.2.1.

Solver Constant volume | Constant pressure
SENKIN Adiabatic S-CV-A S-CP-A
CANTERA || Adiabatic C-CV-A -
Adiabatic A-CV-A -
AVBP Isothermal A-CV-1 -

Table 5.2.1: Summary of the PSR test cases of ethane chemistry in Senkin, Cantera and
AVBP.

Only Senkin has the possibility to run constant pressure simulations, and only AVBP can
impose isothermal boundary conditions. In the adiabatic cases, the temperature in PSR
decreases due to the endothermic reactions, while the isothermal cases force the temperature
to stay constant at 1200 K. The residence time is 0.5 s for all the PSR cases.

5.2.1 Impact of pressure variation on ethane chemistry

Two adiabatic PSR cases at constant volume (S-CV-A-T9P1) and constant pressure (S-
CP-A-T9P1) were performed in the solver SENKIN, in order to investigate the impact of
pressure variation, i.e., density variation, during the ethane cracking process. The operating
points are listed in Table. 5.2.2:
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Case PSR Inlet temperature [K] | Inlet pressure [atm]
S-CV-A-T9P1 || Constant volume 973 1
S-CP-A-T9P1 || Constant pressure

Table 5.2.2: PSR tests of the ethane cracking of constant volume/pressure in Senkin.

T[K] X(C2H6) X(H20)
975 . 0.635 T 0.368
965 0.625 [N\ 0.366 |- ]
960 0.62 [ AN 8222 B ]
950 0.61 [ . 0.362 b .
945 0.605 [ 0.361 |-
940 . 0.6 : 0.36 :
0 time [s] 0.5 0 time [s] 0.5 0 time [s] 0.5
X(H2) X(C2H4) P [atm]
0.02 0.02 1.01
1
0.015 0.015 0.99
o0 o0t 0.98 I' rseveATOPT
0.005 0.005 88; | S-CP-A-T9P1 ==sen=- 5
-0.005 | s0.005 | 094 |
-0.01 . -0.01 . 0.93 .
0 time [s] 0.5 0 time [s] 0.5 0 time [s] 0.5

Figure 5.2.2: Temporal evolutions of the pressure, the temperature and the mole fractions
of two reactants and two main products of the PSR cases for ethane cracking, with varying
or constant pressure, obtained with Senkin.

The comparison between the two cases is shown in Fig. 5.2.2, plotting the temporal
evolution of the temperature, the pressure, the mole fractions of the two reactants CoHg and
H>0, and the mole fractions of two main products Hy, and CoHy. Very similar evolutions are
found between these two cases with varying or constant pressure, showing that the influence
of the pressure variation is negligible. In fact, the pressure dependence is not a key factor in
the ethane steam cracking modeling, mentioned by Sabbe et al. (2011) [192]. For this reason,
further simulations of the ethane steam cracking are all performed at constant volume.

5.2.2 Impact of initial pressure on ethane chemistry

Two adiabatic PSR cases at constant volume (C-CV-A-T9P1 and C-CV-A-T9P2), with an
initial pressure fixed at 1atm and 2atm respectively, are realized in the solver Cantera, to
investigate the impact of the initial pressure on the ethane cracking process. The residence
time is 0.5s, and the operating points are listed in Table. 5.2.3.

Case PSR Inlet temperature [K] | Inlet pressure [atm]
C-CV-A-T9P1 1
C-CV-A-TODP? Constant volume 973 5

Table 5.2.3: PSR tests of the ethane cracking with different initial pressure in Cantera.
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X(C2H6) X(H20)
975 0.635 : 0.369 :
970 0.63 Py 4 0368
965 0.625 [ ¥y 4 0367
960 0.62 - Bge 8-’;’22
955 0.615 [ B R 1 o036
950 0.61 [ "”""x;";””- 0.363
945 0.605 oo g X1 0362
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Figure 5.2.3: Temporal evolutions of the pressure, the temperature and the mole fractions
of two reactants and two main products of the PSR cases for ethane cracking, with different
initial pressure, obtained with Cantera.

Results are plotted in Fig. 5.2.3, showing that 1) As expected, the lower pressure favors
reactions as faster consumption of CyHg and production of CoHy are observed; 2) the impact
of the initial pressure is relatively small: when it increases by 100% from 1atm to 2atm,
the conversion rate of ethane CyHg decreases by 16%. In the real case, the initial pressure
in ribbed tubes is about 15% higher (due to higher pressure loss), thus the impact on the
conversion rate will be less than 1%. In the following cases, the initial pressure is always set
at 1atm.

5.2.3 Validation of the ethane chemistry in AVBP

Transport database

Schmidt number Sc for each species in the ethane cracking chemical scheme is obtained from
Senkin and imposed in AVBP. To calculate the viscosity, the power law is used in AVBP:

w=m (LY, (5:21)

where the reference temperature has been chosen as 1200 K. The reference viscosity pg is
obtained in Cantera for the mixture of all species under Ty = 1200 K, Fy = 1 atm, which leads
to a value of 3.29x107° kg/m/s. By calculating the viscosity of the initial gaseous mixture
at various temperatures, the value of b in the power law is found to be 0.78. Note that the
variation of composition during reactions are not taken into account in the calculation of u.
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PSR cases with AVBP

The adiabatic constant volume PSR cases conducted by Cantera, Senkin and AVBP in

Table. 5.2.4 are now compared.

Case Solver | Inlet temperature [K] | Inlet pressure [atm]
C-CV-A-T9P1 || Cantera
S-CV-A-T9P1 Senkin 973
A-CV-A-T9P1 AVBP
C-CV-A-T12P1 || Cantera
S-CV-A-T12P1 Senkin 1200
A-CV-A-T12P1 AVBP
C-CV-A-T9P2 || Cantera 973
A-CV-A-T9P2 AVBP

Table 5.2.4: PSR test cases in Senkin.

For the cases with the inlet pressure at 1atm, results are compared among the three
solvers, for cases C/S/A-CV-A-T9P1, with the inlet temperature at 973 K (which is the
bulk temperature of the flow in the tubes in the industrial application) in Fig. 5.2.4, and for

TIK] X(C2H6) X(H20)
975 : 0.635 : 0.369 :
970 0.63 0.368 -
965 0.625 0.367 7
960 0.62 0300 - i
955 0.615 0.364 ]
950 0.61 0.363 TR -
945 0.605 0.362 e T Mgy
940 : 0.6 : 0.361 : 2
0 time[s] 0.5 0 time[s] 0.5 time[s] 0.5
X(H2) X(C2H4) P [atm]
SEE % | : |
006 f e S il 1 oo [, 1
0.012 . 0.012 4 0.994 .
0.01 - . 0.01 + 0992 | D -
0.008 . 0.008 |- . 0.99 ™ i
9.006 1 i o0 ] 0988 p -
0.002 - 0.002 - 0986
0 : 0 : 0.984 :
0 time[s] 0.5 0 time[s] 0.5 0 time[s] 0.5
[C-CV-ATOPL —— S-CV-A-TOP1 ===s--- A-CV-A-TOP1 srreeees |

Figure 5.2.4: Cases C/S/A-CV-A-T9P1 by Cantera, Senkin and AVBP: inlet temperature
at 973 K and inlet pressure at 1 atm.

cases C/S/A-CV-A-T12P1, with the inlet temperature at 1200 K, which is in the range of the
wall temperature of the heating tubes in the real industrial application, in Fig. 5.2.5. Very
similar evolutions are observed, with only a slight deviation observed on the evolution of the
pressure in AVBP, which is negligible. Cases with the inlet pressure at 2 atm, namely C/A-
CV-A-T9P2, are also compared in Fig. 5.2.6, where the cases C/A-CV-A-T9P1 are reported
for comparison. The good agreement between AVBP and Cantera allows to conclude that
the implementation of the ethane cracking reduced chemistry in AVBP is validated.
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Figure 5.2.5: Cases C/S/A-CV-A-T12P1 by Cantera, Senkin and AVBP: inlet temperature
at 1200 K and inlet pressure at 1atm.
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Figure 5.2.6: Cases C/A-CV-A-T9P2 by Cantera, Senkin and AVBP: inlet temperature at
973 K and inlet pressure at 1atm/2atm.

5.2.4 The zero mixing extreme cases

The zero mixing extreme cases (ZME) corresponds to an isothermal case at 1200 K (ZME-
Isot), to mimic the limit case on the isothermal wall of the tubes (Fig. 5.2.7), and an adiabatic
case with an initial temperature at 973 K (ZME-Ad), which represents the limit case at the
center of the tubes where the heat flux is zero.

These two cases are calculated by AVBP for a residence time up to 1s, and the operating
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Figure 5.2.7: Illustration of the two zero mixing extreme conditions of ethane chemistry in
tubes.

points are given in Table. 5.2.5:

Case PSR Inlet temperature [K| | Inlet pressure [atm] Wall
( A_(Zjl\\;I_EI)__rIFSf;PI) Constant 1200 Isothermal
1
( A_CZ\I\,/I_ EAL-%(;PI) volume 973 Adiabatic

Table 5.2.5: Operating points of the two PSR zero mixing extreme cases.

The temporal evolutions of temperature, mole fractions of ethylene CoHy, and of the two
reactants HoO and CyHg are shown in Fig. 5.2.8.

ZME-Isot consumes the reactant CoHg very quickly at the beginning, while the mole
fraction of product CyH, reaches the maximum value (~ 0.255) at around 0.018s, before
decreasing due to undesirable reactions like Reaction 5.1.8. After 0.1s, the consumption of
CsyHg slows down, and the mole fraction of CoHg slowly tends to zero. Note that H,O is not
presented in the reactions in the ethane cracking scheme used here, so that any variation
in mole fraction of HyO is due to the change of number of moles, and consequently of
mean molecular weight. For example, decreasing mole fraction of HoO means an increase
of number of moles, i.e., decreasing mean molecular weight when more lighter hydrocarbon
are produced. For the case ZME-Isot, the mole fraction of H,O first decreases rapidly, then
increase slowly, correspondent to the variation of the total mole number when CyHy is first
produced then consumed according to Reaction 5.1.1.

On the other hand, in the case ZME-Ad, the reactant CoHg is consumed very slowly
due to the low temperature. The production of CyH, keeps increasing and never reaches a
maximum value during the computed residence time.

It is observed that these two limit cases are strongly different, and will help characterizing
the cracking processes occurring in the heated tubes.

5.3 Numerical methodology of LES of the reacting heated
flow in tubes S51 and R51

Fig. 5.3.1 illustrates the LES of the ethane cracking process in tubes. The gaseous mixture
flow of reactants (CoHg and HyO) enters the tube, then is heated from the wall having a
fixed temperature at 1200 K, to produce the desired hydrocarbons (CoH, and other C,H,).
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Figure 5.2.8: The temporal evolution of temperature, mole fraction of the main product
ethylene CoHy, and of the two reactants HoO and CyHg of the two ZME lines.
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Figure 5.3.1: Sketch of the global process of reacting heated ethane flow in smooth/ribbed
tubes.

5.3.1 Periodic configuration for unsteady regimes

By adding chemical reactions, the turbulent flow in the tube evolves from inlet to outlet.
In the previous chapters where the isothermal and heated non-reacting flows were simu-
lated in a steady regime, the periodic boundary conditions could be used thanks to volume
source terms. In the present reacting case, the use of periodic configuration becomes not so
straightforward and is explained below.

Imagine a simple steady flow in a tube of length 10 m where the temperature and the
pressure increase from inlet to outlet. The evolution of the quantities are plotted along the
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distance dist in Fig. 5.3.2.

inlet outlet
T T T 1000
E Temperature [K] - 980
- - 960
- - 940
= -4 920
300 i i I i 900
290  P[Pa]
280 _
270 E -
260 | | | |
0 2 4 6 8 10

Distance [m]
Figure 5.3.2: A simple tube flow with temperature and pressure variation along the axial

distance.

This case can be converted into an unsteady flow in a periodic configuration as illustrated
in Fig. 5.3.3. The periodic pattern is considered as running along the tube at the same

t=0s t=0.04s t=0.1s
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Figure 5.3.3: Unsteady flow in the periodic configuration: the temperature and pressure
vary with time.

velocity as the bulk velocity U, of the flow, so that the spatial-averaged quantities (in this
periodic configurations) vary with time. Time and distance are related as dist = Ut thus
Tsimulated(t) = Treal(Ubt)a Psimulated(t) = Preal(Ubt)-

5.3.2 Numerical set-up and operating point

The configurations used for the reacting flow are the same as the ones of Chapter 3, the
smooth tube S51 and the ribbed tube R51. The meshes are the Y10t ones, shown in
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Fig. 3.2.2a for S51 and in Fig. 3.2.2b for R51. The numerical scheme TTGC is used.

The boundary condition at the wall is no-slip for the velocity and the wall temperature
is set at 1200 K. Periodic conditions are applied at inlet and outlet, and a source term Sy,
is added in the N-S equations, to maintain the flow and reach the same Reynolds number
27000 in both smooth and ribbed tubes. The initial flow is the same as in previous sections
(74.1% CyHg and 25.9% H50). The initial bulk temperature (i.e., the inlet temperature in
the real tube) is 973 K and the initial bulk pressure (inlet pressure in the real tube) is equal
to latm. The initial fields of velocity and temperature are the steady solutions previously
obtained with the non-reacting initial mixture (74.1% CyHg and 25.9% H,0).

The typical residence time for ethane cracking is 0.15s (data from TOTAL). Here, the
LES of S51 and R51 cases were running till 0.5s and 0.23s respectively, for that most
phenomena are captured.

5.4 LES results of the reacting heated flow in tubes
S51 and R51

5.4.1 Instantaneous and time-averaged axial velocity

Three instantaneous axial velocity fields, at 4 ms, 20 ms and 80 ms respectively, are chosen
during the whole calculation time, as shown in Fig. 5.4.1. Stronger fluctuations are observed

Time = 0.004s Time = 0.020s Time = 0.080s

Figure 5.4.1: Three instantaneous axial velocity fields of the heated reacting flow in both
smooth and ribbed tubes.

in the ribbed tube, helping flow mixing and heat transfer. The time-averaged fields are

given in Fig. 5.4.2, where the recirculation zones in front of and behind the ribs and the
acceleration on top of the ribs appear similarly to the non-reacting flows.

147



5.4. LES RESULTS OF THE REACTING HEATED FLOW IN TUBES S51 AND R51
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Figure 5.4.2: Time-averaged axial velocity field of the heated reacting flow in both smooth
and ribbed tubes.

5.4.2 Instantaneous temperature

Three instantaneous temperature fields are shown in Fig. 5.4.3. As expected, the flow is

Time = 0.004s Time = 0.020s Time = 0.080s

Temperatur K]

900 1000 1100 1150

Figure 5.4.3: Three instantaneous temperature fields of the heated reacting flow in both
smooth and ribbed tubes.

heated faster in ribbed tube than in smooth tube. On the other hand, thicker thermal
boundary layer and smoother temperature distribution in the radial direction are observed
in the ribbed tube R51, thanks to the improved mixing due to the helical ribs. This agrees
well with the results of heated non-reacting flow in Chapter 4. The more uniform radial
profile of temperature will reduce the wall temperature and limit the coking.

5.4.3 Instantaneous reaction rate

The reaction 1 described in Eq. 5.1.3 (CoHg — CHj 4+ CHjy) is the main reaction of ethane
cracking for producing the ethylene. Instantaneous fields of the reaction rate of this reaction
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are given in Fig. 5.4.4. Note that the scale of the reaction rate for the ribbed tube R51 is 10

Time = 0.004s Time =0.020s Time = 0.080s

A A

0.0 1.0 2.0

Figure 5.4.4: Three instantaneous reaction rate fields of the reaction CoHg — CH3z + CHj3 of
the heated reacting flow in both smooth and ribbed tubes.

times larger than for the smooth tube S51. The reaction rate and the temperature field have
similar topology, as observed in Fig. 5.4.5, zooming in the near wall region of the solution
at 80 ms, meaning that the reaction is mainly controlled by temperature. Highest reaction

Temperature Reaction rate 1

Figure 5.4.5: Temperature and reaction (CoHg — CHj + CHj3) rate fields in both smooth
and ribbed tubes: zoom in the near wall region.

rate is found at the wall for both cases, and the global (i.e., volume integral) reaction rate
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is greater in the ribbed tube R51.

5.4.4 Temporal evolution of spatially-averaged quantities

The temporal evolutions of spatially-averaged temperature, mole fraction of the product
CoHy and the two reactants HoO and CyHg are plotted in Fig. 5.4.6 for both smooth (S51)
and ribbed (R51) tubes. In addition, the two ZME reference cases are also plotted for
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Figure 5.4.6: Temporal evolutions of spatially-averaged temperature, mole fraction of the
product CoHy and the two reactants HoO and CyHg for ethane cracking in both smooth and
ribbed tubes.

comparison.

The temperature in the ribbed tube increases more rapidly than in the smooth tube.
Due to faster heating in the ribbed tube R51, higher reaction rate is observed during almost
the whole resident time, as shown in Fig. 5.4.7. Thus ethane is consumed faster and the
production of ethylene is faster. In both tubes, after a maximum value of ethylene has been
reached, its consumption dominates due to undesirable reactions, and it slowly decreases. In
the ribbed tube R51, the maximum value of the mole fraction of CoH, is around 0.25 and
occurs near 0.17s, while in the smooth tube S51, the maximum value is slightly lower and
occurs about 0.2s later. The maximum value of CyH, is close to the one of the ZME-Isot
case, meaning that ZME-Isot corresponds to the limit maximum value of ethylene that the
system can produce. From the global Reaction 5.1.1, and if 100% of ethane is converted
into ethylene, the final mole fraction of ethylene would be 0.38: this ideal conversion rate is
never reached.

After 0.15s (the typical residence time in real case), a higher production of CyHy is
found in R51 than in S51, showing the advantages of the ribbed tube. The faster increase
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Figure 5.4.7: Spatially-averaged reaction rate for CoHg — CH3 4+ CHj in both smooth (S51)
and ribbed (R51) tubes.

of temperature in the ribbed tube is mainly due to stronger turbulence and better mixing,
thus also resulting in stronger heat transfer. This mechanism is detailed in Section 5.4.6.

5.4.5 Impact of ribbed tube on ethane cracking

The dimensionless temperature © profiles are plotted in Fig. 5.4.8 from the instantaneous
solution at 80 ms in both tubes S51 and R51. The bulk temperatures at 80 ms are 1042 K and

1 e
0.5 loc 1e loc 2e
o S51
v O R5llocle ======-~ 1
= R51 loc 2e =:==:=:
-05 ]
_1 1 H

0 0.2 0.4 0.6 0.8 1 1.2
O[]
Figure 5.4.8: Dimensionless temperature profiles of the instantaneous solution at 80 ms in

both smooth (S51) and ribbed (R51) tubes.

1091 K in the smooth and ribbed tube respectively. The radial distribution of temperature is
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more homogeneous in the ribbed tube R51 thanks to the better mixing, leading to a thicker

thermal boundary layer, thus favoring the desired reactions even towards the tube center.
Fig. 5.4.9 shows the relations between the averaged reaction rate of CoHg — CH3 + CHs,

the temperature and the mass fraction of the reactant Cy;Hg. These relations are very
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Figure 5.4.9: Relations between the reaction rate of CoHg — CHj3 + CHgs, the temperature
and the mass fraction of the reactant CoHg in both smooth (S51) and ribbed (R51) tubes.

different in smooth tube S51 and ribbed tube R51. As shown in Fig. 5.4.9a, the reaction
rate in ribbed tube R51 is higher than in smooth tube S51 for the same temperature, except in
the range 1020 K to 1050 K. This phenomenon can be explained by the higher mass fraction
of CoHg in ribbed tube for the whole range of temperature, as observed in Fig. 5.4.9b, since
higher concentration of a reactant leads to higher reaction rate. However, the temperature
is the dominant factor in the range 1020 K to 1050 K and the reaction rate as function
of temperature is the same. For the same value of mass fraction of CyHg, the reaction
rate CoHg — CHj + CHjs is always higher in the ribbed tube (Fig. 5.4.9¢) due to higher
temperature.

These results demonstrate that the better performance of the ribbed tube is due to a
contribution of different effects, and not simply owing to the stronger heat transfer.

5.4.6 Ethane - temperature correlation

Investigations on the distribution of the ethane versus temperature show the different be-
havior of the reacting flow in both smooth (S51) and ribbed (R51) tubes. The quantities
at two points in the tubes are investigated: at the center of the tube and at a point at 1/4

152



CHAPTER 5. LES WITH ETHANE CHEMISTRY

radius (r = 1/4R).

Distribution of the ethane versus temperature at the center of the tubes

The quantities are investigated at a central point as illustrated in Fig. 5.4.10.

. — 3

Figure 5.4.10: The tube center where the quantities are investigated.

The evolution of mass fraction of ethane with temperature in Fig. 5.4.11 shows a tendency
very similar to the spatial-averaged values in Fig. 5.4.9b. Higher temperature and more
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Figure 5.4.11: Evolution of mass fraction of ethane vs the temperature at the center of both
smooth (S51) and ribbed (R51) tubes.

dispersion are observed in the ribbed tube R51, due to better mixing. The temperature
range is 1.5 times larger at Y (CyoHg) = 0.5, and the ethane mass fraction is 2 times larger
at T = 1100 K.

To understand this result, the temporal velocity evolutions are shown in Fig. 5.4.12 for
the axial, radial and azimuthal directions respectively. The temporally-averaged radial and
azimuthal velocities are both zero at this location in smooth and ribbed tubes, and the
mean axial velocity is slightly higher in R51. The velocity fluctuations in R51 in the three
directions are 3 times stronger than in S51, which explain the stronger dispersion behavior
in Fig. 5.4.11.

Distribution of the ethane versus temperature at 1/4 radius

Another point in Fig. 5.4.13 at 1/4 radius is chosen to investigate the quantities.
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Figure 5.4.12: Temporal evolution of velocities at the center of both smooth (S51) and ribbed
(R51) tubes: (a) axial velocity; (b) radial velocity; (c) azimuthal velocity.
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Figure 5.4.13: Location at 1/4 radius where the quantities are investigated.
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Figure 5.4.14: Evolution of mass fraction of ethane vs the temperature at 1/4 radius of both
smooth (S51) and ribbed (R51) tubes.

Again, the evolution of mass fraction of ethane with temperature in Fig. 5.4.14 behaves
very similarly to the spatial-averaged values in Fig. 5.4.9b. The range of temperature at a
certain value of Y/ (CyHg) at this 1/4 radius point is 2 times larger than at the central point
in both S51 and R51 tubes, and so is Y (CyHg), due to stronger fluctuations of the turbulent
flow, as shown by comparing Fig. 5.4.15 to Fig. 5.4.12 (about 1.5 times stronger at the 1/4
radius point than at the central point). Stronger dispersion in the ribbed tube R51 is still
observed. In addition, the azimuthal velocity is no longer equal to zero in the ribbed tube,
which undoubtedly enforces the mixing effect.

To summarize, stronger dispersion and velocity fluctuations in the ribbed tube R51 than
in the smooth tube S51 are always observed.
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Figure 5.4.15: Temporal evolution of velocities at 1/4 radius of both smooth (S51) and
ribbed (R51) tubes: (a) axial velocity; (b) radial velocity; (c¢) azimuthal velocity.

5.5 Conclusions

In this chapter, ethane cracking chemistry has been implemented in the code AVBP and
validated against 0D PSR calculations, obtained with Cantera and Senkin. Simulations of
ethane cracking within the configurations S51 and R51 showed better performance of the
ribbed tube R51 on ethylene production, thanks to the stronger heat transfer, turbulent
fluctuations and mixing.
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Industrial application: LES of
reacting heated flow in ribbed and
smooth tubes with butane chemistry
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In this chapter, reacting heated flow simulations are conducted in the industrial con-
figuration of ribbed tube R38, and is compared to the smooth tube S38 having the same
diameter. For this application, butane thermal cracking process is considered, correspond-
ing to an endothermic reactive system as for ethane cracking. A butane chemistry scheme
provided by Prof. Kevin Van Geem!' is implemented and tested in the code AVBP. The

!Ghent University, Laboratory for Chemical Technology, Technologiepark 918 B-9052 Ghent, Belgium.
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boundary conditions and the source terms added in the flow equations are set according to
the measurements in the real industrial case.

An introduction on butane cracking chemistry is first given, followed by the numerical set-
up to conduct the reacting heated flow simulations in both smooth (S38) and ribbed (R38)
tubes. At the end of this chapter, results in both tubes are investigated and compared.

6.1 Chemical kinetics scheme of butane steam cracking

process

The reduced chemical scheme for butane steam-cracking process contains 20 species and 149
reversible reactions (the file which contains the species name, the thermal database, and
the description of the reactions can be found in Appendix D). The 20 species are given in
Table. 6.1.1 with their names and formula as used in Chemkin (i.e., in the original chemical
scheme) and in AVBP (names were rewritten to be accepted by AVBP).

Species name || hydrogen | methane ethylene ethane propylene
AVBP H, CH,4 CoHy CoHg CsHg
Species name propane | 1l-butene 2-butene 1,3-butadiene butane
Chemkin C3H8(12) C4Hg(28) C4H8 (29) C4H6(173) C4H10(1)
AVBP C3H8 a1C4H8 aQC4Hg C4H6 C4H10
Species name hydro methyl ethyl n-propyl Isopropyl
Chemkin HJ(5) CH3J(2) CQH5J(6) 03H7J(3) 03H7J(18)
AVBP H CH3 C2H5 alC3H7 a203H7
Species name || sec-Butyl | n-butyl | t1-Methylallyl | t3-Butene-1-yl water
Chemkin C4H9J(7) C4H9J(4) C4H7J(99) C4H7J(136) HQO
AVBP a1C4H9 a2C4H9 alC4H7 aQC4H7 HQO
Table 6.1.1: The 20 species in the reduced chemical scheme for butane steam cracking

process.

The initial components of the gas mixture for butane cracking are butane C4H;y and
water HoO (steam). The main products are ethylene CoHy, propylene C3Hg, and methane
CH,.

6.1.1 Validation in Cantera and Senkin

The PSR (perfect stirred reactor) tests are conducted with this reduced chemistry scheme in
Cantera and Senkin respectively. Note that they both use the same database as in Chemkin.
The illustration of a PSR test was shown in Fig. 5.2.1 of the previous chapter.

The initial conditions for the PSR tests in Cantera and Senkin are given in Table. 6.1.2.

The PSR test in Cantera is a constant-volume adiabatic case, while constant-pressure adia-
batic case is performed in Senkin.
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Mixture
Solver PSR Mole fraction | Mass fraction T [K] Pressure
Cantera || Cst-Volume | 40.8% C4Hio | 69.0% C4Hqo 1100 218690 Pa
Senkin || Cst-Pressure | 59.2% Hy0 31.0% H20 (2.1583 atm)
Table 6.1.2: Initial conditions for PSR cases tested in Cantera and Senkin

The residence time is chosen to be 0.15 s, which is close to the real residence time of the
butane/steam gaseous mixture going through the tubes in the cracking furnace.

Fig. 6.1.1 and 6.1.2 show the temporal evolutions of the pressure, the temperature and
the mole fractions of all the 20 species calculated by Cantera and by Senkin.
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Figure 6.1.1: Temporal evolutions of the pressure, the temperature and the mole fractions
of all the 20 species of the PSR case in Cantera (x-axis is time [s]).
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Figure 6.1.2: Temporal evolutions of the pressure, the temperature and the mole fractions
of all the 20 species of the PSR case in Senkin (x-axis is time [s]).

It is observed that for both cases, the temperature decreases because the system of the
149 reversible reactions is globally endothermic. For the constant-volume case, the pressure
increases. Considering the classical ideal gas law P = prT, where r = R/W is the specific
gas constant defined as the ratio of the molar gas constant over the molar mass (/W =total
mass/total molar number) of the gas mixture, the combination of the increasing pressure
and the decreasing temperature will lead to an increase of r, meaning that the total molar
number of the gas mixture increases.

Comparing with the other species at the end of 0.15 s, the ethylene CoHy, propylene C3Hg
and methane CH,4 are shown to be the main components of the production. To facilitate
further comparisons, only the pressure, the temperature, the reactant butane C,H;, and the
three main products will be investigated.

6.1.2 Implementation of the butane chemistry in AVBP

Thermal and transport database

The settings of the thermodynamic database in AVBP is explained in Appendix E.

Same as in ethane cracking, Schmidt numbers Sc for the 20 species in the butane cracking
chemical scheme are obtained from Senkin and imposed in AVBP. To calculate the viscosity,
the reference temperature in the power law (Eq. 5.2.1) is chosen as 909.15 K, which is the
initial temperature in the butane cracking process. The reference viscosity po is obtained
from Cantera for the mixture of 20 species under Ty = 909.15 K, Fy = 218.69 kPa, which
leads to a value of 2.38x107°kg/m/s. By calculating the viscosity of the initial gaseous
mixture at temperatures 900 K, 905 K and 909.15 K, the value of b in the power law is found
to be 0.88. Again, the variation of composition during reactions are not taken into account
in the calculation of mu.
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0D PSR cases with AVBP

As was done for ethane cracking in Chap. 5, butane cracking is also studied in PSR configu-
rations in AVBP, to validate the implementation of the chemistry in the code by comparing
to the results of Cantera.

By starting with a simulate time step at a very small value (1x107s), the minimum
value of the chemical time step Tepem is found to be 2x10~7s. This means that the sim-
ulate time step should never exceed 2x10~"s. Tests have been done with different values
At = 1x107Hs, 1x107%s, 2x107%s, 3x107 s, 4x107%s, 5x107%s, 1x10~%s, where the
mole fraction of species CoHy at the end of 2ms is compared with the reference Cantera
case: the relative values X (CoHy)/ X (CoHy),cr are plotted against the At in Fig. 6.1.3. It
shows that At should be less than 5x107%s to keep a relative error below 5%. Considering

0.98 |- |
096
T 094
< 3
ivm 092 |
X 09} ] :
= :
® o088l 5
< 086
0.84 - |
0.82 Y SN S
le-11 1le-10 1e-09 1e-08

time step (s)

Figure 6.1.3: Influence of the simulate time step At in AVBP on the error on CoHy.

the trade-off between accuracy and computational cost for the further 3D cases, this time
step At = 5x107%s is chosen. Fig. 6.1.4 gives the comparison of the temporal evolutions
between the results of Cantera and AVBP with the time step At = 5x107%s, showing the
very good agreement and demonstrating the correct implementation and calculate of butane
cracking chemistry in AVBP.

6.2 Numerical set-up for LES of reacting heated flow
in tubes S38 and R38

6.2.1 Geometry

Fig. 6.2.1a and 6.2.1b display both the smooth and ribbed pipe geometries used in the
industrial application. Similar to the ribbed tube R51 in previous chapters, the tube R38
is a cylindrical tube of diameter D = 38.1 mm in which helicoidal ribs are inserted, with a
shape as illustrated in Fig. 6.2.1b.
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Figure 6.1.4: Comparison of the temporal evolutions of selected quantities obtained with
Cantera (solid line) and AVBP (dashed line) (At = 5x107?s).
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Figure 6.2.1: Configuration of both smooth (S38) and ribbed tube (R38) used for the
industrial application.

The ribbed tube R38 is characterized by the rib height e = 2.13mm and the pitch
p = 69.11 mm, and the rib width wth = 7Tmm. The two dominant geometrical parameters
are p/D = 1.81 and e¢/D = 0.056 respectively. In addition, as p/e = 32.45 > 4, this
roughness is of kind “K-type” according to the classification introduced in section 1.2.2, as
was the ribbed tube R51. The smooth tube S38 also has a diameter D = 38.1 mm and length
p for comparison purposes.

6.2.2 Mesh

Following the methodology developed in the previous chapters, coarse meshes with y* of
the order of 10 and no-slip wall boundary conditions are used. Unstructured meshes with
tetrahedra holding a y* ~ 20 (at the Reynolds number equal to 72110) at the wall were
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build for both tubes S38 and R38 and are shown in Fig. 6.2.2a and 6.2.2b.

AT AT
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(a) S38. (b) R38.
Figure 6.2.2: Axial cuts of meshes of both smooth (S38) and ribbed tube (R38).

The mesh information, cell number, node number, and the smallest cell volume, are given
in Table. 6.2.1.

Mesh || Cell number | Node number | Smallest cell volume [m?]
S38 || 3.14 million 602 442 1.95x10~ 13

R38 3.68 million 713958 7.03x107 1

Table 6.2.1: Mesh information for the unstructured meshes for both S38 and R38.

6.2.3 Numerical Methodology

The simulations are performed using the numerical scheme LW for CPU cost consideration.
Periodic conditions are applied at inlet and outlet, and a source term Syq,,, is added in the
flow equations, as for S51 and R51 cases in the previous chapters, to maintain a Reynolds
number of 72110. The initial flow is a mixture composed by 69.0% C4H;y and 31.0% H,O
in mass and the initial bulk temperature (i.e., the inlet temperature in the real tube in
industry application) is 909.15 K in both S38 and R38. However, the initial bulk pressures
(inlet pressure in the real tube) are chosen different, at 235.68 kPa (2.33atm) in the case
S38 and 260.63kPa (2.57atm) in R38, to get the same final pressure (outlet pressure in the
real tube) of 218.69 kPa (2.16 atm), at the end of a residence time 0.14 s (according to data
from TOTAL).

The initial fields of velocity and temperature were first established in non-reacting con-
dition and with the same mixture composition.
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Boundary conditions

The boundary condition at the wall is no-slip for the velocity, and a wall heat flux qua imposea(t)
depending on time is imposed, deduced from the data (provided by TOTAL) of the cumu-
lative heat along the cracking tubes in the real industrial case. As shown in Fig. 6.2.3,
the heat lux Guau imposed(t) imposed in AVBP is in good agreement with the TOTAL data.
Note a small discrepancy between the S38 and R38 cases, which is however ignored in the

150000 T T T

milux(x)
bflux(x) -------
avbp output

140000

—_——
Ss

130000
120000
110000
100000 -

90000

Heat Flux [W/m?]

80000
70000 - R

60000 ! ! ! ! ! !
0 0.02 004 006 008 01 012 0.14

Residence Time [s]

Figure 6.2.3: Imposed heat flux at the wall: in AVBP (crosses), and from the data provided
by TOTAL (solid line for R38 and dashed line for S38).

AVBP calculation as the same quaiimposea(t) is applied for both cases. This will not have
any significant impact on the results.

6.2.4 Variation of density in a periodic configuration

As the periodic configuration used for 3D smooth and ribbed tube simulations leads to
constant-volume evolutions, there is no temporal variation of the spatially-averaged mass
density in the system due to mass conservation. Indeed it was observed from the previous
results of cases S51 and R51 that pressure increases instead of decreasing in the real industrial
process. This is due to the constant volume constraint, which does not allow flow expansion
due to the change of temperature T and the specific gas constant . This may have a strong
impact on the chemical process and must be corrected. Considering the equation of state
P/rT = p, T is controlled by the heat flux imposed at wall, and r is controlled by the
reacting system. Therefore, in order to mimic the decreasing pressure in the real system, a
source term S, in unit kg/(m? s) is introduced in the mass conservation equation, and the
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momentum and energy equations are modified accordingly:

gf + a(ap;") =S, (6.2.1)
8(5?) + a(gﬁ? = —gfi + g;j + Sadmi + S, (6.2.2)
pll))f = —SZZ + (%(szuz) - (f%(pul) + Wy + Ui Sam,i + ES,, (6.2.3)
The source term S, is defined as follows:
= i((p/rﬂ) (6.2.4)

LA pd (1
o oa T <<r><T>> ’

where ( ) refers to the spatial averaging.
This methodology was newly implemented in the code AVBP, with three options to set
the source term S,,:

1) Constant S,: d(p)/dt keeps constant during the simulation and the pressure varies
with the specific gas constant r and the temperature T to achieve a linear variation of
mass density p;

2) Dynamic S, - 1: this option is designed to maintain a linear variation of pressure.
The value of d(P)/dt should be given as an input parameter, and S, is dynamically
calculated at each time step following Eq. 6.2.4, using the current values of r» and T

3) Dynamic S, - 2: this option allows the pressure to vary with time following a cubic
polynomial function:

b
P(t) = %t3 + 5t et + B, (6.2.5)
so that,
P
& dit» = at® + bt +c, (6.2.6)

where the three parameters a, b, ¢ are fixed in an input file by the user.

Non-reacting 2D test cases

Preliminary tests are performed with a 2D non-reacting isothermal laminar flow through a
channel. The reference case uses a source term Sgq,, in the momentum equation to maintain
a laminar flow at Re ~ 20 in a periodic domain as shown in Fig. 6.2.4a. No-slip boundary
conditions are used at walls. The axial velocity field is shown in Fig. 6.2.4a after a stable
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Figure 6.2.4: Configuration (a) and stable regime (b) of the 2D non-reacting isothermal
laminar flow through a channel.

regime has been established: the spatial-averaged pressure, temperature, mass density and
kinetic energy all keep constant, as shown in Fig. 6.2.4b.

By taking this stable regime as the initial condition, the three options for setting the
source term S, are used. As for the non-reacting isothermal flow there will be no variation
of temperature and specific gas constant, so that the same results should be obtained with
the three options:

e Option 1: imposing a constant d(p)/dt = S, = —1.07;
e Option 2: setting d(P)/dt = —1x10?;
e Option 3: fixing a = 0,0 =0,c = —1x10°

In all cases, the same linear decrease of p and P should be observed:

P(t) = Py + S,roTot (6.2.7)
p(t) = po + Syt (6.2.8)

T(t) =Ty (6.2.9)

Eein(t) = Ecino (6.2.10)

Results are shown in Fig. 6.2.5. The simulation recovers well the theoretical curves, and
only small errors are observed for T and Eg;,, not exceeding 0.03% and 0.006% respectively.

To be more complete, another test case is conducted using option 3 by setting a =
—1x10%b = 0,¢c = —1x10°. Fig. 6.2.6 shows that the pressure and mass density are in
good agreement with the analytical results P(t) = (a/3)t3 + (b/2)t* + ct + Py and p(t) =
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Figure 6.2.5: Temporal evolutions of P, T, p and E.;,, for the 3 options of density source

term, compared to the theoretical results.

(1/roT0)(a/3)t* + (b/2)t* 4 ct + po, while the temperature and the kinetic energy still do not

change.
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Figure 6.2.6: Comparison between option 3 and the theoretical results.
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Reacting 0D test cases

In this section, the methodology to account for density variation is validated with the reacting
case presented in Sec.6.1.2. Contrary to the non-reacting cases, the temperature and the
specific gas constant now vary significantly. The three options of source term S, are here
used to differently impose a pressure decrease (instead of pressure increase in Fig. 6.1.4),
and the temperature evolution as 7},,g,(t) should be kept. The input parameters and the
analytical results are given in Table. 6.2.2. For option 1, the density is directly controlled,
and the pressure variation can be obtained using the equation of state, while for options 2
and 3 using a dynamic source term S,, the pressure is directly controlled and the density is
obtained from the equation of state.

Option || Input parameters Value Analytical results
1 d{p)/dt -0.376 p(t) = po — 0.376t
2 d(P)/dt —1x10° P(t) = Py — 1x10°t
3 a,b,c —1x105, 0, —=1x10° | P(t) = Py — (1x10°/3)t3 — 1x 105t

Table 6.2.2: Input parameters and expected results for reacting case using the three options
of density source term.

The temperature is not affected and varies as in Fig. 6.1.4 in Sec.6.1.2, as expected. Figs. 6.2.7a,
6.2.7b and 6.2.7c illustrate the temporal evolution of the spatially-averaged pressure, tem-
perature and mass density respectively for options 1, 2 and 3, corresponding well to the
analytical ones.

Pressure decrease in tubes

In the present work, the pressure temporal evolution is known from the data of TOTAL,
and should be directly controlled. Considering the variation on 7" and r in the reacting flow
in tubes, the option 2 of density source term is used. Parameters in the input file are set
to obtain a pressure decrease corresponding to the data (especially to the initial and final
pressures) in S38 and R38. Figs. 6.2.8a and 6.2.8b show the data of TOTAL and the pressure
decrease imposed in AVBP (“curve fitting”).
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Figure 6.2.7: Temporal evolutions of the spatially-averaged pressure, temperature and mass
density using the 3 options, compared to the theoretical results.
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Figure 6.2.8: Pressure decrease imposed in AVBP (solid line) and the data from TOTAL
(symbols: squares) in both S38 and R38 tubes.
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6.3 Preliminary PSR tests at different pressures

To simulate the industrial application, the initial pressures in case S38 and R38 are different,
and vary from the final pressure, as mentioned above. Adiabatic PSR tests with constant
volume have been conducted with Cantera to show the impact of the pressure on the butane
cracking process. The two extreme of pressure, respectively 2.57 atm and 2.16 atm in tubes,
and three different temperatures 909 K, 1000 K and 1200 K are used. The operating points
are listed in Table. 6.3.1.

PSR T [K] | Pressure [atm)]
TIPI 909

T10PI 1000 2.57
T12PI 1200

TI9PO 909
T10PO 1000 2.16
T12PO 1200

Table 6.3.1: Preliminary PSR tests at different pressures and temperatures with Cantera.

Results in Fig. 6.3.1 show the temporal evolutions of temperature, pressure, mole fraction
of reactants and two mains products. Almost the same evolutions are observed between two
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Figure 6.3.1: Preliminary PSR tests at different pressures and temperatures with Cantera:
temporal evolutions of the temperature, pressure, mole fraction of reactants and two mains
products.

series of tests at different pressures, so the pressure has little impact on the butane cracking
chemistry. Note that these tests are with constant volume, i.e., constant density. For the
simulations in tubes, the density varies a lot and can have a significant impact on the
chemistry.
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6.4 LES results of reacting heated flow in tubes S38
and R38

6.4.1 Temporal evolution of spatially-averaged quantities

The temporal evolutions of the spatially-averaged temperature, pressure, mole fraction of
the two main products CsHg, CoHy and the two reactants HoO and C4H;o are plotted in
Fig. 6.4.1 for both tubes S38 and R38, compared with the temperature data from TOTAL.
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Figure 6.4.1: Temporal evolutions of the spatially-averaged temperature, pressure, mole frac-
tion of the two main products and the two reactants for both tubes S38 and R38, compared

with the data from TOTAL. The x-axis is “Time [S]”. TOTLAL source: symbols. AVBP
results: lines.

The simulations are still running and the results are shown till 42ms. The temperature
evolutions are well predicted by AVBP simulations, and no significant difference is observed
between S38 and R38 (note that the same heat flux is imposed on the wall in both cases).
The butane in the smooth tube S38 is consumed more rapidly, leading to more productions
of C3Hg and CoHy. More analysis will be conducted in the next sections.

The temporal evolution of the spatially-averaged (global) reaction rate of the main de-
composition reaction C4H;g — 2C5Hy in the butane cracking chemistry, and the relations
between the reaction rate, the temperature and the mass fraction of the reactant C4H;q, are
plotted in Fig. 6.4.2. Higher reaction rate is observed in S38, leading to a faster consump-
tion of C4H;y and higher production, as observed in Fig. 6.4.1. These different relations in
Figs. 6.4.2b-c between S38 and R38 show a mixing effect. At the same spatially-averaged
temperature, the global reaction rate is higher in S38, leading to a higher consumption of
C4H1g, thus lower mass fraction.

6.4.2 Instantaneous fields

Instantaneous fields at 1 ms, 10 ms and 40 ms, of axial velocity, temperature, reaction rate of
C4H1g — 2C5H5 and mass fraction of the main product CsHg, are investigated and compared
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Figure 6.4.2: (a)Temporal evolution of spatially-averaged reaction rate of the reaction
C4Hip — 2CoHs; (b)-(c) relations between reaction rate, temperature and mass fraction
of C4H;o in both S38 and R38 tubes.

between the cases S38 and R38.

Axial velocity

Instantaneous fields of axial velocity in both S38 and R38 tubes are shown in Fig. 6.4.3. The

t=1ms t=10ms t =40 ms
i SR Pl ~
S38 "
| ———= (— >
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— —— —

Axial velocity [m/s]
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Figure 6.4.3: Instantaneous fields of axial velocity in both S38 and R38 tubes at 1 ms, 10 ms
and 40 ms.

bulk velocity is kept at around 45 m/s. As expected, stronger turbulence is observed in R38.
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Temperature

Fig. 6.4.4 shows the instantaneous fields of temperature.

t=1ms _ t=10ms _ t=40ms

Temperatt;re [K]

920900 945 9901000 1050

1100

Figure 6.4.4: Instantaneous fields of temperature in both S38 and R38 tubes at 1 ms, 10 ms
and 40 ms.

First, comparing the fields at 1 ms, 10 ms and 40 ms, the heating process from the wall
towards the center of tubes is significant. Note that the same heat flux is imposed on the
wall of both tubes, so the heat flux entering the two tubes are the same. Second, more
homogeneous temperature distribution is observed in the tube R38, at 10ms and 40ms
respectively, thanks to better mixing and faster heat transfer. In S38, the temperature is
especially high in the near wall region (from the wall to almost 1/4 radius), and is higher
than in R38, because the heat transfer at wall in S38 is less efficient than in R38, leading to a
higher skin temperature, as shown in Fig. 6.4.5. As expected, globally lower skin temperature
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Figure 6.4.5: Instantaneous skin temperature distribution at the wall in both S38 and R38
tubes at 10 ms.

in the tube R38 is obtained, which is desirable because it can reduce the coking phenomena

in tubes of thermal cracking. Note that high temperature appears in the rib corners, where
the coke formation is the most.
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6.4. LES RESULTS OF REACTING HEATED FLOW IN TUBES S38 AND R38

Reaction rate of C/;H;; — 2CyHj

The temperature distribution in both tubes has a direct impact on the reaction rate of the
main decomposition reaction C4H;g — 2C5Hs in butane cracking chemistry. In Fig. 6.4.6,
high reaction rate is observed in a larger region near the wall in S38 than in R38, thanks to

t=1ms t=10 ms t=40 ms
.l—
S38
—> ) —

Reaction rate [molefm%-‘s%
100

(|

Figure 6.4.6: Instantaneous fields of the reaction rate of C4H;y — 2C5H5 in both S38 and
R38 tubes at 1 ms, 10 ms and 40 ms.

0.006 0.008 0.0

larger region of high temperature. In addition, more homogeneous distribution of reaction
rate and slightly higher reaction rate towards the tube center is observed in R38.

Mass fraction of C,H;,

The instantaneous fields of mass fraction of C4Hg are given in Fig. 6.4.8. More C4H;q is

t=1ms t=10 ms t=40 ms

M = = s w
Mass fraction of C4H10 [-]
0.6899 069 0867 069 05 0.68

Figure 6.4.7: Instantaneous fields of mass fraction of C4H;y in both S38 and R38 tubes at
1ms, 10ms and 40 ms.

consumed in the near wall region in S38, leading to a stronger gradient of mass fraction of
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C4Hyp. More homogeneous field in R38 is due to less consumption of C4H;y near the wall
and better mixing.
Mass fraction of C3Hg

The observations above explain the higher productions of C3Hg in the tube S38. Higher
reaction rate of C4H;g — 2C5H5 in the near wall region in S38 leads to higher production
of C3Hg, as shown in Fig. 6.4.8. Although the production of C3Hg in the center of R38 is

t=1ms _ t=10ms t=40ms

Mass fraction of C3H6 [-]
0o . . 2e500 _ . 0.002 001 _ 0.05
[

Figure 6.4.8: Instantaneous fields of mass fraction of C3Hg in both S38 and R38 tubes at
1ms, 10 ms and 40 ms.

higher, the global production is still lower.

6.4.3 Probability distribution and contribution

Difference of geometry between ribbed and smooth tubes leads to different probability distri-
bution of temperature although their spatially averaged temperatures are the same, having
impact on chemistry. Results are here compared between R38 and S38 using instantaneous
solutions at 10 ms and 40 ms.

Probability distribution of temperature

The probability distribution of temperature PDF(T') is calculated as the percentage of the
volume of tubes having the same temperature. The temperature range from 850 K to 1250 K
is divided into 100 regular intervals and values of temperature higher than 1250 are counted
into the last interval topped by 1250 to facilitate the illustration, as shown in Fig. 6.4.9. From
10 ms to 40 ms, temperature distribution moves from lower region to higher one, in agreement
with the higher mean temperature at 40 ms. Note that the instantaneous global temperature
in R38 and S38 is the same (refer to Fig. 6.4.1), while the distributions are different.The
smooth tube S38 has a higher temperature probability distribution in the lowest and highest
regions, consistent with the low temperature in the tube center and high temperature at
wall as observed in Fig. 6.4.4, leading to a less homogeneous temperature field than in R38.
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Figure 6.4.9: Probability distribution of temperature at 10 ms and 40 ms in both S38 and
R38 tubes.

Different distribution of temperature leads to different distribution of reaction rate, show-
ing an impact on chemistry.

Probability distribution of reaction rate of C,;H,y — 2C,Hj

The reaction rate of C4H;9 — 2C5Hj is taken as an example to show the impact on chemistry.
The probability distribution of reaction rate PDF(r) is given in Fig. 6.4.10, 100 regular
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Figure 6.4.10: Probability distribution of reaction rate for C4H;g — 2CsH5; at 10ms and
40ms in both S38 and R38 tubes.

intervals are used from 0 to 200mol/m3 /s, and values higher than 200 are counted into the
last interval topped by 200 to facilitate the illustration. Fig. 6.4.10a is zoomed into the
intervals from 0 to 20mol/m3/s, and Fig. 6.4.10b is zoomed on the values of distribution

from 0 to 1% for all intervals. Most values of reaction rate are inferior to 5, as shown in
Table. 6.4.1.
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PDF(r < 5) PDF(r > 50)
10ms | 40ms | 10ms | 40ms
R38 99% 87% | 0.05% | 0.75%
S38 97% 82% 0.4% 4.4%

Table 6.4.1: Probability distribution of reaction rate for C4H;g — 2C5H;5 at 10 ms and 40 ms
in both S38 and R38 tubes.

Due to the more homogeneous distribution of temperature in the ribbed tube R38, the
distribution of reaction rate in R38 is more concentrated in the range [0, 5 mol/m?/s| than
in S38.

On the other hand, for » > 50mol/m?/s, related to the high temperature in the near wall
region, PDF(r) in the smooth tube S38 is higher. Although this proportion is very small
compared to PDF(r < 5mol/m?/s), its contribution is quite important thanks to the high
value of reaction rate. The contribution C(r) is defined as:

C(r) = PDF(r)-r, (6.4.1)

and is illustrated in Fig. 6.4.11. It is observed that at 40 ms, the form of contribution area
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Figure 6.4.11: Contribution of reaction rate for C4H;y — 2C3H5 at 10 ms and 40 ms in both
S38 and R38 tubes.

is similar in both smooth and ribbed tubes: high contribution is found in the lowest range
thanks to high distribution, then it decreases and re-increases because of the high reaction
rate 7. The contribution of r > 50 mol/m?/s in the smooth tube S38 is much more important
than in R38, leading to a higher spatially averaged reaction rate, thus a faster consumption
of C4H1g. But this effect may change: since the reacting flow becomes more homogeneous
with longer simulation time in both S38 and R38 (which can be already observed in the
instantaneous fields at 40 ms in Figs. 6.4.4 and 6.4.6), the advantage of the high temperature
(i.e. high reaction rate) in the near wall region of S38 may be limited, at the same time, less
and less C4H;g appears in the wall region, especially in S38, which limits the consumption
rate of C4Hyg. It can be investigated with further results.
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6.5. CONCLUSIONS AND PERSPECTIVES

6.4.4 Selectivity of products

Different distributions of quantities as temperature and reaction rate in ribbed and smooth
tubes have impact on the selectivity of products, which has an economic impact in petro-
chemical industry. The selectivity is defined as the amount of a specific product formed per
mole of reactant consumed till time :

Anprod(t) _ npmd(t) - npmd(o) (6.4.2)

~ Anc,p,, (1) ne,H,, (1) — ne,m,, (0)

Slcprod =

In the present work, the selectivities of CHy, CoHy and C3Hg are compared, at the moments
when the same conversion of C4Hy (Ang,m,,(t)/nc,m1,,(0) = 13.9%) is achieved: ¢ = 47ms
in R38 and ¢t = 42ms in S38. The selectivities of products are listed in Table. 6.4.2.

Selectivity CHy CoHy | C3Hg
R38 53.9% | 54.9% | 54.7%
S38 49.0% | 62.9% | 50.3%

Table 6.4.2: Selectivity of products CHy, CoH4 and C3Hg in both S38 and R38 tubes.

It is observed that for the current results, the selectivity of CH4 and C3Hg increase while the
one of CyH, decreases in the ribbed tube R38 compared to the smooth tube S38.

6.5 Conclusions and perspectives

In this chapter, butane cracking chemistry has been implemented in the code AVBP and
validated against 0D PSR calculations, obtained with Cantera and Senkin. Simulations of
butane cracking process within the configurations S38 and R38, with an imposed heat flux at
the wall and the density variation model are conducted. The present results is run till 40 ms
(the typical residence time 140ms). Higher skin temperature, faster conversion of butane
and higher selectivity of ethylene are observed in the tube S38. The advantage of the tube
R38 is the lower skin temperature which reduces the coking phenomena, thanks to better
mixing and faster heat transfer. Analysis shows that the higher temperature in the near wall
region of the tube S38 is responsible for the faster conversion of butane. However, when the
reacting flow becomes more homogeneous as time, this effect may be no longer dominant
and higher conversion may appear in the tube R38 after some time. Further investigations
will be conducted when the total simulation time increases.
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Chapter 7

Conclusions and perspectives

In the present work, LES of non-reacting and reacting turbulent flows are performed in both
smooth and ribbed tubes with the LES code AVBP and the results are analyzed in details.
After introducing the industrial context, a literature review summarizes the experimental
and numerical studies on wall flows over smooth and rough surfaces. Many experimental and
numerical studies have been published for turbulent flows in smooth tubes. Wall models have
been proposed for these flows, leading to a correct estimation of both the wall friction and
the heat flux. For ribbed tubes however, experimental studies show very different results,
with no clear conclusions about the nature of the wall low. Examples of numerical simula-
tions of ribbed tubes, especially of helically ribbed tubes, are scarce in the literature. For
these reasons, high-fidelity numerical simulation appears as an interesting tool to investigate
turbulent flows in ribbed tubes.

In Chaps 3 and 4, the non-reacting isothermal /non-isothermal turbulent flows in both
smooth (S51) and ribbed (R51) tubes are investigated. The impact of the mesh and the
numerical scheme is evaluated. The smooth tube reference cases are validated against theo-
retical /empirical results. The methodology of using a periodic configuration with a compu-
tational domain L < D, combined with a source term Sy4, (and S,) in the flow equations
solved on a hybrid mesh having y* = 1 at the wall, with the numerical scheme TTGC, is
found to give accurate results and is applied to ribbed tube R51.

Comparisons between different meshes and numerical schemes on R51 show that mesh
Y10t with scheme TTGC or LW can well capture both the dynamics and the thermal be-
havior of the turbulent flow, allowing to reduce significantly the computational cost of the
LES. Comparisons between smooth and ribbed tubes show that, contrary to the smooth
tube where the pressure loss is mainly due to friction drag, the pressure drag is dominant in
ribbed tubes (where the pressure loss increases by a factor of 6), and can be well predicted
on a coarse mesh with y* = 10 at the wall. As it is an effect of pressure, classical wall
laws for smooth pipes do not work and WRLES is therefore used. The impact of ribs on
the thermal behavior is also shown as a thicker thermal boundary layer, and enhanced heat
transfer by a factor of 3.

Ethane cracking chemistry in the same configurations of smooth and ribbed tubes are
studied in Chap. 5. Ethane cracking chemistry has been implemented in the code AVBP
and validated against 0D PSR calculations, obtained with Cantera and Senkin. Simulations
of ethane cracking within the configurations S51 and R51 show better performances of the
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ribbed tube R51 on ethylene production, thanks to the stronger heat transfer, turbulent
fluctuations and mixing.

Finally the industrial applications from TOTAL are studied in Chap. 6. Butane cracking
chemistry has been implemented in the code AVBP and also validated against 0D PSR
calculations, obtained with Cantera and Senkin. Simulations of butane cracking process
within the industrial configurations S38 (smooth tube) and R38 (ribbed tube), with an
imposed heat flux at the wall and the density variation model are performed. Higher skin
temperature, faster conversion of butane and higher selectivity of ethylene are observed in
the tube S38. Lower skin temperature which reduces the coking phenomena is found in
R38, as expected, thanks to better mixing and faster heat transfer. First analysis shows
that during the time today simulated, the higher temperature in the near wall region of
S38 is responsible for the faster conversion of butane. However, when the reacting flow
becomes more homogeneous as time increases, this effect may no longer dominate and higher
conversion of butane may appear in R38. Further investigations will be conducted in the
simulations increasing the total simulation time.

This work has demonstrated the feasibility of LES of steam-cracking processes in real-
istic conditions at a reasonable CPU cost, thanks to periodic boundary conditions. The
methodology that has been developed, based on specific source terms to reproduce the cor-
rect thermodynamic conditions, allows to accurately describe the involved phenomena and
their interactions. Results demonstrate the significant and important information brought
by the simulations, which are able to describe and explain the complexity of such system
behaviors.
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Appendix A

Impact of numerical schemes on PDE
for a simple case

A.1 Isothermal 2D case

The grid is on quad Ay x Ay, as shown in Fig. A.1.1. The boundary condition used at walls

No boundary

periodic periodic

i

X No boundary

Figure A.1.1: Computational domain
is “NO_BOUNDARY?” [173].

Initial solution

The temperature 7" and the pressure P are constant, and the velocity in y direction is zero
in the whole domain.

The axial velocity u has a parabolic profile: u = Cy? where C' is a constant.
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A.2. NON-ISOTHERMAL 2D CASE

Equation:

a(t]+ﬁﬁ:0 (A1.1)

In VF, it appears the term ﬁ(U, ﬁU) For the viscous flux, OU/dt ﬁ(ﬁU), and it can
be calculated with:

opu  Ppu  *u

A12
ot > oz < ay? (A-12)
1
O0E _OpE _PE % (2“2) ) ALs)
ot Oy? Oy? Oy? 02 o

The numerical calculation of 9%u/dy* and 9%(u?)/dy? in the code AVBP with the diffusion
operators 4A et 2A are compared in Table. A.3.1, together with the analytical results.

A.2 Non-isothermal 2D case

The same computational domain and boundary conditions as in the isothermal case are
considered.

Initial solution

The pressure P, the velocities u and v are constant in the domain with P = latm,u =
10m/s,v = 0m/s.

The temperature T has a parabolic profile: T = 300 4+ Cy? with a constant C.

Equation:

U -~
— F = A21
5 T VE=0 (A.2.1)

Still for the viscous flux where appears the term U /0t ﬁ(ﬁU ), the temperature is used
to calculate the heat flux ¢, = —A(0T'/0y). In the present case, at a node i we have:

opE 0 oT
(%57) <5 (%) (422)

For the RHS, analytical result and the numerical calculations with two diffusion operators
4A et 2A are written:
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Analytical

o (. 0T 0°T ONOT
— (A=) = o)
dy \" 9y ), dy* ), \0ydy ), (A.2.3)

dy ),

Using 4A, at a central node

(%), (%)
8<A6T> _\ %)y )i

2Ay

oT oT
P (aylﬂ e (ayl_l

N 2Ay

Tivo —T; T, —Tio
B >\i+1 ( 2Ay ) - )\ifl ( 2Ay >

2Ay
Ait1Tipo — XLy — N T + N T
B 4Ay*
_ Niv1 (Tive —Tip1 + Tica = 1) + Xica (Tipn — Tioa — T + 1)
4 A2
(Nix1 — A1) (T — Ti)
+ +12Ay - +2Ay : (replace Yirk by ¥;i + kAy)
(N1 + A1) (Nis1 — A1)
9 .
2 M R

(A.2.4)

=2C
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A.2. NON-ISOTHERMAL 2D CASE

Using 4A, at a node at the wall

(5. 0%)
2 <A5%F> _\ /iy % ),

dy \ 9y Ay

), (3

_ Y/ in Y/
Ay
Tio —T; T —T;

e (5550 ()
- Ay (A.2.5)
~ Ain T — Aid Ty — 20T + 20T
N 2Ay*

Aiv1 (Tige — 2T51 + T5) n (Niv1 = N) (Tir — 1)

2Ay? Ay Ay

(replace y; 1k by ¥i + kAy)

(Air1 = N) + C<)‘i+1 — i)

C)\H-l + C Ay Yi Ay

Ay

(y; is O at walls)
= Chig1 +C (Nig1 — M)

Using 2A, at a central node

o (0T _
oy\"oy), Ay
(Nig1 + X)) (T — To) B (N + Xicq) (T, = Tia)
B 2 Ay 2 Ay
o 1
i

A 1(Tir = T3) + Xi(Tigr — 2T+ Tiy) + N (T3 + i)

N 2Ay?

_ (N1 + 20 + Nic)(Ti — 2T, + T5y) n (Nit1 — Niz1) (T — T21)

4 Ay 2Ay 2Ay

(replace yik by ¥i + kAy)
(Nig1 + 2N + Xic1) (A1 — Aic1)
—9 ool — Nt
C 1 +2C 2Ny Y

(A.2.6)
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Using 2A, at a node at the wall

9 ( Aarr) -
I Y 1
oy \ 9y /, . Ay
(Nit1 +N) (T — To)
_ 2 Ay
- 1
52
_ Qi+ ) (Ti4a = T5)
Ay?
_ 20(Tiir = T13) (N1 — X)) (Tig — 1)
Ay? Ay Ay
(replace Yiyx by ¥i + kAy)
— oty (00 i1 =X)L Qi — A
= 20N+ 1) + 207 Sy O

(y; is 0 at walls)

A.3 Comparison

The results by developing the second derivative are given for:
In the isothermal case:

o
0y?

*u? 0 ou
= — | 2u—
o* oy dy

0 oT
@(Aay)

In the non-isothermal case:

Ay

(A.2.7)

(A.3.1)

(A.3.2)

(A.3.3)

A constant error using 4A is observed at the wall, which will not decrease with a refined

mesh.

All these results are checked using AVBP_V6.2 with the numerical scheme LW after 1
iteration, and C' = 1/0.002% = 250000 for the isothermal case and 1/10 x 0.002% = 25000 for

the non-isothermal case.
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A.3. COMPARISON

’ ‘ H Theorie ivisc=1 (4A) ivise=2 (2A)
2
center <gy§) . 2C 2C 2C
g (2u§Z> 12C%y? 12C%y2 + 4C? Ay? 12C%y2 + 2C2 Ay?
9 (TN Nl aen, 420 (22 y, | 2cPentrizg) po Rttt Pt Aiy)
Oy dy /,; oy /, 5 2 ) 5 /\4 )
it1 — Ai-1) it1 — Ai-1)
2072Ay Yi 2072Ay Yi
u
Q (2u8u> 0 4C% Ay? 202 Ay?
y\ Oy/,
0 oT
aiy AFy ) 20)\1 O)\i-i,-l + C (Ai_;,_l - )\1) 20/\1 + O ()\i+1 - Az)

Table A.3.1: Comparison of the numerical methods in AVBP using two diffusion operators
4A and 2A, together with the analytical resutls for the second derivative terms in PDE.
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Appendix B

Stress vector

In ribbed tubes, where the mean flow does not only follow one direction as in smooth tube,
the wall shear stress and friction coefficient (factor) should be redefined carefully.
Let us begin with the definition of the stress tensor:

Tex Txy Tz
stress tensor : T = | Typ Tyy Ty-
Tza sz Tzz

stress vector” : T =T -1 = | T, n;

*Using summation convention.

In the axial cut plane z = 0 in tubes, the wall normal is 7 = (0, 1, 0), so that the axial
component of the stress vector 7(x) = 7,,. In a smooth tube, 7., (Eq. 2.1.5) is the wall shear
stress 7, (Eq. 2.1.28). On the contrary, for ribbed tubes, the wall shear stress 7, is taken as
the norm of the stress vector (it is also the output of 7,, by AVBP), thus:

T = 7= J7(2)? + 7(y)? + 7(2)2, (B.0.1)

which allows 7, keeping a positive value and being used for the definition of the friction
velocity u, = +/(7w/p) (Eq. 2.1.30).

In fact, in the ribbed tube, the relation between the friction factor and the wall shear
stress in Eq. 2.1.44 is no longer directly available. As a consequence, in the current work, the
wall shear stress 7,,, which is always positive, is used for u,; and the global quantities, as the
global friction factor f,, the global wall shear stress 7,, , and the global friction velocity w4,
are all obtained with the global pressure loss dP/dz, using Eqs. 2.1.48 and 2.1.49; finally,
the local friction coefficient Cy is defined by the axial component of the stress vector 7(z)
(Eq. 2.3.1), which allows a negative value showing the recirculation of velocity.
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Appendix C

Reduced chemical kinetic schema for
ethane cracking process

! This chemkin file was generated by RMG  Reaction Mechanism Generator (http://rmg.mit.edu
)

! The java code was compiled by ant at:

! 2012 08 09T12:04:51

! The git repository was on the branch:

! master

! And at the commit with the hash:

! 1340a83f79b8bc9110decba6c27124b98f19bc2d

!

!

!

!

For details visit:
http://github.com/GreenGroup /RMG Java/tree /1340a8
!To see changes since then visit:
! http://github.com/GreenGroup /RMG Java/compare/1340a8 ... master

ELEMENTS H C O N Ne Ar He Si S Cl END
SPECIES
H2(23)
CH4(11)
C2H4(10) !C2H4
C2H6(8) !C2H6

C3H6(15) !C3H6
C3H8(12) !C3H8
C4H8(28) !1C4HS

C4H8(29) !2C4HS8
C4H6(173) !13C4H6
C4H10(1) !C4HI10
HJ(5) 'H
CH3J(2) !CH3
C2H5J(6) !C2H5
C3H7J(3) !1C3HT
C3H7J(18) !2C3H7
C4H9J (4) !1C4H9
C4H9J (7) !2C4H9
C4H7J(136) !1C4HT7 4
C4H7J(99) !1C4H7.3
H20
END
THERMO ALL
300.000 1000.000 5000.000
The first four sets of polynomial coefficients (Ar, N2, Ne, He) are from
THIRD MILLENIUM IDEAL GAS AND CONDENSED PHASE THERMOCHEMICAL DATABASE FOR
COMBUSTION WITH UPDATES FROM ACTIVE THERMOCHENICAL TABLES
Authors: Alexander Burcat and Branko Ruscic

The rest of the species are estimated by RMG (http://rmg.mit.edu/)
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H20 C 0H 20 1 G
0.28617966E+01 0.27417880E02 0.69903300E 06 O.
0.29983447E4+05 0.57924369E+01 0.39643913E+010.
0.36343313E09 0.22898504E12 0.30268709E+05 0.

! Estimated by RMG using Group Additivity
C4H7J(99) C 4H 7 G
9.30587932E+00 1.81664497E02 6.26407184E 06 9.
1.20666362E+04 2.48404295E+01 3.57920944E+00 1.
6.35451306E 08 2.35062160E 11 1.46404979E+404 9.

Estimated by RMG using Group Additivity

C4H7J(136) C 4H 7 G
9.06813694E+00 1.79475749E02 6.17736805E 06 9.
2.02377598E404 2.01308330E4+01 3.60805455E400 1.
6.16607785E 08 2.27807069E 11 2.27098861E+04 1.

IEstimated by RMG using Group Additivity

C4H6(173) C 4H 6 G
1.10283952E4+01 1.28920777E02 3.95448678E 06 5.
8.15102140E403 3.56754561E+01 3.22147962E+00 1.
7.00058205E 08 2.62648333E 11 1.13755999E+4+04 1.

!Estimated by RMG using Group Additivity
C4H10(1) C 4H 10 G
9.55894461E+00 2.51112690E02 8.70980376E 06 1.
2.01848471E+404 2.68629891E+01 3.59442147E+400 1.
7.45526578E 08 2.73825644E11 1.73616090E+04 1.

!Primary Thermo Library: GRIMech3.0 (Species ID:

C2H5J (6) cC 2H 5 G
4.59320890E400 1.18436237E02 4.07290481E06 6
1.19693206E+04 8.17949459E 01 3.93585841E+00 1.
4.48664018E 08 1.54302743E 11 1.28872636E+04 6.

!'Primary Thermo Library: GRIMech3.0 (Species ID:

CH3J(2) c 1H 3 G
3.29357244E400 5.17342537E03 1.59469094E 06 2.
1.64213935E+04 2.99099001E+00 3.95487471E+400 8
1.03175622E 08 3.29596781E 12 1.64182649E+04 4.

!Estimated by RMG using Group Additivity

C3HT7J(3) C 3H 7 G
6.95424497E4+00 1.72816380E02 5.92405012E 06 9.
8.39537670E4+03 1.13350131E+01 3.74143322E400 6.
5.74319432E 08 2.05881685E 11 1.02014031E+404 1.

!Estimated by RMG using Group Additivity

C3H7J(18) C 3H 7 G
5.33679302E+00 1.93426330E02 6.91306521E06 1.
7.64649051E403 2.39416512E400 4.00224620E400 5.
5.06788648E 08 1.77377140E 11 8.84686013E+03 8.

!Primary Thermo Library: GRIMech3.0 (Species ID:

C2H4(10) C 2H 4 G
4.53370569E400 9.57308713E03 3.23408854E06 5.
4.05240745E403 3.34571790E+00 3.90849430E+00 6.
5.36388906E 08 1.83200843E 11 5.10288607E+03 4.

!'Primary Thermo Library: GRIMech3.0 (Species ID:

HI(5) C OH 1 G

300. 5000. 1000.
83739816E 10 0.38747362E 14
36069624E 03 0.19731396E 05
14771534E4-00

250.000 5000.000 995.043
84132901E10 5.79132700E 14
22166230E 02 4.63775625E 05
96573631E4-00

250.000 5000.000 995.043
71267356E 10 5.72193042E 14
19094581E 02 4.51149543E 05
31459027E401

250.000 5000.000 995.043
66446112E 10 3.10025524E 14
05227964E 02 5.04981450E 05
03459015E401

250.000 5000.000 995.043
37678114E09 8.14311852E 14
60364012E 02 5.47950347E 05
01047398E+01

s00002703)

250.000 5000.000 995.043

.40369771E10 3.77359054E 14

41361383E 03 3.98804465E 05
30535006E4-00

s00009089)
250.000 5000.000 995.043
30721655E 10 1.27839589E 14

.01537496E 05 1.02371184E 05

49456912E 01

250.000 5000.000 995.043
28115810E 10 5.45380465E 14
63085674E 03 4.56568982E 05
00112877E401

250.000 5000.000 995.043
11583350E09 6.69780006E 14
82500229E 03 4.19291210E 05
73482173E400

s00002577)
250.000 5000.000 995.043
01623403E 10 2.92495620E 14
61973360E 03 4.93751261E 05
32080737E400

s00009800)

250.000 5000.000 995.043

2.50000000E400 3.49466136E 16 1.88320877E 19 4.06176413E 23 3.19728232E 27
2.54706576E+04 4.49305799E 01 2.50000000E+00 1.69371698E 15 4.40846916E 18
4.33783649E 21 1.45212725E 24 2.54706576E+04 4.49305799E 01

!Primary Thermo Library: GRIMech3.0 (Species ID:
H2(23) C OH 2 G

s00009809)

250.000 5000.000 995.043
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APPENDIX C. CHEMICAL SCHEMA OF ETHANE

3.23597865E4+00 3.41872004E 04 1.23407858E07 4.57800734E 11 3.78637707E 15 2

9.64700069E402 2.79075150E4+00 3.40255781E+00 1.01721558E04 1.62009963E07 3
5.79222153E10 2.62226797E13 1.01911266E+03 3.70041102E+00 4
!Estimated by RMG using Group Additivity

C4H9J (7) C 4H 9 G 250.000 5000.000 995.043 1
6.76177826E4+00 2.59093186E 02 9.15278708E 06 1.46363455E09 8.72805066E 14 2
4.35496751E4+03 6.90031400E4+00 3.86622761E4+00 1.63496182E 02 3.72160310E 05 3
5.10142749E 08 1.84770645E 11 5.98070403E+03 1.23282829E+01 4
!Estimated by RMG using Group Additivity

C3H6(15) C 3H 6 G 250.000 5000.000 995.043 1
6.43968377E+00 1.54389014E02 5.30972083E 06 8.34510743E 10 4.91522454E 14 2
9.10049185E4021.05529198E+01 3.79616984E+00 3.13592835E 03 4.78025900E 05 3
5.79088422E 08 2.05283796E 11 7.51179506E+02 7.89137976E+00 4
!Estimated by RMG using Group Additivity

C4H9J (4) C 4H 9 G 250.000 5000.000 995.043 1
9.30384551E4+00 2.28213487E 02 7.94275649E 06 1.25861444E09 7.45754905E 14 2
4.76859908E4+03 2.20613609E+01 3.62888761E+00 1.69600053E 02 4.41187344E 05 3
6.25826380E 08 2.32414908E 11 7.31749820E+03 1.24218583E+01 4
!Primary Thermo Library: GRIMech3.0 (Species ID: s00009193)

CH4(11) C 1H 4 G 250.000 5000.000 995.043 1
1.30383064E4+00 1.06312170E02 3.63140341E06 5.65079843E10 3.30334874E 14 2
9.84472024E4+03 1.18953866E+01 4.13429347E+005.99159306E 03 2.93330551E 05 3
2.68176503E 08 8.17758596E 12 1.01483723E+044.41255344E01 4
!Primary Thermo Library: GRIMech3.0 (Species ID: s00002784)

C2H6(8) C 2H 6 G 250.000 5000.000 995.043 1
4.31432931E400 1.47965141E02 5.13777267E 06 8.13192623E10 4.81447582E 14 2
1.25000423E+04 2.38870767E+00 3.97360158E+00 3.06302033E 03 5.07725418E 05 3
5.60673537TE 08 1.91223516E11 1.14802815E+04 4.03689134E+00 4
!Estimated by RMG using Group Additivity

C4H8(28) C 4H 8 G 250.000 5000.000 995.043 1
9.32323605E+00 2.02374952E02 6.94441532E 06 1.08943405E09 6.40749989E 14 2
4.71568639E4+03 2.42393839E+01 3.57358840E+00 1.09858540E 02 5.57912545E 05 3
7.36307984E 08 2.69217805E11 1.96922106E+03 1.15218616E+01 4
Estimated by RMG using Group Additivity

C4H8(29) (@] 4H 8 G 250.000 5000.000 995.043 1
8.03147951E4+00 2.18298992E02 7.70855002E 06 1.23496273E09 7.37535387E 14 2
5.73117481E403 1.80898899E+01 3.78420755E4+00 1.33482456E 02 4.36013543E 05 3
5.89526982E 08 2.15329317E 11 3.62079935E+03 8.73680911E+00 4
!Primary Thermo Library: GRIMech3.0 (Species ID: s00003749)

C3H8(12) C 3H 8 G 250.000 5000.000 995.043 1
7.39040044E4+00 1.93494966E02 6.81221609E 06 1.09026926E09 6.50630141E 14 2
1.63822386EK+4041.71504126E+01 3.81651685E+00 4.45590583E 03 5.97486434E 05 3
7.30573201E 08 2.59891448E11 1.42224570E+04 7.35257278E+00 4

END

REACTIONS KCAL/MOL MOLES
Il Kinetics Genesys
Il recombinations

C2H5J (6)+C2H5J (6)=C4H10(1) 8.730e+14  0.699 0.0031

CH3J(2)+C3H7J(3)=C4H10(1) 1.230e+15 0.562 0.02

C4H9J (7)+HJ (5)=C4H10(1) 1.660e+13 0.22 0.00

C4H9J (4)+HJ (5)=C4H10(1) 5.440e+13 0.16 0.00
Il h abstractions

C4H10(1)+CH3J(2)=C4H9J (4)+CH4(11) 2.280E+13 0.00 17.7 14.560E13

0.00 17.7 preexp halved CMS
CAH10(1)+CH3J (2)=C4H9J (7)+CH4(11) 1.630E+13 0.00 15.4 13.260E13
0.00 15.4 preexp halved CMS
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CAH10 (1)+HJ (5)=C4HOJ (4)+H2(23) 3.515E+14  0.00 12.8  17.030E14
0.00 12.8 preexp halved CMS

CAH10 (1)+HJ (5)=C4HOJ (7)+H2(23) 2.440E+14  0.00 10.14 14.880E14
0.00 10.14 preexp halved CMS

HJ (5)+CH4(11)=H2(23)-+CH3J (2) 4.270E14 0.00 15.87

CAHS(28)+CH3J (2)=C4H7J (99)+CHA4(11) 1.220E13 0.00 12.16

C4HS (28)+HJ (5)=C4H7J (99)+H2(23) 1.590E14 0.00 7.29

!l additions

C2H4 (10)+CH3J (2)=C3HT7J (3) 7.430E15 0.00 10.31

C2H4(10)+HJI (5)=C2H5J] (6) 2.130E13 0.00 4.43 lpreexp /10
CMS

C3H6 (15)+HI (5)=C3H7J (3) 9.690E13 0.00 5.38

C2H4(10)-+C2H5J (6)=C4H9J (4) 7.430E15 0.00 10.31

C4H6(173)+HJ (5)=C4HT7J (99) 2.010E14 0.00 2.75

C4H8 (28)-+HJ (5)=C4H9J (7) 3.340E14 0.00 3.85

'l Kinetics RMG

HJ(5)+HJI(5)=H2(23) 1.090e+11 0.00 1.50 !
R_-Recombination exact: [ Horad , H_rad ]

HJ (5)+C2H5] (6)=H2(23)+C2H4(10) 1.083e+13 0.00 0.00 !
Disproportionation exact: [ Horad , Cmethyl Csrad ]

C2H5J (6)+CAHOJ (7)=C2H4 (10)+C4H10(1) 6.330e+14  0.70 0.00 !
Disproportionation exact: [ Cmethyl_Csrad , C_rad/H/NonDeC |

HJ (5)+C3H7J (3)=H2(23)+C3H6 (15) 3.620e+12  0.00 0.00 !
Disproportionation exact: [ Horad , C/H2/Nd_Csrad ]

C3H6(15)+CH3J (2)=C4H9J (7) 3.100e+12  0.00 8.50 !
R_-Addition-MultipleBond exact: [ Cd/H2_.Cd/H/Nd , C_methyl ]

CAHOJ (7)+C3HT7J (3)=C4H10(1)+C3H6(15) 1.026e+14  0.35 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , C/H2/Nd_Csrad |

C2H5J (6)+CAHOJ (4)=C2H4 (10)+C4H10(1) 6.900e+13  0.35 0.00 !
Disproportionation exact: [ Cmethyl_Csrad , C_rad/H2/Cs ]

C4H9J (4)+C4H10 (1)=C4H10(1)+C4H9J (T) 6.160e+03  2.66 10.10 !
H_Abstraction exact: [ C.rad/H2/Cs , C/H2/NonDeC ]

C4H9J (4)=C4H9J (7) 2.360e+10 0.82 35.10 !
intra.H_migration exact: [ Others R3H.SS , C.rad_out-2H , Cs_H_out_-H/NonDeC | pre exp
doubled to account for duplicate (CMS)

C3HT7J (3)+C4H9J (4)=C3H6(15)+C4H10(1) 2.900e+12  0.00 0.00 !
Disproportionation exact: [ C/H2/Nd_Csrad , C_rad/H2/Cs ]

CH3J (2)+C2H5J (6)=CH4(11)+C2H4(10) 6.570e+14  0.68 0.00 !
Disproportionation exact: [ C_.methyl , Cmethyl_Csrad ]

CH3J (2)+C3H7J (3)=CH4(11)+C3H6(15) 2.300e+13  0.32 0.00 !
Disproportionation exact: [ C_methyl , C/H2/Nd_Csrad ]

HJ(5)+CH3J (2)=CH4(11) 1.930e+14  0.00 0.27 !
R_Recombination exact: [ Horad , C_methyl |

C4H9J (4)+C2H6 (8)=C4H10(1)-+C2H5J (6) 1.926¢ 05 5.28 7.78 |
H_Abstraction exact: [ C.rad/H2/Cs , InChI=1/C2H6/cl 2/hl 2H3 ]

C4H10 (1)+C2H5J (6)=C4H9J (7)+C2H6 (8) 6.160e403 2.66 10.10 !
H_Abstraction estimate: (Average:) [ C/H2/NonDeC , InChI=1/C2H5/c1 2/h1H2,2H3 ]

C2H5J (6)-+C2H5J (6)=C2H6 (8)+C2H4(10) 6.900e+13  0.35 0.00 !
Disproportionation exact: [ Corad/H2/Cs , Cmethyl_Csrad ]

CH3J (2)-+CH3J (2)=C2H6 (8) 8.260e+17  1.40 1.00 !
R_Recombination exact: [ C_methyl , C_methyl ]

C2H5J (6)+C3H7J (3)=C2H6 (8)-+C3H6 (15) 2.900e+12  0.00 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad ]

HJ(5)+C2H5J (6)=C2H6(8) 1.000e+14 0.00 0.00 !
R_-Recombination exact: [ Horad , C.rad/H2/Cs ]

HJ (5)+C2H6 (8)=H2(23)+C2H5J (6) 3.768e+08 1.75 7.51 |
H_Abstraction estimate: (Average:) [ H.rad , InChI=1/C2H6/cl 2/hl 2H3 ]

CH3J (2)+C2H6 (8)=CH4 (11)+C2H5J (6) 1.668e+06 1.90 11.05 !
H_Abstraction estimate: (Average:) [ C_methyl , InChI=1/C2H6/cl 2/hl 2H3 |

C2H5J (6)+C4H9J (7)=C2H6 (8 )-+C4HS (28) 6.900e+13  0.35 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , Cmethyl Csrad ]

CH3J (2)+C4H9J (7)=CH4 (11)+C4HS (28) 6.570e+14  0.68 0.00 !
Disproportionation exact: [ C_methyl , Cmethyl_Csrad ]

HJ (5)+C4H9J (7)=H2(23)+C4HS8 (28) 1.083e+13 0.00 0.00 !
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Disproportionation exact: [ Horad
C4H9J (7)+C4H9J (7)=C4H10(1)+C4H8(28)
Disproportionation exact:

Cmethyl_Csrad ]

6.330e+14 0.70 0.00

[ C_rad/H/NonDeC , Cmethyl Csrad ]

C4HS (28)+HJ (5)=C4H9J (4) 1.180e+13 0.00 3.80
R_Addition_-MultipleBond exact: [ Cd/H/Nd-Cd/H2 , H_rad |

C2H5J (6)+CAHOJ (4)=C2H6 (8)+CAHS (28) 2.900e+12 0.00 0.00
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad ]

CH3J (2)+C4H9J (4)=CH4 (11)+C4HS (28) 2.300e+13  0.32 0.00
Disproportionation exact: [ C_methyl , C/H2/Nd_Csrad ]

HJ (5)+C4HOJ (4)=H2(23)+C4HS (28) 3.620e+12  0.00 0.00
Disproportionation exact: [ Horad , C/H2/Nd_Csrad ]

C4HOJ (4)+C4HJ (7)=C4H10 (1)+C4HS (28) 6.900e+13  0.35 0.00
Disproportionation exact: [ C.rad/H2/Cs , Cmethyl_Csrad |

C4HOJ (4)+C4HOJ (4)=C4H10 (1)+C4HS (28) 2.900e+12  0.00 0.00
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad |

C4HT7J (136)+C2H6 (8)=CAHS (28)+C2H5J (6) 1.926¢ 05 5.28 7.78
H_Abstraction exact: [ C.rad/H2/Cs , InChI=1/C2H6/cl 2/hl 2H3 ]

C4HS (28)+CH3J (2)=C4H7J (136)+CH4(11) 8.340e+05 1.90 11.05
H_Abstraction exact: [ C/H3/Cs , C_methyl ]

CAHS (28)+HJ (5)=CAH7J (136)+H2(23) 1.884¢408 1.75 7.51
H_Abstraction exact: [ C/H3/Cs , H_rad ]

C4H7J(136)+C4H10 (1)=C4HS (28)+CAHIJ (7) 6.160e403 2.66 10.10
H_Abstraction exact: [ C.rad/H2/Cs , C/H2/NonDeC ]

CAH7JI(136)+C4H10 (1)=C4HS (28)+CAHIJ (4) 3.954e403 2.71 12.92
H_Abstraction exact: [ C.rad/H2/Cs , C/H3/Cs ]

C4HT7J (136)+HJ (5)=CAHS (28) 1.000e+14  0.00 0.00
R_Recombination exact: [ C.rad/H2/Cs , H_rad ]

C2H5J (6)+C4HTI (136)=C2H4(10)-+C4HS (28) 6.900e+13  0.35 0.00
Disproportionation exact: [ Cmethyl_-Csrad , C_rad/H2/Cs |

C3H7J(3)+CAHTI (136)=C3H6 (15)+C4HS (28) 2.900e+12 0.00 0.00
Disproportionation exact: [ C/H2/Nd_Csrad , C_rad/H2/Cs ]

C4H9J (7)+CAHTI (136)=C4HS (28)+C4HS (28) 6.900e+13  0.35 0.00
Disproportionation exact: [ Cmethyl_Csrad , C_rad/H2/Cs ]

C4HOJ (4)+CAHTI (136)=C4HS (28)+C4HS (28) 2.900e+12  0.00 0.00
Disproportionation exact: [ C/H2/Nd_Csrad , C_rad/H2/Cs ]

C4HS (28)+C2H5J (6)=C4H7J (99)-+C2H6 (8) 3.120e 04 4.31 3.39

H_Abstraction estimate:
/cl 2/h1H2,2H3 |
C4H8(28)+C4HI9J (7)=C4H7J (99)+C4H10(1)
H_Abstraction estimate: (Average:) |
NonDeC |
C4H8(28)+C4H9J (4)=C4H7J (99)+C4H10(1)
H_Abstraction estimate: (Average:) |
]
C4H7J(99)+HJ (5)=C4H8(28)
R_Recombination estimate: (Average:)
C2H5J (6)+C4H7J(99)=C2H4(10)+C4H8(28)
Disproportionation estimate: (Average
C3H7J (3)+C4H7J(99)=C3H6(15)+C4H8(28)
Disproportionation estimate: (Average
C4H9J (7)+C4H7J(99)=C4H8(28)+C4H8(28)
Disproportionation estimate: (Average
C4H9J (4)+C4H7J(99)=C4H8(28)+C4H8(28)
Disproportionation estimate: (Average
C4H8(28)+C4H7J(136)=C4H7J(99)+C4H8(28)
H_Abstraction estimate: (Average:) |
]
C4H7J(136)=C4H7J(99)
intra_H_migration exact:
C4H6(173)+HJ (5)=C4H7J(136)
R_Addition_MultipleBond exact:
C2H5J (6)+C4H7J(136)=C2H6(8)+C4H6(173)
Disproportionation estimate: (Average:
CH3J(2)+C4H7J(136)=CH4(11)4+C4H6(173)
Disproportionation estimate:
HJ(5)+C4H7J(136)=H2(23)+C4H6(173)
Disproportionation estimate:

(Average:) |

(Average:

(Average:

[ Others R2H.S

InChI=1/C4H8/c1 3 4 2/h3H,1,4H2 2H3 ,

1.936e+02 2.96 6.79
InChI=1/C4H8/cl1 3 4 2/h3H,1,4H2,2H3 ,

3.120e 04 4.31 3.39
InChI=1/C4H8/cl1 3 4 2/h3H,1,4H2,2H3 ,

5.000e+13 0.00 0.00
[ C.rad/H/OneDeC , H_rad ]

6.330e+14 0.70 0.00
:) [ Cmethyl_Csrad , C_rad/H/OneDeC ]

1.026e+14 0.35 0.00
:) [ C/H2/Nd_Csrad , C_rad/H/OneDeC ]

6.330e+14 0.70 0.00
:) [ Cmethyl_-Csrad , C_rad/H/OneDeC ]

1.026e+14 0.35 0.00
:) [ C/H2/Nd_Csrad , C_rad/H/OneDeC ]

3.120e 04 4.31 3.39

InChI=1/C4H8/cl1 3 4 2/h3H,1,4H2,2H3 ,

2.820e+08 1.28 27.90
C_rad_out_2H , Cs_H_out_H/OneDe
5.700e+13 0.00 4.30
[ Cd/H/De_.Cd/H2 , H_rad ]
1.099e+13 0.06 2.47
) [ C-rad/H2/Cs , C/H2/De_Csrad ]
1.099e+13 0.06 2.47
) | C-methyl , C/H2/De_Csrad |
1.099e+13 0.06 2.47

) [ Horad , C/H2/De_Csrad ]
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C4H9J (7)+CAHTI (136)=C4H10 (1)+C4H6(173) 1.099e¢+13  0.06 2.47 |
Disproportionation estimate: (Average:) [ C_rad/H/NonDeC , C/H2/De_Csrad |
C4HOJ (4)+CAHTJ (136)=C4H10(1)+C4H6(173) 1.099e+13  0.06 2.47 |
Disproportionation estimate: (Average:) [ C.rad/H2/Cs , C/H2/De_Csrad |
C4H7J (136)+C4HT7J (136)=CAHS (28)-+C4H6(173) 1.099e¢+13  0.06 2.47 |
Disproportionation estimate: (Average:) [ C.rad/H2/Cs , C/H2/De_Csrad ]
C2H5J (6)+C4H7J(99)=C2H6 (8)+C4H6(173) 6.900e+13 0.35 0.00 !
Disproportionation exact: [ Corad/H2/Cs , Cmethyl_Csrad |

CH3J (2)+C4HT7J (99)=CH4(11)+C4H6(173) 6.570c+14  0.68 0.00 !
Disproportionation exact: [ C_methyl , Cmethyl_Csrad ]

HJ (5)+CAHT7J (99)=H2(23)+C4H6(173) 1.083e+13 0.00 0.00 !
Disproportionation exact: [ Horad , Cmethyl Csrad ]

C4H9J (7)+CAHTI (99)=CAH10 (1)+C4H6(173) 6.330e+14  0.70 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , Cmethyl_Csrad |

C4H9J (4)+C4H7J(99)=C4H10(1)+C4H6(173) 6.900e+13 0.35 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , Cmethyl_Csrad ]

CAHTJ (99)+C4HTI (136)=C4HS8 (28)+C4H6 (173) 1.099e+13  0.06 2.47 |
Disproportionation estimate: (Average:) [ C_rad/H/OneDeC , C/H2/De_Csrad |
CAHTI (99)+CAHTI (99)=C4HS8 (28)+C4H6(173) 6.330e+14  0.70 0.00 !
Disproportionation estimate: (Average:) [ C_rad/H/OneDeC , Cmethyl Csrad ]

C3H7J(3)=C3H7J(18) 1.938e+10 0.89 35.80 !
intra_H_migration exact: [ Others R2H.S , C_rad-out_-2H , Cs_H_out_-H/NonDeC ]

C3H6(15)+HJ (5)=C3H7J (18) 2.010e+13  0.00 2.10 |
R_Addition_-MultipleBond exact: [ Cd/H2_.Cd/H/Nd , H_rad ]

C3H7J(18)+CAHOJ (4)=C3H6 (15)+C4H10 (1) 1.380e+14  0.35 0.00 !
Disproportionation exact: [ Cmethyl_-Csrad , C_rad/H2/Cs |

C3H7J (18)+C4HOJ (7)=C3H6 (15)-+C4H10 (1) 1.266e+15  0.70 0.00 !
Disproportionation exact: [ Cmethyl_Csrad , C_rad/H/NonDeC |

C3HT7J (18)+HJ (5)=C3H6(15)+H2(23) 2.166e+13 0.00 0.00 !
Disproportionation exact: [ Cmethyl_Csrad , H_rad |

C3H7J (18)-+CH3J (2)=C3H6(15)+CH4(11) 1.314e+15  0.68 0.00 !
Disproportionation exact: [ Cmethyl_Csrad , C_methyl ]

C3H7J(18)+C2H5J (6)=C3H6 (15)+C2H6 (8) 1.380e+14  0.35 0.00 !
Disproportionation exact: [ Cmethyl_-Csrad , C_rad/H2/Cs |

C3HT7J (18)+C4HTI (99)=C3H6 (15)+C4HS (28) 1.266e+15  0.70 0.00 !
Disproportionation estimate: (Average:) [ Cmethyl_Csrad , C_rad/H/OneDeC ]

C3H7J (18)+C4H7J (136)=C3H6 (15)+C4HS (28) 1.380e+14  0.35 0.00 !
Disproportionation exact: [ Cmethyl_Csrad , C_rad/H2/Cs ]
C4HS (29)+HJ (5)=C4H9J (7) 2.000e+13  0.00 2.90 !
R_Addition_MultipleBond estimate: (Average:) [ Cd/H/Nd.-Cd/H/Nd , H_rad |
C2H5J (6)+CAHIJ (7)=C2H6 (8 )+C4HS (29) 2.900e+12 0.00 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad |

CH3J (2)+C4H9J (7)=CH4(11)+C4H8 (29) 2.300e+13  0.32 0.00 !
Disproportionation exact: [ C_methyl , C/H2/Nd_Csrad ]

HJ (5)-+C4H9J (7)=H2(23)+C4H8 (29) 3.620e+12  0.00 0.00 !
Disproportionation exact: [ Horad , C/H2/Nd_Csrad ]

C4H9J (7)+C4H9J (7)=C4H10 (1)+C4HS (29) 1.026e+14  0.35 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , C/H2/Nd_Csrad ]

C4H9J (4)+C4HJ (7)=C4H10 (1)+C4HS (29) 2.900e+12 0.00 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad |

CAHTJ (136)+C4H9J (7)=C4HS (28)+C4HS (29) 2.900e+12 0.00 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad ]

C4H9J (4)+CAH8 (29)=C4H10 (1)+C4HT7J (99) 3.360e+12  0.00 12.40 !

H_Abstraction estimate:
3+ ]
C4H9J (7)+C4HS (29)=C4H10 (1)+C4H7J (99)

(Average:)

H_Abstraction estimate: (Average:)
/bd 3+ |

HJ (5)+CAHS (29)=H2(23)+C4H7J (99)
H_Abstraction estimate: (Average:)

CH3J(2)+C4H8(29)=CH4(11)+C4H7J(99)
H_Abstraction estimate: (Average:)
J

C2H5J (6)-+CAHS (29)=C2H6 (8)+C4HTJI (99)
H_Abstraction estimate: (Average:)
34 2/h3 4H,1 2H3/b4 3+ |

C4HS (28)+CAHTJ (99)=CAHTJ (99)+C4HS (29)

[ C_rad/H2/Cs , InChl=1/C4H8/cl 3 4 2/h3 4H,1 2H3/b4

1.722e+12 0.00 12.30 !
[ C_.rad /H/NonDeC , InChI=1/C4H8/cl 3 4 2/h3 4H,1 2H3

2.598 ¢+06 2.38 2.80 !

[ Horad , InChI=1/C4H8/cl 3 4 2/h3 4H,1 2H3/b4 34+ |
4.824e+02 2.92 7.16 !

[ C_methyl , InChI=1/C4H8/cl 3 4 2/h3 4H,1 2H3/bd 3+

3.360e+12 0.00 12.40 !
[ InChI=1/C2H5/cl 2/h1H2,2H3 , InChI=1/C4H8/cl

3.120e 04 4.31 3.39 !
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H_Abstraction estimate: (Average:) [ InChI=1/C4H8/cl 3 4 2/h3H,1,4H2,2H3 , InChI=1/C3H5
/el 3 2/h3H,1 2H2 |

CAH7J (136)+C4HS (29)=C4HS (28)+C4AHTI (99) 3.360e+12 0.00 12.40 !
H_Abstraction estimate: (Average:) [ C_rad/H2/Cs , InChI=1/C4H8/cl1 3 4 2/h3 4H,1 2H3/b4
3+ ]

CAHTI (99)+HJ (5)=C4HS8 (29) 5.000e+13 0.00 0.00 !
R_Recombination estimate: (Average:) [ C.rad/H2/Cd , H.rad ]

CAHTJ (99)+C2H5J (6)=C4HS (29)-+C2H4(10) 6.870e+13  0.35 0.13 !
Disproportionation exact: [ C.rad/H2/Cd , Cmethyl Csrad ]

C4HT7J (99)-+C3HTJ (3)=CAHS (29)+C3H6(15) 2.900e+12  0.00  0.13 !
Disproportionation exact: [ C.rad/H2/Cd , C/H2/Nd_Csrad ]

C4H7JI (99)+C4HOJ (7)=C4HS (29)+C4HS (28) 6.870e+13  0.35 0.13 !
Disproportionation exact: [ C.rad/H2/Cd , Cmethyl_Csrad |

CAH7J(99)+CAH9J (7)=C4HS (29)+C4HS (29) 2.900e+12 0.00 0.13 !
Disproportionation exact: [ C.rad/H2/Cd , C/H2/Nd_Csrad ]

CAH7JI(99)+CAHOJ (4)=C4HS (29)+C4HS (28) 2.900e+12 0.00  0.13 !
Disproportionation exact: [ C.rad/H2/Cd , C/H2/Nd_Csrad ]

C4H7JI(99)+C4HTI (136)=C4HS8 (29)-+C4H6(173) 1.099e¢+13  0.06 2.47 |
Disproportionation estimate: (Average:) [ C_rad/H2/Cd , C/H2/De_Csrad ]

C4H7J(99)+C4HTI (99)=C4HS8 (29)+C4H6(173) 6.870e+13  0.35  0.13 !
Disproportionation exact: [ C.rad/H2/Cd , Cmethyl_Csrad |

CAHTI (99)+C3HT7J (18)=C4H8 (29)+C3H6(15) 1.374e+14  0.35 0.13 !
Disproportionation exact: [ C.rad/H2/Cd , Cmethyl_Csrad |

CH3J (2)+C2H5J (6)=C3H8 (12) 3.370e+13 0.00 0.00 !
R_Recombination exact: [ C_methyl , C_rad/H2/Cs ]

C4H9J (4)+C3H8 (12)=C4H10(1)+C3HT7J (3) 3.954e+03  2.71 12.92 !
H_Abstraction exact: [ C.rad/H2/Cs , C/H3/Cs ]

C4H10(1)+C3H7J(3)=C4H9J (7)+C3H8(12) 6.160e4-03 2.66 10.10 !
H_Abstraction exact: [ C/H2/NonDeC , C_rad/H2/Cs |

C3HTJ (3)+C2H5J (6)=C3HS(12)+C2H4(10) 6.900e+13  0.35 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , Cmethyl_Csrad ]

C3HTJ (3)+C3HT7J (3)=C3HS(12)+C3H6(15) 2.900e+12 0.00 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad ]

HJ (5)+C3H7.J (3)=C3H8(12) 1.000e+14  0.00 0.00 !
R_Recombination exact: [ Horad , C_rad/H2/Cs ]

HJ (5)+C3H8(12)=H2(23)+C3H7J (3) 3.768e-+08 1.75 7.51 |
H_Abstraction exact: [ Horad , C/H3/Cs ]

C3HTJ (3)+CAH9J (7)=C3HS (12)+C4HS8(28) 6.900e+13  0.35 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , Cmethyl_Csrad |

C3HTJ (3)+CAH9J (7)=C3HS (12)+C4HS8(29) 2.900e+12 0.00 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad ]

C3HTJ (3)+CAH9J (4)=C3HS (12)+C4H8(28) 2.900e+12 0.00 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , C/H2/Nd_Csrad ]

CH3J (2)+C3HS (12)=CH4(11)+C3H7J(3) 1.668¢+06 1.90 11.05 !
H_Abstraction exact: [ C-methyl , C/H3/Cs ]

C2H5J (6)+C3HS (12)=C2H6 (8)+C3HTJ (3) 3.954¢403 2.71 12.92 !
H_Abstraction estimate: (Average:) [ InChI=1/C2H5/cl 2/hl1H2,2H3 , C/H3/Cs ]

C4HS (28)+C3HT7J (3)=C4H7J (99)+C3HS(12) 3.120e 04 4.31 3.39 |
H_Abstraction estimate: (Average:) [ InChI=1/C4H8/cl 3 4 2/h3H,1,4H2,2H3 , C_rad/H2/Cs
J

C4H7J(136)+C3H8(12)=C4H8(28)+C3H7J(3) 3.954e403 2.71 12.92 !
H_Abstraction exact: [ C.rad/H2/Cs , C/H3/Cs ]

C3H7J (3)+C4H7J(136)=C3H8(12)+C4H6(173) 1.099e+13 0.06 2.47 !
Disproportionation estimate: (Average:) [ C._rad/H2/Cs , C/H2/De_Csrad ]

C3H7J(3)+C4H7J(99)=C3H8(12)+C4H6(173) 6.900e+13 0.35 0.00 !
Disproportionation exact: [ C.rad/H2/Cs , Cmethyl Csrad ]

C4HOJ (4)+C3H8 (12)=C4H10(1)+C3HT7I (18) 3.080e+03 2.66 10.10 !
H_Abstraction estimate: (Average:) [ C.rad/H2/Cs , InChI=1/C3H8/cl1 3 2/h3H2,1 2H3 ]

CAH10(1)+C3HT7J (18)=C4H9J (7)+C3HS(12) 6.080e-+01 3.19 10.31 !
H_Abstraction estimate: (Average:) [ C/H2/NonDeC , InChI=1/C3H7/cl 3 2/h3H,1 2H3 ]

HJ (5)+C3HS (12)=H2(23)+C3H7J (18) 2.600e+08 1.69 4.78 |
H_Abstraction estimate: (Average:) [ H.rad , InChI=1/C3H8/cl 3 2/h3H2,1 2H3 |

CH3J (2)+C3H8 (12)=CH4(11)+C3H7J (18) 2.900e+06 1.77 8.53 |
H_Abstraction estimate: (Average:) [ C_methyl , InChI=1/C3H8/cl 3 2/h3H2,1 2H3 ]

C2H5J (6)+C3H8(12)=C2H6(8)+C3HT7J (18) 3.080e4-03 2.66 10.10 !
H_Abstraction estimate: (Average:) [ InChI=1/C2H5/cl 2/h1H2,2H3 , InChI=1/C3H8/cl 3 2/
h3H2,1 2H3 ]
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C4H8 (28)+C3H7J (18)=C4H7J (99)+C3HS(12) 1.936e+02 2.96 6.79 |

H_Abstraction estimate: (Average:) [ InChI=1/C4H8/cl 3 4 2/h3H,1,4H2,2H3 , InChlI=1/C3H7
/cl 3 2/h3H,1 2H3 |

C4H7J (136)+C3HS (12)=C4H8 (28)+C3H7J (18) 3.080e+03 2.66 10.10 !
H_Abstraction estimate: (Average:) [ C._rad/H2/Cs , InChI=1/C3H8/cl1 3 2/h3H2,1 2H3 ]

C3HT7J (18)+HJ (5)=C3H8(12) 2.000e+13 0.00 0.00 !
R_Recombination exact: [ C.rad/H/NonDeC , H_rad ]

C3H7J (18)+C2H5J (6)=C3HS (12)+C2H4(10) 6.330e+14  0.70 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , Cmethyl_Csrad |

C3H7J (18)-+C3HT7J (3)=C3HS (12)+C3H6(15) 1.026e+14  0.35 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , C/H2/Nd_Csrad |

C3H7J(18)+C4H9J (7)=C3HS (12)+C4HS (28) 6.330e+14  0.70 0.00 !
Disproportionation exact: [ C.rad/H/NonDeC , Cmethyl_Csrad ]

C3HTJ (18)+C4HOJ (7)=C3HS (12)-+C4HS (29) 1.026e+14  0.35 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , C/H2/Nd_Csrad |

C3H7J(18)+C4HOJ (4)=C3HS (12)+C4HS (28) 1.026e+14  0.35 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , C/H2/Nd_Csrad |

C3H7J(18)+C4H7I (136)=C3H8 (12)-+C4H6(173) 1.099e¢+13  0.06 2.47 |
Disproportionation estimate: (Average:) [ C_rad/H/NonDeC , C/H2/De_Csrad |

C3H7J(18)+C4H7J(99)=C3H8(12)+C4H6(173) 6.330e+14 0.70 0.00 !
Disproportionation exact: [ C.rad/H/NonDeC , Cmethyl_Csrad ]

C3H7J (18)+C3H7J (18)=C3H8 (12)+C3H6(15) 1.266e+15  0.70 0.00 !
Disproportionation exact: [ C_rad/H/NonDeC , Cmethyl_Csrad |

C4HS (29)+C3HT7J (3)=C4H7J (99)+C3HS(12) 3.360e+12 0.00 12.40 !
H_Abstraction estimate: (Average:) [ InChI=1/C4H8/cl 3 4 2/h3 4H,1 2H3/b43+ , C_.rad/H2
/Cs ]

C4HS (29)+C3HT7J (18)=C4HTJ (99)+C3HS (12) 1.722e412 0.00 12.30 !
H_Abstraction estimate: (Average:) [ InChI=1/C4H8/cl 3 4 2/h3 4H,1 2H3/b43+ , InChI=1/
C3H7/cl 3 2/h3H,1 2H3 |

C3HS8 (12)+C3HT7J (3)=C3H7J (18)+C3HS(12) 3.080e+03 2.66 10.10 !
H_Abstraction estimate: (Average:) [ InChI=1/C3H8/cl 3 2/h3H2,1 2H3 , C_rad/H2/Cs ]

END
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Appendix D

Reduced chemical kinetic schema for
butane cracking process

ELEMENTS H C O END

SPECIES

aH2

aCH4

aC2H2

aC2H4

aC2H6

aC3H6

alC4HS8

al ,3C4H6

anC4H10

aH.

aCH3.

aC2H3.

aC2H5.

alC3HT.

alC4H9.

a2C4H9 .

alC4 4.

aC3Hb5.

H20

END

THERMO ALL

300 1000 1500

aH2 TPIS78H 2 G 200.000 3500.000 1000.000
3.33727920E+4004.94024731E 05 4.99456778E07 1.79566394E 10 2.00255376E 14
9.50158922E+02 3.20502331E+00 2.34433112E+00 7.98052075E03 1.94781510E 05
2.01572094E08 7.37611761E12 9.17935173E+02 6.83010238E 01

aH. L 7/88H 1 G 200.000 3500.000 1000.000
2.50000001E+4+00 2.30842973E 11 1.61561948E 14 4.73515235E 18 4.98197357E 22
2.54736599E404 4.46682914E 01 2.50000000E4+00 7.05332819E 13 1.99591964E 15
2.30081632E 18 9.27732332E 22 2.54736599E+04 4.46682853E 01

aCH4 L 8/88C 1H 4 G 200.000 3500.000 1000.000
7.48514950E 02 1.33909467E 02 5.73285809E 06 1.22292535E09 1.01815230E 13
9.46834459E+4+03 1.84373180E+4+01 5.14987613E+001.36709788E 02 4.91800599E 05
4.84743026E 08 1.66693956E 11 1.02466476E+4+044.64130376E+00

aCH3. L11/89C 1H 3 G 200.000 3500.000 1000.000
2.28571772E+00 7.23990037E 03 2.98714348E 06 5.95684644E 10 4.67154394E 14
1.67755843E4+04 8.48007179E+00 3.67359040E+00 2.01095175E 03 5.73021856E 06
6.87117425E 09 2.54385734E 12 1.64449988E+04 1.60456433E+00

aC2H4 L 1/91C 2H 4 G 200.000 3500.000 1000.000
2.03611116E+00 1.46454151E02 6.71077915E06 1.47222923E09 1.25706061E 13
4.93988614E403 1.03053693E+4+01 3.95920148E+4007.57052247E 03 5.70990292E 05
6.91588753E 08 2.69884373E 11 5.08977593E+03 4.09733096E+00

aC2H3. L 2/92C 2H 3 G 200.000 3500.000 1000.000

=R W N R WN R W R WN =R W N
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3.01672400E4+00 1.03302292E02 4.68082349E 06 1.01763288E09 8.62607041E 14
3.46128739E+04 7.78732378E+00 3.21246645E400 1.51479162E 03 2.59209412E 05
3.57657847E 08 1.47150873E 11 3.48598468E+04 8.51054025E4-00

aC2H6 L 8/88C 2H 6 G 200.000 3500.000 1000.000
1.07188150E400 2.16852677E 02 1.00256067E 05 2.21412001E09 1.90002890E 13
1.14263932E+04 1.51156107E+01 4.29142492E4005.50154270E 03 5.99438288E 05
7.08466285E 08 2.68685771E 11 1.15222055E404 2.66682316E4-00

aC2H5. L12/92C 2H 5 G 200.000 3500.000 1000.000
1.95465642E+00 1.73972722E02 7.98206668E 06 1.75217689E09 1.49641576E 13
1.28575200E404 1.34624343E+01 4.30646568E+004.18658892E 03 4.97142807E 05
5.99126606E 08 2.30509004E 11 1.28416265E4+04 4.70720924E+00

aC3H6 C 3H 60 0 G 300.000 5000.000 995.043
5.42559783E+00 1.75791067E02 6.56311899E 06 1.03199697E 09 5.99721148E 14
6.08798934E4025.16515272E+00 3.64255985E+00 3.89757558E 03 4.54910439E 05
5.49011352E 08 1.92835688E 11 7.78191818E402 8.61457909E400

H20 L 8/89H 20 1 G 200.000 3500.000 1000.000
3.03399249E+00 2.17691804E03 1.64072518E07 9.70419870E 11 1.68200992E 14
3.00042971E+04 4.96677010E+00 4.19864056E+4002.03643410E03 6.52040211E 06
5.48797062E 09 1.77197817E 12 3.02937267E+04 8.49032208E01

alC4HS8 C 4H 80 0 G 300.000 5000.000 995.043
8.06996009E+00 2.30144195E02 8.63501686E 06 1.36143870E09 7.92542991E 14
4.35738469E403 1.76345584E+01 3.38887348E+00 1.16753402E 02 5.39187583E 05
7.10067706E 08 2.57553494E11 1.93288526E403 1.24275196E401

anC4H10 C 4H 100 0 G 300.000 5000.000 995.043
8.14175944E+00 2.81601588E02 1.04914204E 05 1.64919250E09 9.58548867E 14
1.98023414E+04 1.86858146E401 3.30538686E+4+00 1.69397004E 02 5.26457415E 05
7.16205466E 08 2.60935571E11 1.73219078E+04 1.22504344E+01

al,3C4H6 C 4H 6 g 0300.00 4000.00 1000.00
1.09677803E4+01 1.29510755E02 3.97761193E 06 5.74948089E10 3.17795241E 14
8.19411540E4-03 3.52875277E4+01 2.73144721E4+00 1.39063890E 02 4.30537876E 05
6.34108493E 08 2.42036418E 11 1.14250236E+04 1.24057762E401

'al,3C4H6 C 4H 6 G 300 1500

! 0.88865930 4.36173119E02 0.30531615E 02 0.00814646E 06 0.00000000
! 13.13101113 33.53241339 0.88865930 4.36173119E02 0.30531615E 04

[y

[y

=

—

B W N R B WN R~ R WN B WNRFE R WNRFR B WND R B WN R B WN

! 0.00814646E 06 0.00000000 13.13101113
alC4H9. C 4H 90 0 G
8.01071857E+00 2.56389459E 02 9.61171963E 06
5.10907933E+4+03 1.52614715E401 3.37009523E400
6.05809533E 08 2.22917667TE 11 7.35502735E+03
alC3HT. mar97C 3H 7 0 Og
9.43799350e 00 1.47160681e 02 5.03338420e 06
7.27396508e 03 2.60136738e 01 1.13366571e 01
7.88746806e 09 1.16856961e 12 1.06821595e 04

1.
.75812457E 02 4.28036708E 05
.37488542E+01

33.53241339
300.000 5000.000 995.043
51622055E 09 8.83434947E 14

300. 5000. 1390.

.81317497e 10 4.35209260e 14
.54171389e 02 2.28073697e 05
.45520758e 01

aC2H2 L 1/91C 2H 2 G 200.000 3500.000 1000.000
4.14756964E4+00 5.96166664E 03 2.37294852E 06 4.67412171E10 3.61235213E 14
2.59359992E404 1.23028121E+00 8.08681094E 01 2.33615629E02 3.55171815E 05

2.80152437E08 8.50072974E 12 2.64289807E404
a2C4H9. C 4H 90 0 G
5.49903935E+00 2.86742945E02 1.07982839E 05
4.70679917E4+03 2.82131411E01 3.60287439E400

.39397051E+01

300.000 5000.000 995.043

.71698889E 09 1.00774201E 13
.68404053E 02 3.63708807E 05

4.95364606E 08 1.77135673E 11 6.04734795E+03 1.36963168E401
alC4 4. C 4H 7 G 300 1500
1.10163544 3.75603309E02 0.22133407E 04 0.51658042E 08 0.00000000
23.01954865 37.67109864 1.10163544 3.75603309E02 0.22133407E 04
0.51658042E 08 0.00000000 23.01954865 37.67109864
aC3H5. C 3H 5 G 300 1500
0.04917080 3.04661612E02 0.19510226E 04 0.49211082E 08 0.00000000
20.44168144 31.39258220 0.04917080 3.04661612E02 0.19510226E 04

=W N =

BN R W R WN R R WN F R WN R WN -

0.49211082E 08 0.00000000 20.44168144 31.39258220
END
REACTIONS JOULES/MOLE
1aC2H6=>1aCH3.+1aCH3. 5.73E+16 0.0 368305.0
laH2+1aCH3.=>1aH.41aCH4 1.23E+12 0.0 38800.0
laH2+1aC2H3.=>1aH.+1aC2H4 7.43E+11 0.0 22900.0
laH2+41aC2H5.=>1aH.4+1aC2H6 2.20E+12 0.0 62682.0
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laCH4+1aH.=>1aCH3.41aH2 4.25E+13 0.0 41572.0
laC2H4+41aH.=>1aC2H3.+1aH2 3.05E+13 0.0 39593.0
1aC2H4+41aC2H5.=>1aC2H3.+1aC2H6 1.98E+12 0.0 75965.0
1laC2H6+1aH.=>1aC2H5.41aH2 7.91E4+13 0.0 37550.0
1aC2H6+1aCH3.=>1aC2H5.4+1aCH4 2.87E+12 0.0 50040.0
1aC2H64-1aC2H3.=>1aC2H5.4+1aC2H4 1.73E4+12 0.0 34140.0
lanC4H10+1aH.=>1a1C4H9.41aH2 7.91E4+13 0.0 37550.0
lanC4H10+1aH.=>1a2C4H9.+1aH2 5.65E+13 0.0 30660.0
1lanC4H10+1aC2H5.=>1a2C4H9.4-1aC2H6 5.27E+11 0.0 52610.0
laC2H441aH.=>1aC2H5. 4.38E+13 0.0 12660.0
1aC2H4+41aCH3.=>1a1C3HT7 . 2.19E+12 0.0 40360.0
1aC2H44-1aC2H5.=>1a1C4H9 . 3.81E+10 0.0 43970.0
1aC2H3.=>1aC2H2+1aH. 2.83E+13 0.0 178725.0
1aC2H5.=>1aC2H4+1aH. 4.90E+13 0.0 173636.0
1alC3H7.=>1aC2H4+1aCH3. 5.85E+13 0.0 139750.0
1a2C4H9.=>1aC3H6+1aCH3. 3.84E+13 0.0 134606.0
1a1C4H9.=>1aC2H4+1aC2H5 . 1.32E+12 0.0 120974.0
1al1C4H9.=>1a1C4H8+1aH. 4.20E+13 0.0 157860.0
laH.+1aC2H5.=>1aC2H6 9.77E+13 0.0 0.0
1aC2H5.+1aC2H5.=>1anC4H10 2.00E+12 0.0 0.0
1aC2H3.+1aC2H3.=>1al ,3 C4H6 2.00E+12 0.0 0.0
1laC2H44-1aC2H3.=>1a1C4 4. 1383.7E409 0 37500.0
laC2H2+1aH.=>1aC2H3. 28908.8E409 0 20560.0
lalC44.=>1al1,3C4H6 + laH. 22958718.3E4+06 0 149671.8
1a1C4HS => 1aC2H3. + 1aC2H5. 5811674283.5E+06
0 384871.9
1aC2H64-1aC3H5.=>1aC2H5.4-1aC3H6 333.2E409 0 82437.8
1aCH4 + 1aC2H5. => 1laCH3. + 1aC2H6 2751.6E+09
0 77944.4
laH2 + 1aC3HS5. => laH. + 1aC3H6 993.1E4+09 0
85620.2
END
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Appendix E

Thermodynamic database of butane
cracking chemistry

The thermal database used to obtain the enthalpies of each species plays an important role
in the reversible reactions, because the chemical equilibrium constant K Sq(T) at a certain
temperature T' of a reversible reaction is linked to the standard Gibbs free energy AG° =
AH® — TASO:

0 () = oy (DG (P ="
K° (T) = exp (- RT) (RT) , (E.0.1)

where the © indicates the standard state at pressure Py = 1bar. AH? and AS° are respec-
tively the enthalpy (sensible + chemical) and the entropy changes through the reaction, and
v, is the stoichiometric coefficient for species k in this reaction.

The steps to obtain the reaction rates differ a little between Cantera and AVBP, but
they both lead to the same final results. Table E.0.1 explains and compares the difference
between Cantera and AVBP.

Different from Cantera where the thermodynamic database is in polynomial form [196],
AVBP uses a block of 51 data storing every 100 K the sensible enthalpy changes of the species
from 0 K to 5 000 K, and a second block storing their entropies in the same way for the
calculation of the total enthalpy and entropy for each species at a given temperature. The
standard-state temperature 7T,.; in AVBP for the reference enthalpy (of formation) is 0 K,
instead of the conventional standard-state temperature 298 K used in Chemkin. Therefore,
the total enthalpy of the species h(T') by summing the enthalpy of formation at the standard
reference state and the sensible enthalpy change from 7. to 1" [197] is calculated inCantera
and AVBP using different formulas:

T
hCantera(T> = AHf(298 K)Cantera + »/298K Cp70anteradT7 (E02)
T
havep(T) = AH{(0K)avpp + /OK Cp,avppdT (E.0.3)
where AH¢(0K) in AVBP has to be determined. To keep the same total standardized
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Steps Cantera AVBP Relation between Cantera
and AVBP
enthalpy AH(T) AHO(T) AH(T) = AHO(T)
change
entropy AS(T, P)
change AS(T, P) AS(T, Bo) = AS(T,Py) —
Py\ 2V
In {22
Rln ( B )
Gibbs AG(T,P) = AGY(T) = AG(T,P) =
free energy AH(T)—-TAS(T, P) AHY(T) — TAS(T) AGY(T) +
P\ 2V
RTIn( —

"\ P
equilibrium K,(T,P) = K)(T) = K,(T,P) =
constant —AG(T, P) GO(T) p S
in terms eXP RT P\ =T pRT K)(T) ()

. Py
of partial
pressure
equilibrium K.(T,P) = KJ,(T) = K.(T,P) =
constant Py Rz j8 Sk P Dok
. 0
in terms of K, (T, P) <RT> K)(T) <RT) K, (T) (Po)
concentra-
tion
reverse rate kreo (T, P) = KO, (T) = kreo (T, P) =
. kfwa kfwa 0 (P)_ZV’€
coefficient —_— kpeo(T) | =
K.4(T,P) K2,(T) (T) Py
reverse rate Trev,Cantera = Trev,AVBZ = v " Trev,Cantera =
kre’u(Ta P) . krev(T) H (?/V]’:) Trev,AVBP
k=1
()" ()"
k=1 \ Wk J50

Table E.0.1: Difference in the calculation method of the reverse rate of a given reaction in
Cantera and in AVBP.

enthalpy at the temperature 7' between Cantera and AVBP hogntera(T) = haypp(T), it is
required that:

T T
A]—-If(298 K)Cantera + /298K Cp,CanteradT = AHf(O K)AVBP + /OK Cp,AVBPdT (E04)

Since the difference between C), cantera and Cp avpp can be neglected, by using C, cantera =
Cp.avep, Eq. E.0.4 leads to:

298 K
AH;(0K) avsr = AH (298 K) Cantera — /0 - CpavppdT. (E.0.5)

In AVBP, the heat capacity at constant pressure is considered constant in each interval range

[T, T + 100 K]:

hs(T + 100 K) — hs(T)
100K

C, = (E.0.6)
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Therefore, it is possible to write:

208 K
/OK CpaverdT = hy(298K) avpp — hs(0K) avap, (E.0.7)
and Eq. E.0.5 turns to:

AHf(O K)AVBP = AHf(298 K)Cantem — h5(298 K)AVBP + hS(O K)AVBP; (EOS)

where hy is the sensible enthalpy tabulated in AVBP. The enthalpy of formation at 298K (the
standard-state reference enthalpy in Cantera) can be directly calculated with the 7 polyno-
mial coefficients, and it is found that AH (298 K) = h(298 K4y pp) (which is confirmed by
checking the thermo database for species on the site NASA Thermo Build [198]). Finally,
Eq. E.0.8 turns to be:

AH{(0K) avp = hs(0K) 4y 5p. (E.0.9)

In fact, as the polynomial coefficients of Cantera are only validated for two temperature
ranges which do not contain 0K, there are different ways to estimate hs(0K), but this will
not affect the final results in the current study. In this study, the polynomies are used to

get hs(0K)avpp:

a2 g, o Q4,3 Q5.4 0g
h(T) = RT —T + =T —T —T — E.0.1
()R(a1+2+3 + 278y 2 +T> (E.0.10)
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