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Effect of the internal geometry of catalytic reactor capillary channels have been studied by
means of numerical simulations. ANSYS FLUENT software was applied for carrying the analysis
out. The temperature and pressure distribution for different channel lengths and cross-sectional
shapes were presented.

Wplyw geometrii wewnetrznej kapilarnych kanalow reaktorow katalitycznych badano za pomocg symu-
lacji komputerowych. Do przeprowadzenia analizy zastosowano oprogramowaniec ANSYS FLUENT.
Przedstawiono rozktady temperatur i ci$nienia w kanatach o réznych dlugosciach i ksztattach przekrojow
poprzecznych.

1. INTRODUCTION

In recent years catalytic combustion has become a fundamental method of
abatement of harmful chemicals emitted to the atmosphere. These environmentally
hazardous pollutants include, besides others:

e vehicle exhaust gases that consist carbon monoxide (CO), hydrocar-
bons (HC), nitrogen oxides (NOy) and particulate matter (PM);
e methane originated from biological sources or ventilation air of mines;
e volatile organic compounds (VOCs), which include hydrocarbons,
halogen derivatives, mercaptans, monomers are included in these pol-
lutants.
All emissions are characterized by high toxicity and very low concentrations in
gas streams.
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Many processes of catalytic combustion are realized in monolithic (ceramic or
metallic) reactor, which consists of many parallel channels of different cross-
sectional shapes. Generally, the square shape is commonly used (sometimes rec-
tangular, hexagonal, triangular and sinusoidal, as well). The choice of channel
cross-sectional shape affects the velocity flow field and thus the flow resistance
and heat/mass transfer in the reactor. More details are presented in[1-3].

In narrow capillary channels, the laminar flow commonly occurs. The im-
provement of mass transfer intensity might be achieved by reduction of the chan-
nel length. In the classic long monolith the developed laminar flow mainly occurs
and thus parabolic velocity profiles, as well as these of the temperature and con-
centration, are formed, and transport and hydrodynamic coefficients are small,
nearly constant, and they depend mainly on the cross-sectional channel shape and
boundary conditions [4]. In the major part of a short channel the developing lami-
nar flow occurs resulting in enhanced mass transfer, but also higher flow re-
sistance (friction factor).

Therefore, single short channels of sinusoidal and triangular shapes are mod-
eled in ANSYS FLUENT to present the channel geometry influence on the heat
transfer and flow resistance.

2. MATHEMATICAL MODELLING

The CFD (Computational Fluid Dynamics) code used for this study was AN-
SYS FLUENT-12 which is fully integrated fluid analysis software of ANSYS
Workbench platform. It combines CAD (Computer Aided Design) (modeling and
input), complex meshing solutions, fast solution algorithm and post-processing fa-
cilities [5,6]. The analysis is carried on to obtain the pressure and temperature for
single channels of triangular and sinusoidal cross-section for various operational
conditions using air. The mathematical model adopted in this work is based on the
following assumptions: the laminar flow is considered, the process is of steady
state, radiative and gravitational effects are negligible and the air is considered in-
compressible.

2.1. GOVERNING EQUATIONS

The governing equations for flow and heat transfer in the single heated chan-
nel were solved in the Cartesian coordinate system.
The continuity equation is formulated as follows:

a(pwj)
ox,;

=0 (D



Computational fluid dynamics modeling... 61

The following equation system represents the momentum equations in Carte-
sian coordinate system where 1, j € {1, 2, 3}:

0 W, ) )
(pr,w,):_a_P+i ow, oW, @)
ox . ox; axj ﬁxj ox.

J i i

The following form of the energy equation is solved to calculate the tempera-
ture distribution:

8(pchjT) =1 o°’T 3)
ox, asz.

Temperature dependency of different physical properties (A, c,, p, n) of the
working fluid has been considered to improve the accuracy of the calculations.
The correlations for calculating the thermo-physical properties of the air expressed
as follow:

e density was calculated using incompressible ideal gas law:

_ prMW (4)
™ ke

e specific heat and thermal conductivity are functions of temperature:

¢, =1009+0,126t (5)

A=0037+167-107¢ (6)

e dynamic viscosity was calculated using Sutherland’s equation:

3
_17,168-107¢?

7
t+114 )

The solid material is kanthal steel with constant properties:
e density: p=7150 [kg'm™]
e specific heat: c,=460 [J kg K"
e thermal conductivity: A=13 [W-m™"-K]

Besides specifying the basic set of conservation equations and characteristics
of the flow, the boundary conditions must be defined for inlet, outlet and channel
wall to solve the model equations. Temperature and velocity are known parame-
ters for the reactor inlet. Constant heat flux is assumed parameter, constant along
channel wall. The pressure outlet boundary condition was assumed for the reactor
outlet, 1. e., the overpressure for the reactor outlet was assumed to be zero.
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Conservation equations for the mass, momentum and energy equations along
with the boundary conditions for the domain were solved using finite volume
method.

2.2. MODEL AND MESH GENERATION

The CAD models of single channels of triangular and sinusoidal cross-section
used in the present analysis are shown in Fig. 1. The geometric dimensions (base,
height, length and wall thickness) are gathered in Table 1. The control regions be-
fore and behind the channel were introduced. In the inlet control region, as well as
at the channel inlet, velocity and temperature profiles were assumed uniform. The
velocity and temperature profiles are forming during flow through the channel
(Fig. 2).

Table 1. Geometric dimensions of channels
Tabela 1. Wymiary geometryczne kanatow

h | Length Base High Wall thickness of Wall thickness of
anne
[mm] [mm] [mm] | channel base [mm] channel arms [mm]
5
triangle 5.5 4.5
15
0.1 0.05
5
sine 4 2.15
15

Fig. 1. 3D geometry: a — triangular channel L=5 mm; b — sinusoidal channel L=5 mm
Rys. 1. Geometria trojwymiarowa (3D): a — kanatu tréjkatnego L=5 mm; b — kanatu sinusoidalnego
L=5 mm
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Fig. 2. The formation of velocity and temperature profiles during computational simulations
Rys. 2. Formowanie si¢ profili predkosci i temperatury podczas symulacji komputerowych

]

ANSYS FLUENT uses an element-based finite volume method, which first in-
volves discretizing the spatial domain using a mesh. The mesh is used to construct
finite volumes, which are used to conserve relevant quantities such as mass, mo-
mentum, and energy. In this work the grid was generated using a multi-block
scheme and is presented in Fig. 3.
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Fig. 3. Mesh: a — triangular channel L=5 mm; b — sinusoidal channel L=5 mm; ¢ — triangular channel
L=15 mm; d — sinusoidal channel L=15 mm
Rys. 3. Siatka obliczeniowa: a — kanatu trojkatnego L=5 mm; b — kanatu sinusoidalnego L=5 mm;
¢ — kanatu trojkatnego L=15 mm; d — kanatu sinusoidalnego L=15 mm
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3. RESULTS AND DISCUSSION

The CFD calculations were performed for the range of flow velocities pre-
sented in Table 2. In the subsequent figures, the graphical representations of the
pressure and temperature field are done for the maximal velocities from the ap-
plied ranges.

Table 2. Structures parameters applied in graphical presentations of numerical calculations
Tabela 2. Parametry struktur stosowane w graficznym przedstawieniu wynikéw obliczen numerycznych

w[ms'] t[°C] Re
structure | L [mm]
range range range

5 0.155-18.496 | 26.0—66.0 | 25.514 —2843.355
triangular

15 0.152-18.268 | 20.3 -58.2 | 25.851 —2878.174

5 0.153-18.359 | 27.3-76.7 | 13.921 — 1538.378
sinusoidal

15 0.151-18.931 | 25.9-80.7 | 13.408 — 1477.616

3.1. HEAT TRANSFER

The temperature distribution of the air flow and the heated channel wall in se-
lected channel cross-sectional areas are shown in Fig. 4 — 7 (control sections are
marked T1 — T3). Section T1 — T2 corresponds to the physically existing channel
under the test. Longitudinal local air temperature distributions, presented in the
figures, provide the temperature distribution on the plane of the vertical axis of the
cross section of the channel.

The air temperature is constant before the channel inlet and corresponds to an
initial temperature introduced to the program. During the flow through a heated
channel the air temperature rises rapidly in the channel region in close contact
with the heated wall. Beyond the channel outlet, the temperature starts to become
even as a result of mixing of the fluid. However, achieving mixing fluid tempera-
ture requires relatively long distance from the channel outlet.

The velocity profile is uniform (constant) before the inlet to the channel,
throughout its cross section. The flat velocity profile is assumed at the channel in-
let. The velocity profile is formed during the flow through the channel formed
from. After reaching the channel outlet, velocity profile does not change. The
model assumes that there is still virtual, not heated channel wall that keeps the ve-
locity profile formed.
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A comparison sites designated as T2 and T3 in Fig. 4a — 7a shows that the
largest temperature gradient appears near to the channel wall in the middle of the
triangular/sinusoidal side. The temperature of the air flow is highest within the
structures vertices (curvatures). Furthermore, the air flow in sinusoidal channel is
heated to a higher temperature, which is the result of approximately two times
higher the surface area of the sinusoidal structures compared with the triangular
structures. The channel length seriously affects the heat transfer as well. The in-
tensity of heat transfer is larger in the shorter channel as well as in the entrance
section of a longer channel. It is necessary to overcome the flowing air stream at a
distance from the channel outlet due to the laminar nature of the flow to achieve
the temperature equalization (mixing) in the channel cross section (said virtual
wall is not heated by the physical channel outlet).

In order to calculate the heat transfer coefficients, thus Nusselt numbers, the
average temperature of air stream at the channel inlet and outlet are taken into ac-
count (places marked as T1 and T2 in Fig. 4a — 7a). The average temperature at
the outlet was calculated as the mixing cup temperature T,, defined as:

1
T, = j WTdA, ®)

cwm

A,

The heat transfer coefficients, average over all the channel walls surface area,
as a function of fluid velocity for different channels are presented in Fig. 8. The
best result was achieved for triangle channel of 5 mm length. The sine channels lie
between triangle channels. However, for high fluid velocities, the sine channels
lie close to triangular one, 15 mm long.

Additionally, Fig. 9 — 10 present the temperature distributions in different
cross-sectional areas of the channel. Black line shows the wall area, while the red
line - the core stream. The place, where the lines meet, indicates the mixing-cup
temperature.
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Fig. 8. Comparison of the heat transfer coefficient (averaged over all surface area of the channel walls)
for different channels
Rys. 8. Porownanie wspotczynnika wnikania ciepta (usrednionych na catej powierzchni $cian kanatu) dla
réznych kanatow
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Fig. 9. Temperature distribution in different places of air stream cross-section in triangular channel:
.

a—L=5mm; w=16.231 m's’; q =24503.57 W'm'z; b-L=15 mm; w=16.507 m's™; q =7058.218 W-m?
Rys. 9. Rozktad temperatur w r6znych miejscach przekroju poprzecznego strumienia powietrza dla kana-
hu trojkatnego: a — L=5 mm; w=16.231 ms’; q =24503.57 W-m?Z b—L=15 mm; w=16.507 m's’;

¢ =7058.218 W-m™
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Fig. 10. Temperature distribution in different places of air stream cross-section in sinusoidal channel:

a—L=5 mm; w=16.595 m's™"; g =9466.676 W-m; b — L=15 mm; w=15.604 ms™"; g =1116.378 W-m™

Rys. 10. Rozktad temperatur w ré6znych miejscach przekroju poprzecznego strumienia powietrza dla ka-

natu sinusoidalnego: a — L=5 mm; w=16.595 ms’; q =9466.676 W-m?2; b—L=15 mm; w=15.604 m's™";

g =1116.378 W-m™

3.2. FLOW RESISTANCE

The pressure distribution (hypertension compared to atmospheric pressure) in
different cross-sectional areas (labeled control sections P1 — P4) is presented in
Fig. 11 — 14. Sections P3 - P4 correspond to the physical channel structure under
the test. In this section, the channel wall is shown as thick black line.

It is shown before entering the channel (section labeled P1) that the thickness
of the channel walls has an effect on the pressure, which is higher at this point. At
the channel inlet (P3), at the channel outlet (P4) and behind the channel (P2) the
pressure is higher in the core and structures curvatures, while in the wall region
the pressure is lower. Behind the channel, on the surface corresponding to the
thickness of the wall, the pressure can reach small negative values. Segment P3 —
P4 corresponds to the channel, therefore, the differential pressure should take into
account only the viscous friction in the channel in laminar flow. However, the
pressure difference between P1 — P2 includes an additional pressure drop due to
the drag forces induced by the channel walls.
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Comparison of the pressure distribution in the air stream, shown in Fig. 11 —
14, indicates that the pressure value is not only the wall thickness result, but also
the channel length and shape. The pressures are higher in the case of sinusoidal
structures (especially in the corners) and for longer channels.

In order to calculate the pressure drop, thus the Fanning factor, the average
value of pressure at channel inlet (marked as P1 and P3 in Fig. 11 — 14) and chan-
nel outlet (marked as P2 and P4 in Fig. 11 — 14) was calculated. Segment P3 — P4
corresponds to the channel, therefore, Fanning factor should take into account on-
ly the viscous resistance (skin friction) in the channel in laminar flow. However,
the pressure difference P1 — P2 includes an additional pressure drop due to the
drag forces, which results from the channel wall thickness.

The pressure drop as a function of fluid velocity for different channels is pre-
sented in Fig. 15. It is shown that the pressure drop for different channels is simi-
lar, but for the triangular channels it is slightly lower than for sine channels.
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Fig. 15. Comparison of the pressure drop coefficient for different channels
Rys. 15. Porownanie spadku ci$nienia dla r6znych kanatow

4. CONCLUSSIONS

The paper analyses the heat transfer and flow resistance for different cross-
sectional shapes, and lengths, of short capillary channels in the conditions of a de-
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veloping laminar flow. The analysis was performed using CFD technique. The
temperature and pressure distribution was taken into account to decide, which
channel is more effective. The comparison of heat transfer coefficients for chan-
nels has shown that the shorter the channel length, the more intense the heat trans-
fer. The flow resistance of longer channels is somewhat higher when comparing to
the shorter ones.

Both the flow resistance and heat transfer intensity are comparable for the stud-
ied channels. However, both of them can be easily regulated by simple change of
the channel length. This opens door to the optimization of the reactor transfer and
friction properties, according to the requirements of the reaction kinetics.

FLUENT CFD software allows to perform preliminary studies of heat transfer
and flow resistance before the experimental ones. Numerical modeling should be a
first step to see the initial results and thus to improve first assumptions.

SYMBOLS — OZNACZENIA

-channel cross-sectional area, m’
przekroj poprzeczny kanalu
-specific heat, J-kg-K!
ciepto wlasciwe
-heated channel length, m
dhugos$¢ kanatu ogrzewanego
-molecular weight, kg-mol™!
masa molowa
-pressure, Pa
cis$nienie
-operating pressure, Pa
cisnienie pracy
-heat flux, W-m~
strumien cieplny
-universal gas constant, J-mol™-K"!
uniwersalna stala gazowa
-Reynolds number, Re=w-Dy,p-n’!
liczba Reynoldsa
-temperature, K
temperatura
-mixing cup temperature, K
temperatura wymieszania
-temperature, "‘C
temperatura
-fluid axial velocity, m-s’
predkos¢ osiowa plynu
-fluid mean axial velocity, m-s™
predkos¢ osiowa ptynu
-coordinate
wspotrzedna

1
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n -dynamic viscosity, Pa‘s

dynamiczny wspolczynnik lepkosci
A -thermal conductivity, W-m™ K"’

wspotczynnik przewodzenia ciepta
p -density, kg m”

gestose
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MODELOWANIE NUMERYCZNE WYMIANY CIEPLA I OPOROW PRZEPLYWU W KROTKICH
KANALACH: SZCZEGOLOWY OPIS

Dopalanie katalityczne stosowane jest w celu ograniczenia emisji spalin samochodowych, me-
tanu i lotnych zwigzkéw organicznych do atmosfery. Proces ten realizowany jest w reaktorach z wy-
pelieniem monolitycznym posiadajacym kilkadziesiat rownolegtych kanalow o réznym ksztalcie
przekroju poprzecznego. Najczgsciej struktura monolityczna posiada kanaty kwadratowe. Prezento-
wana praca poswiecona jest rzadziej spotykanym kanatom trojkatnym i sinusoidalnym.

Najwazniejszym elementem dopalania katalitycznego jest intensyfikacja procesu transportu cie-
pta i masy. W pracy [2] udowodniono, ze skrocenie dtugosci kanatu umozliwi uzyskanie znacznie
wigkszych wspotczynnikow wnikania ciepta i masy. Dlatego obliczenia numeryczne przeprowadzono
dla dlugosci kanatow 5 1 15 mm w celu dokonania pordwnania zarowno wpltywu ksztaltu, jak i dtu-
gosci kanatu na rozktad temperatur i ci$nien w przekroju poprzecznym strumienia powietrza.

Symulacje komputerowe (CFD) wymiany ciepla i oporéw przeptywu wykonano w programie
ANSYS FLUENT. Przygotowano trojwymiarowe geometrie pojedynczych kanatow, wygenerowano
siatki obliczeniowe, wprowadzono parametry stosowanych materiatéw, ustalono réwnania ciggtosci,
pedu i ciepta oraz warunki poczatkowe i brzegowe.

Graficznie rozktady temperatur i ci$nien w krotkich kanatach trojkatnych i sinusoidalnych
przedstawiono dla najwigkszych badanych predkosci przeptywu. Umieszczono takze wykresy prezen-
tujace rozktad temperatur w réznych miejscach przekroju poprzecznego strumienia powietrza.
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Symulacje wykazaly, ze gradient temperatur jest najwickszy na $ciance (odcinek srodkowy),
a temperatura strumienia powietrza jest najwyzsza w wierzchotkach (zakrzywieniach) struktur. Po-
nadto w kanale sinusoidalnym strumien powietrza ogrzewa si¢ do wyzszej temperatury, co jest rezul-
tatem w przyblizeniu dwukrotnie wigkszej powierzchni geometrycznej struktur sinusoidalnych w po-
réwnaniu ze strukturami trojkatnymi. Wptyw na wymiang ciepta ma takze dlugos$¢ kanatu. W wyniku
przeptywu powietrza przez dtuzszy kanal osiagane sa wyzsze temperatury. Jednak intensywnos$¢ wni-
kania ciepta jest wigksza w kanale krotszym. Aby doszto do catkowitego wyrownania temperatur
w przekroju poprzecznym, niezbgdne jest pokonanie przez plynacy strumien powietrza znacznej od-
legtosci za wylotem z kanatu z uwagi na laminarny charakter przeptywu (wspomniana wirtualna, nie
ogrzewana $ciana kanatu za jego fizycznym wylotem). Przed wlotem do kanatlu grubos¢ $cianki kana-
tu ma wplyw na wartos$¢ ci$nienia, ktore w tym miejscu jest wigksze. Na wlocie do kanatu, na wylo-
cie z kanalu i za wylotem, w rdzeniu i zakrzywieniach struktur cisnienie jest wigksze, natomiast
w obszarze przy$ciennym ci$nienie jest mniejsze. Ponadto wptyw na warto$¢ ci$nienia ma nie tylko
grubos$¢ scianki kanatu, ale takze dtugos¢ kanatu i jego ksztalt. Wartosci ci$nienia sg wigksze w przy-
padku struktur sinusoidalnych (zwtaszcza w narozach) i dla dtuzszych kanatow.



