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20–30 % of pollutant emissions originate from transport and
industrial sources these emissions have a direct effect on global
warming and climate change. Some countries suffer from a lake
in electricity refuge to use small generating units. Therefore
these units become the first source for pollutant emissions in
addition to its higher effect come from its unmovable sources
in comparison with transport ones. They invented and
developed technological devices (control systems) that get rid
of emissions prevent the effects of these pollutant emissions.
Some of these control devices are (OECD 2002, IPCC 2007,
OECD 2011, EPA 2012, IEA 2012 and EEA 2012) Ibrahim et
al. [1].

Abstract
The widespread diesel engines usage has many advantages,
such as electricity generating units with 500 kVA and above,
which mainly takes a great attention in countries and places
suffering from a large lack of daily supplying electricity. These
may need to about 12 units to cover one populated kilometer.
These engines play an important role in environmental
pollution problems all over the world. Pollutions generated
from exhaust emissions are the main responsible factor for
environmental pollutions, and they lead to many problems of
health. Many policies have been imposed worldwide in recent
years to reduce negative effects of diesel engine emissions on
human health and environment. Many research efforts have
been carried out on both diesel exhaust pollutant emissions and
aftertreatment
emission
control
technologies.
The
aftertreatment systems convert the pollutant gases separately
into non-pollutant compounds. Studies show that its function
depends on exhaust gas temperature and velocity. This paper
deals with a comparison of laminar mixed heat transfer in
circular different inclination pipe with 0, 45 and 90 degrees
angle between fresh air and diesel exhaust gas (DEG). They are
examined at a constant heat flux of 115 and 816 W-m-2 for 450
and 2008 Reynolds numbers. The results show a clear increase
in temperature distribution and a clear decrease in local Nusselt
number grow with the exhaust gas pipe inclination increase.
This will help to modify the aftertreatment design parameters,
their inclination and more generally the most important a trial
to solve such environmental problem.

Diesel Engine
Prasad and Bella [2] explained that recent Diesel fuel engines
are used extensively. Advantages of engines using diesel fuels
on gasoline fuel engines are,
1.

Low-operating costs.

2.

Its thermal and overall efficiency.

3.

High durability and reliability.

4.

Power source of commercial transport in all its kinds.

5.

Industrial units such as small electricity generating
units.

Sydbom et al. [3], Lloyd and Cackette [4], Whichmann [5],
Lewtas [6] and Burr and Gregory [7] showed its disadvantages
as,

Keywords: Laminar flow, Mixed convection, Stepped tilted
pipe, Air, Diesel exhaust gas.

INTRODUCTION
Air
Nowadays Global warming, change in climate and protection
of the environment from air pollution took the whole world
attention. World organizations like (EPA, IPCC, OECD, IEA,
EEA, etc.) are working hard to minimize and eliminate the
pollution of air and any change takes place in climate and
explains their causes and cooperate with all industrial and nonindustrial countries to find more extensive solutions and force
participants to issue laws and rules. They reported that about
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1.

Environmental pollutants source.

2.

Containing a higher amount of particulate matter and
NOx emissions.

3.

Environmental and health problems.

4.

Causing acid rains.

5.

Lowering ozone level.

6.

Reducing visibility.

7.

Causing lung damage and respiratory problems when
direct exposure.
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flow can be classified as forced, combined or free convection.

Causing cancer in humans.

It is well known that pollutant emissions are (CO, HC, NO x,
and PM) from diesel engines. The main three emission control
systems are,
1.

Diesel oxidation catalyst (DOC) to control CO and
HC emissions.

2.

Diesel particulate ﬁlter (DPF) to control particulate
matter (PM) emissions.

3.

Selective catalytic reduction (SCR) to control NOx
emissions.

In situations where natural convection effects are not
negligible, the orientation of the duct axis becomes important.
It's importance when it is aligned to vertical, inclined and
horizontal directions. The fact that the velocities produced by
buoyancy forces are parallel to the forced motion in vertical
cylinder makes it possible to solve equations of motion,
including free convection because rotational symmetry is
retained. The forces of free and forced convection are
perpendicular to one another in the case of horizontal duct
resulting in the loss of rotational symmetry due to the fluid
particles have spiral trajectories, ascending near the wall top
and descending in the center portion as they move through the
cylinder, as a result the equations of motion becomes difficult
to solve. Mixed convection flow occurs when both free and
forced convection mechanisms simultaneously and
significantly contribute to the heat transfer. One of the
classification methods of specifying convection type is the
value of Richardson number (Ri ),

Diesel Engine Exhaust Gases
The diesel engine is an auto-ignition engine in which fuel and
air are mixed inside the engine. The air required for combustion
is highly compressed inside the combustion chamber. High
temperatures are generated to make diesel fuel ignites by itself
during injection into cylinder. Heat energy will convert
chemical energy containing the diesel fuel into mechanical
energy Bosch [8]. The main diesel fuel compounds are carbon
and hydrogen. Ideal combustion of diesel fuel is generating
CO2 and H2O in engine combustion chambers Prasad and Bella
[2].

Ri =

The main causes of unideal (incomplete) combustion are,

Gr
R2e

… (1)

1.

If, Ri ≪ 1 then convection is forced.

2.

If, Ri ~ 1 then convection is forced.

3.

If, Ri ≫1 then convection is free.

This type received not much attention in heat transfer
textbooks. Therefore we can see that heat transfer references
put separate chapters for forced and free convection subjects as
in Kays & Crawford [9]. For newly published textbooks like
Incropera et al. [10] and Holman [11] do not take more than one
or two pages to the subject of mixed convection. This is due to
the complexity of mixed convection flows and also to available
literature results inconsistency. The heat exchange processes
takes place in the different involving geometries under variable
thermal boundary conditions can open huge research prospects.
Under these conditions, the interpretation of structures of flow
and mechanisms of heat transfer are not yet covered. Yadav V.
[12] traced the thermal characteristics, patterns of complex
flow and thermal instabilities. Jackson et al. [13] wrote a review
of old publications on mixed convection in vertical tubes. They
are concentrated on Newtonian fluid flows without radiation
effects, only gravity body forces and straight vertical ducts of
constant cross-sectional areas.

1. Ignition timing. Combustion form.
2. Air to fuel ratio.
3. Air and fuel concentrations.
4. Combustion temperature.
5. Turbulence in the combustion chamber.
6. Unknown reasons.
As a result of this many harmful products are generating from
such type of combustion like CO, HC, NOx, and PM.
Mixed Convection
Fluid flow with heat transfer takes places in several industrial
institutions such as pressurized reactors, supercritical boilers,
solar collectors and heat exchangers. Convective heat transfer
in channels with different flow directions have extensive
applications in many heat and mass transfer equipment starting
from electronics to large nuclear reaction. When the fluid
motion is induced by some external devices like pumps,
blowers or wind the type of heat is called forced convection. If,
an external force field like gravity rises it by acting on fluid
density gradients and induces through transport process. This
second type of heat is called free (natural) convection. Flow at
the interface between the two types of convection will be driven
simultaneously by both the external devices and force field
acting on density gradients. This third type of convection type
is called mixed (combined) convection. For laminar flow heat
transfer, the body forces are characterized by the Grashof
number (Gr) and for forced flow by the Reynolds number (Re).
In most physical situation, both modes are present, and the
relative magnitude of these two forces determines whether the

PREVIOUS EXPERIMENTAL STUDIES
Pioneer Researchers had analyzed most of the available
literature and produced different charts which establish the
boundaries between forced, mixed and natural convection as
well as those between laminar and turbulent flow regimes in
circular constant diameter ducts. They found that transition
from laminar to turbulent conditions happen at Re number
lower than 2000 because of the heating.
Laminar flow
Tewari and Jaluria [14], Yadav and Kant [15] & [16] and
Chong et al. [17] determined intensively the accurate effect of
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surface geometries and its projections on boundary layer. The
open-circuit constructed basic experimental setups are
employed under variable phases. Others like Zhang and Dutta
[18] examined closed-circuit arrangements. With noticeable
issues appeared recently.

PREVIOUS ANALYTICAL SOLUTIONS
The system of coupled partial differential equations that
governed mixed convection can be solved analytically with
many simplifying assumptions. Analytical solutions presented
for steady state, laminar, fully developed, axial flow in a
horizontal, inclined and vertical tube neglecting the viscous
dissipation and pressure work. Boussinesq hypothesis is best
used for density and assumed constant viscosity, conductivity,
and specific heat. The uniform heat flux condition is applied
easily at the solid-fluid interface and included a uniform
distributed heat source in the fluid. The non-dimensional for
velocity and temperature were given in terms of first kind, zero
order real and imaginary Bessel functions. They are depending
on the Prandtl number (Pr), ratio of the Gr to Re number and
the heat source non-dimensional power density. The solution is
including analytical expressions of Nu number and pressure
gradient(−dp⁄dz)Re. They showed that low radial
temperature analysis decreased free convection and increased
Nu number in comparison with that of forced one. Free
convection made a change in the axial pressure gradient, while
not for forced convection. Then heat source value is specified
the direction of change.

Many investigations encountered the effects of heating on
developing laminar upward or inclined flow of air in an
isothermal or constant heat flux tubes. Pitot tubes and
thermocouples are identical instruments to measure the axial
velocity and fluid temperature for laminar flow. The velocity
profile is quite different from the forced convection one and
that the maximum velocity may not occur at the centerline.
Morton et al. [19] demonstrated the effect of flow reversal near
the center line for aiding flow in an isothermal tube with 25 and
5000 values of Re and Gr numbers, respectively. Maré et al.
[20] recently determined the velocity vectors in a vertical
coaxial double-duct heat exchanger for parallel ascending flow
of water by using the particle image velocimetry (PIV)
technique. For same flow rates in the inner tube and the
annulus, and about 20 °C temperature differences, they
observed that flow reversal takes place in both streams over
large axial distances for heating or cooling of flow in the inner
tube. They evaluated Nusselt number (Nu) of laminar mixed
convection Num easily by calculating the corresponding
Nusselt numbers for forced Nuf and natural Nun convection
and then combined them,
Num3 = Nuf

3

∓ Nun 3

Later, Barletta et al. [22] included viscous dissipation and
solved the momentum balance equation and the energy balance
equation by means of a perturbation method. They obtained
analytical expressions for the velocity and temperature profiles.
For aiding buoyancy with a constant value of Gr⁄Re, the
viscous dissipation reduced Nu number and increased Fanning
friction factor (Cf). Ben Mansour et al. [23] solved the coupled
partial differential equations (PDEs) for fully developed
laminar mixed convection in a vertical tube with uniform heat
flux, uniform internal volumetric heat source and viscous
dissipation using a power series expansion of the axial velocity.
The temperature and velocity profiles and pressure gradients
were obtained employing explicit analytical expressions. The
solution was then used to find the entropy generation rate. It
was found that the rate of entropy generation due to friction was
more important than that due to conduction heat transfer.

… (2)

The plus and minus signs applied to flows with aiding and
opposing buoyancy, respectively. Therefore laminar mixed
convection with aiding buoyancy will be greater than forced
convection, while the opposite became true for opposing
direction buoyancy.
Al-Sammarraie A. et al. [21] studied experimentally mixed
convection heat transfer in inclined tubes of circular cross
section. They assisted thermally developing and thermally fully
developed laminar-to-turbulent air flows, under boundary
conditions of constant wall heat flux. They examined Re
numbers below 2300 value for the laminar and transition air
flows between 2300 and 4000 Re numbers. While the heat flux
varied from 492 to 1442 W-m-2. The study examined the mixed
heat convection with a range of Re number and heat flux
corresponding to Ri numbers in a range from 0.146 to 1.058.
Their experimental setup consisted of three tubes of copper
having a length to diameter ratio of 11.8, 15.75 and 31.5 with
60 cm of heating length. They found the effect of the heat flux,
diameters and inclination angle of the tube upon mixed
convection. They presented the local Nu numbers with the
dimensionless axial distance. The results clearly showed that a
decrease in the Nu number values as the heat flux decreased
and as the tube inclination angle moved from to 30° to 60°
inclination, and also a decrease as length to diameter ratio
increased. They correlated the average Nu number of
experimental results in an empirical equation including the
effect of the Rayleigh number (Ra), Re number, and length to
diameter ratio and inclination angle.

Chen and Chung [24] and [25] observed stability criteria
acceptance in mixed convection flow for symmetrically and
asymmetrically heated vertical channels. They established
more restrictive stability conditions in terms of Pr and Re
numbers.
Lasode O.A. [26] investigated a solution of laminar mixed
convective heat transfer in vertical elliptic ducts containing an
upward flowing fluid rotating about a parallel axis. They solved
coupled system of normalized conservation equations using a
power series expansion in ascending powers of rotational Ra
Number as a measure of the rate of heating and rotation as the
perturbation parameter. The results showed the influence of
rotational Ra number and modified Re number on the
temperature and axial velocity fields. They also reported the
effect of Pr number, in the range 1 to 5, and eccentricity on the
peripheral local Nu number. The mean Nusselt number is
observed to be highest at zero duct eccentricity for a given Pr
number. The results indicated a sensitivity of peripheral local
Nu to Pr numbers at the eccentricity of 0.866. That result was
important in rotating vertical heat exchanger design. They also
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thermal entrance region and presented the regime of flow
reversal for both heating and cooling cases in the Pe − |Gr⁄Re|
plane. Lee and Yan [36] studied transient mixed convection
flow in a tube subject to external convection. They took into
consideration wall conduction and wall heat capacity. When
neglecting these effects, they found significant errors mainly
during the early transient period took place. They also showed
that increasing the outside Nu number caused a greater inside
Nu number and accelerated to reach the steady-state condition.
They also showed that the wall thickness has little influence on
Nu number distribution at steady state conditions and that the
duct material does not have a significant effect on the
establishment of steady state condition. Nesreddine et al. [37]
studied the effect of variable physical properties in laminar
aiding and opposing mixed convection in vertical tubes. They
considered that the fluid viscosity and thermal conductivity
vary with absolute temperature according to simple power laws
while the density varied linearly with the temperature and
constant heat capacity. Their comparison between results
calculated with variable properties and with the Boussinesq
approximation showed substantial differences in the
temperature and velocity fields for higher Gr number. They
showed that the friction Cf was under-predicted by the
Boussinesq approximation for aiding flow and it was overpredicted for opposing flow. Even the effects on the heat
transfer performance remained negligible except for cases with
flow reversal. Nesreddine et al. [38] studied the effects of
entrance region axial diffusion in thin vertical tubes with
uniform heat. Their results revealed that axial diffusion played
a significant role in fluid upstream preheating from the entrance
of the heat transfer region for both aiding and opposing flow.
They established formula that can be determined,

presented effect of eccentricity on the Cf. They found an overall
validity of the results by the parameter space(Ra τ Rem Pr ≤
820).
Nicolas G. & Behzadmehr A. [27] stated that hydrodynamic
and thermal fields for mixed convection in vertical ducts were
very different from the corresponding ones of forced
convection. They concluded that fully developed mixed
convection to be turbulent with about 1000 Re number. Also,
they showed that relaminarization phenomenon took place with
higher Gr number. They also found that fully developed mixed
convection Nu numbers were influenced by the relative
direction between the buoyancy force and the imposed flow.
They thought that qualitatively different influence between
laminar and turbulent flow and depended on the Pr number.

Selection of Reference Temperature
Conventional methodologies to deal with convection problems
of a Newtonian fluid in a vertical channel usually employ
Boussinesque approximation with the equation of state for
mass density. Although the mathematics used in such analysis
are sensible Bejan [28]. There is an apparent lack of its physical
interpretation due to undetermined reference temperature
associated with linear expression for fluid density Hamadah
and Wirtz [29] and Cheng et al. [30]. In certain situations, the
local surface heat fluxes and the local convective heat transfer
coefficients become negative because the bulk mean
temperature is not an appropriate reference temperature for
describing the heat flow direction locally everywhere. In other
words, the concept of the local heat transfer coefficient and Nu
number is meaningless in the strongly conjugate problems
Manca and Nardini [31]. Detailed analysis has been carried out
subsequently proposing a general method to choose the
reference fluid temperature for fully developed mixed
convection in ducts Barletta & Zanchini [32] and Hasan &
Moghtada [33].

1.

When the upstream boundary conditions can be
applied at the entrance of the heated section.

2.

When the elliptical formulation was necessary to
describe the flow field accurately.

Su and Chung [39] studied the stability of fully developed
uniform heat mixed convection in a vertical tube. Their results
suggested that this flow can become unstable at low Re and Ra
numbers irrespective of the Pr number. They described two
instability mechanisms for aiding flow. The first one was the
thermal shear instability for flows with Pr numbers less than
0.3. The second one was the assisted buoyant instability for
flows with Pr numbers greater than 0.3. For opposing flow the
Pr number effect was less significant and there were three
instability mechanisms. They were Rayleigh-Taylor instability
for flows with extremely low Re numbers (Re≤ 5), the opposed
thermal buoyant instability at somewhat larger Re numbers and
the thermal shear instability at even higher Re numbers. They
mentioned that the instability in aiding and opposing flows can
be attributed to the appearance of an inflection point and flow
separation for fluids with Pr of unity order.

PREVIOUS NUMERICAL SOLUTIONS
The system of coupled partial differential equations can be
solved numerically. Some of the numerical studies of laminar
and turbulent mixed convection published since the done
review by Jackson et al. [13]. These schemes can be
summarized only for laminar flow according to present study
aim.
Laminar Flow
Morton et al. [19] analyzed the elliptical governing equations
to study mixed convection in vertical tubes with constant wall
temperature. They used the finite difference method and found
that flow reversal appeared near the center of the tube when
heated upward flow and near the wall for cooled upward flows.
Heggs et al. [34] studied the effects of conduction in the wall
on the development of the recirculation zone. According to
their results, the upstream wall axial conduction generated clear
fluid preheating and that made the region of recirculation at the
centerline to be formed further upstream. Wang et al. [35]
studied mixed convection flow at low Péclet number (Pe) in the

Behzadmehr et al. [40] solved the coupled, elliptic partial
differential equations (PDEs) for developing upward heated
flow and showed, for the first time numerically, the occurrence
of flow reversal at the centerline and also at the region between
the wall and the centerline. They predicted analytically for fully
developed conditions. Zghal et al. [41] solved the elliptic
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equations for upward flow of air in a tube with a uniformly
heated zone preceded and followed by adiabatic zones. They
calculated the conditions which made the reversal flow and
upstream diffusion and located them on the Péclet-Richardson
chart.

finite difference technique coupled with a fitted procedure of
marching. The study presented graphical profiles of the
temperature velocity and pressure for various values of Eckert
number (Ec) and Pr number in addition to buoyancy
parameter (Gr⁄Re).

Later Behzadmehr et al. [42] presented a numerical correlation
for the Nu number at low Re numbers. It is valid for both
laminar and also turbulent flow regime in the range of 1000≤
Re≤1500 and Gr≤ 5×107.

Aidaoui1 L, et al. [47] employed numerical study to study the
effect of governing parameters in the three-dimensional
laminar mixed convection flows of a rectangular channel with
imposed wall flux density. They solely formulated the
parameters making effects on bouncy of motion equation and
in turn the initial creation of mixed convection, the Nu and the
Poiseuille numbers. They illustrated that the main factor
characterizing the mixed convection heat and flow regimes,
which was buoyancy parameter instead of the Ri number.

Nu = 4.36 (1 +

Gr0.464
750+0.24Re

)

. . . (3)

They also presented a map, for 1000 and 1500 Re numbers,
which indicated the conditions for laminar, turbulent or relaminarized regimes as well as those for the positive or negative
pressure difference between the tube inlet and outlet. You et al.
[43] used direct numerical simulation to study fully developed
turbulent mixed convection. They found that both the skin Cf
and the heat transfer coefficient first decreased and then
increased with increasing heat flux in the upward heated flow.
In the case of downward heated flow, Cf was nearly unchanged
but Num increased with increasing heat flux.

ENTRY REGION ANALYSIS
Wang and Jackson [48], Mohammed and Salman [49] and
Azizi et al. [50] stated that analysis of heat transfer in an
inclined channel concerning entry region requires more study
for many practical conditions. Their studies showed the main
parameters that directly affected heat transfer were,

Barletta A, et al. [44] investigated mixed convection ﬂow in a
vertical circular duct subjected to a periodic sinusoidal
temperature change at the wall. They considered fully
developed parallel ﬂow and the steady periodic regime in their
analysis. They wrote the local momentum and energy balance
equations, together with the constraint equations coming from
the deﬁnition of mean velocity and temperature in
dimensionless form. They also mapped them into equations in
the complex domain. Every one equation obtained two
independent boundary value problems. They provided the
mean value and the oscillating term of the temperature and
velocity distributions. They solved the boundary value
problems analytically. Then they obtained the velocity and
temperature distributions as functions of the Pr number firstly,
the dimensionless frequency secondly and the ratio between the
Gr to Re numbers thirdly. Finally, the study evaluated the C f
and the dimensionless heat ﬂux.

1.

Velocity profile at the channel entrance.

2.

Convection modes (natural, mixed or forced).

3.

Direction of the buoyancy relative to the flow
direction.

4.

Duct shape.

5.

Heating surface boundary conditions.

These results were true when the buoyancy effect was not
significant.
Axial heat conduction intensity with low Peclet numbers in the
heated region played as the main factor for the conditions of
entry boundary Nesreddine et al. [38] and Zghal et al. [41].
Desrayaud and Lauriat [51] predicted the flow reversals
centered in the channel entrance. They also investigated the
effects of buoyancy forces on the flow pattern through
discussing the velocity and temperature profiles.

Bakhti1 F.Z. et al. [45] considered a numerical study of laminar
mixed convection for an inclined thick duct. They applied
uniform heat flux over the entire circumference of the tube.
They solved the governing differential equations using the
method of finite volume. The study adopted SIMPLE algorithm
for coupling of pressure and velocity. They employed
parametric study for analyzing the effect of the Gr number, the
angle of inclination and the wall conductivity on the fields of
thermal and fluid. The study considered (4.104, 4.106 and
4.107) values of Gr number for (0°, 30°, and 60°) values of
inclination angle. For a material of the wall, they chose
conductivity value depending on a ratio (K = k p ⁄k f ) of copper,
iron and, aluminum with (19000, 3600, and 11500)
conductivity values, respectively. They examined the fields of
velocity, pressure and temperature as well as the axial evolution
of the Nu number and its limits for various studied cases.

El-Hasadi Y.M. et al. [52] investigated theoretically laminar
mixed convection in the entrance region for horizontal
semicircular ducts with the ﬂat wall on top. They solved the
momentum and energy equations numerically using a marching
technique with the ﬁnite control volume approach employing
SIMPLER algorithm. The study obtained many results of the
thermal boundary conditions with the axial input of uniform
heat and uniform wall temperature circumferentially at any
cross-section, at 0.7 Pr number and a range of Gr numbers.
They showed the velocity and temperature distributions at
different axial points, axial distribution of local Nu number, and
local average wall Cf. They found that the values of Nu number
were close to forced convection values within entrance region.
As the distance from the entrance increased local Nusselt
number decreased to a minimum and then rise gradually
because of the effect of free convection until a constant value
(fully developed). The study showed that as Gr number
increased the Nu number and average wall Cf increased in both

Reddy T.G, et al. [46] considered the buoyancy effects on
laminar mixed convection in a vertical channel. They obtained
the governing parabolic equation solution by using an implicit
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ameline will generate because of decomposition reactions of
urea solution. The accumulation of these compounds inside the
exhaust pipe wall and will produce a series of problems. For
preventing the formation of above compounds, the urea
solution spraying process must start at exhaust gas temperature
not less than 200 °C. It must take in account that when
temperature passed 600 °C, then all NH3 amounts will burn
directly before its reaction with the NOx emissions.

developing and fully developed regions as well as an upstream
movement of secondary flow threshold location.
Narve N.G. and Sane N.K. [53] tested experimentally the
entrance region attained to laminar mixed convection under
uniform heat flux acting on three sides and an adiabatic top side
for a horizontal rectangular duct. They included ducts with 2.5
aspect ratio at various wall temperature, 1000 to 2300 Re
number, 105-107 Gr number and 0.7 Pr number values. They
measured and calculated wall and fluid temperature in addition
to Ri and Nu numbers. The study showed that Ri number
strongly affected the wall temperature distribution in the
entrance region of flow. Wall temperatures steadily increased
in the flow direction and decreased after some length. They
observed that Nu number increased as Ri number increased at
entrance region.

The Aim of Present Work
All previous studies deal with the laminar mixed convection in
pipes at different inclination and sizes has treated with one type
of gas, exactly air is the only gas used experimentally,
analytically and numerically. This was for cheap, simplicity,
availability and well-known properties for analysis and in
calculations of boundary conditions. According to our long
literature review, it is discerned that no one before using
different gases or deal with exhaust gases or more specifically
with DEG or making any comparison with the atmospheric air.
As mentioned before the DEG has the significant factor on
environmental pollution of earth or what is true if we say
pollution of our universe.

Effect of Temperature on Emissions Control Systems
Zervas E. [54] found that the DOC efﬁciency was mainly
depending on temperature. He observed that the effectiveness
of the DOC in oxidizing both CO and HC was at temperatures
above a light-off threshold for activity of the catalyst. The lightoff temperature was deﬁned as the temperature at which the
reaction started in the catalyst and varied depending on the
composition of exhaust gases, velocity of flow and composition
of the catalyst. DOC can also be used as a catalytic heater. The
oxidation of CO and HC emissions are released heat generators.
This heat is used to raise the exhaust-gas temperature
downstream of DOC. The rising in the exhaust temperature
supports the second stage of gas control (DPF) regeneration.

The aim of present article is to make an experimental and
analytical comparison between fresh air and DEG after
exchange its properties to meet the same conditions of
atmospheric air, this is to investigate,
1.
2.

The major properties in choice of DOCs are,
1.

Light-off temperature.

2.

Mixed conversion efﬁciency.

3.

Temperature stability.

4.

Tolerance to poisoning.

5.

Manufacturing costs.

3.
4.
5.
6.

7.

While the parameters that affected the above properties are,
1.

Channel density speciﬁed in channels per square
meter (cpsm).

2.

Wall thickness of the individual channels.

3.

The external dimensions of the converter (crosssectional area and length).

8.

Channel density and wall thickness then determined,
1.

Heat up response.

2.

Exhaust gas back pressure

3.

Mechanical stability of the catalytic converter.

The mixed convection heat transfer through a pipe
under constant heat flux experimentally.
Two types of gases are tested fresh air and gas oil
(DEG).
Measuring the temperature distribution at different
inclination angles.
Examines two selected low and high heat fluxes.
Examines two selected low and high Re numbers.
Theoretical analysis to find the local Nu numbers
versus upper and lower values of inverse Graetz
number.
Management of heat to control systems used as
aftertreatment devices on exhaust gas pipes to
eliminate pollution by optimizing the inclination of
the pipe.
It is a trial to make our environment as clean as
possible and to make benefit from heat produced in
the pipes of exhaust gas (energy saving), which will
reach 600 °C temperature (if aftertreated exhaust gas)
to produce hot water or heating (by exchanging) from
electricity generating diesel engines for big buildings.

EXPERIMENTAL WORK
General

Way P. et al. [55] showed that SCR system ran in temperatures
between 200 and 600 °C. Generally, reactions initiated at 200
°C and the maximum conversion efﬁciency took place at 350
°C. Schaber P. et al. [56] stated that if the temperature was
below 200 °C, cyanide acid, biurea, melamine, amelide, and

The experimental apparatus consists of a pipe as the test section
as a part of an open air or gas loop, mounted on an iron frame
as shown in figure (1), which can be rotated around a horizontal
spindle to locate the required inclination angle.
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(1) Test Section
(2) Heater
(3) Thermocouples

Aluminum Pipe

Manometer

Figure 1: Schematic Diagram of Experimental Apparatus.

by 39 cm as shown in figure (2). The average measures of
temperature drop and the compound thermal conductivity of
the insulation materials are used to calculate the heat loss
through it.

The open circuit includes a blower, orifice plate, settling
chamber, test section and flexible hose. The air or exhaust gas
is regulated after driven from the blower using a control a
control valve. The air or gas enters pipe orifice and then to the
settling chamber through the flexible hose. The settling
chamber is designed carefully to reduce flow fluctuations and
to get a uniform flow at test section entrance by using flow
straightener. Then the fluid passes through 120 cm long
aluminum pipe as the test section. Two well designed Teflon
bell mouth, the first is fitted at the beginning of the pipe and
bolted in the other side inside the settling chamber to get
symmetric flow and uniform velocity profile. The second bell
mouth piece is fitted at pipe exit. It is identical with first one in
dimensions. The Teflon material is chosen for its low thermal
conductivity to eliminate heat loss from the ends of the pipe.
The inlet fluid temperature is measured by one thermocouple
located in the settling chamber, while the outlet bulk fluid
temperature is measured by two thermocouples located in the
test section exit. The local bulk fluid temperature is calculated
by using a straight line interpolation between the measured inlet
and outlet bulk fluid temperatures.

Asbestos

Insulation
Thermocouple
39 cm

Uniform Heater

Ceramic Beads

Pipe

Teflon Piece

Exit Bell Mouth
Thermocouple
Fiber Glass

Figure 2: Vertical Projection in the Test Section.

The pipe surface temperature is measured by eighteen asbestos
sheath thermocouples are arranged along it, as shown in figure
(3). They are of k type (first alloy is Chromel of 10% Cr and
90% Ni, second alloy is Alumel of 95% Ni, 3% Mn & 2% Al).
Their temperature range is from -200 to 1300 °C.

Test Section
The test section consists of 3.5 mm wall thickness, 59.3 mm
outside diameter and 120 cm long aluminum pipe. The pipe is
heated electrically using an electrical heater as shown in figure
(2). The heater is made of 1mm in diameter and 60 min length
nickel-chrome wire electrically insulated by ceramic beads
wounds uniformly as a coil with 10 mm pitch. The outside of
test section is then thermally insulated and covered by 60 mm
and 5.7 mm thickness of asbestos rope layer and fiberglass,
respectively. To measure the heat loss through the insulation,
six thermocouples are inserted in it, every three are distributed
equally on a circle of one cross-section apart from each other

The thermocouples are fixed through 18 holes each of 2 mm
diameter drilled previously. The probe of each thermocouple is
secured inside the wall of the holes using high temperature
epoxy steel adhesive. The procedure is done clean and without
any trace of the epoxy residue inside the pipe. All
thermocouples used in apparatus are calibrated using melting
point of ice made of distilled water as a reference for boiling
points of several pure chemical substances.
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of Aluminum
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Bell Mouth

Thermocouple Hole
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13

14
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One of the Eighteenth
Thermocouple Positions

Figure 3: Vertical Projection Showing the pipe and bell mouth (at begin and exit) Thermocouples Positions and Dimensions.

designed with a diameter of 50 mm and discharge coefficient
of (0.6099). Then the flow rate which induced by the
centrifugal blower can be found according to the following
equation,

Heat Loss from Test Section Ends
Two thermocouples are fixed in each Teflon piece. The
calculation is carried out after measuring the distance between
them and the thermal conductivity of the Teflon.

V ° = Cd (π. do 2 ⁄4). √2g∆h
°

… (4)

Where V is the volume flow rate in (m -s ), Cd is the discharge
coefficient, do is the orifice diameter in (m) and ∆h is the
manometer measurement in (m-H2O).

Heater Circuit
The apparatus of heating element and heater circuit consist of a
variac type (NATP-6P) to adjust the heater input power as
required, while a digital multi-meter type (DM-9020) is used to
measure the heater voltage and current, as shown in figure (4).

3

-1

Figure 5: Manometer instrument.
Figure 4: Instruments Used in the Experimental Work.

Thermocouple Circuits
Thermocouple circuits used in the present experimental work
are shown in figure (4). They consist of digital electronic
thermometer type TM-200. They are connected in parallel to
the thermocouples by leads through a selector switch. Digital
electronic thermometer calibration is done using calibrator type
TM-300.

Orifice Plate
Figure 6: Orifice plate instrument.

The orifice plate is used to compute the volumetric flow rate
through the pipe as shown in figures (5, 6, 7, 8 and 9). It is
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d1

d2

d0

Figure 7: Schematic Diagram of Using Orifice Plate.
Figure 9: Electrical Motor and Power Transmission to
Centrifugal Blower.

Arrangement for DEG
Diesel fuel engine works under load as a prime mover for
electrical generation units to produce 500 kVA powers. Its
exhaust gas comes from the engine through manifold pass into
the silencer. Exhaust gases then passes through the water heat
exchanger to cool the gas to be at a temperature identical with
that of the air. It is checked by the thermocouple located on the
pipe just before leaving to the centrifugal blower. Exhaust gas
is assembled inside the reservoir which equipped with a check
valve to regulate pressure according to that of air. The gas
passes from the reservoir to the centrifugal blower to be after
that tested with the same procedure as air, as shown in figure
(10).

Figure 8: Centrifugal Blower and Control Valve.

Check Valve
Exhaust Thermocouple
Gas
Reservoir

Diesel Engine

Heat Exchanger

Centrifugal
Blower

Exhaust Gas
to Test Section

Silencer

Water
in

Water
out

Figure 10: Arrangement of exhaust gas before driving it to blower.

according to the following equation,

EXPERIMENTAL PROCEDURE

Qt = V × I

Testing procedure is carried out as follows,
1.

Adjusting the inclination angle of the pipe, as shown
in figures (11, 12 and 13).

2.

Switching the centrifugal power on, to circulate air or
gas through the pipe in an open loop.

3.

Switching the electrical heater power on and adjusting
the specified heat flux. The heat flux is calculated
depending on Ammeter and Voltmeter measurements

… (5)

WhereQ t , V and I are total heat in Watt, voltage in volt and
current in Ampere, respectively.
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4.

Adjusting the mass-flow-rate by using the control
valve and fixing the following measurements on one
Reynolds number.

5.

Leaving the apparatus under work for at least three
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hours to ensure reading the steady state condition.

THEORETICAL ANALYSIS

6.

Reading the measured temperature by thermocouples
every half an hour until the reading reaches the
constant recording after that final reading is recorded.

For a uniform heat flux, the analysis of laminar mixed heat
transfer is simply carried out using the following equations,

7.

Repeating the articles above 5 and 6 but with the
second value of heat flux.

8.

Repeating the articles above 5, 6 and 7, but with the
second and third inclination angle, respectively.

Where, Q conv. and Q cond. are mixed convection and lost
conduction heat transfer in Watts, respectively. Conduction
heat loss is calculated by using,

9.

Repeating the articles above 5, 6, 7 and 8 after
adjusting a new value of mass-flow-rate according to
second value of Reynolds number.

Q conv. = Q t − Q cond.

Q cond. =

… (6)

∆T0i
ln(r0 ⁄ri )⁄2πk as L

∆T0i = T0 − Ti

… (7)

… (8)

Where, T0 , Ti , r0 and ri , L and k as are average outer insulation
surface temperature, average inner insulation surface
temperature, radius from pipe center to outer insulation surface,
radius from pipe center to inner insulation surface, length of
pipe and thermal conductivity of asbestos (0.161 W-m-3-°C-1.

10. Following the same previous procedure when
transition to use exhaust gas instead of air.

The mixed convection heat flux can be represented by,
qconv. = Q conv. ⁄A0

… (9)

Where, A0 represents the outer surface area of the pipe. The
local radiation heat flux is calculated from,
qr = F1−2 ε σ [((Ts )x + 273)4
− ((Ts )x + 273)4 ]

… (10)

Where, (Ts )x , (Ts )x , σ , ε and F1−2 are the local temperature
of pipe, average temperature of pipe, Stephan-Boltzmann
constant (5.66×10-8 W-m-2-K-4), emissivity of the aluminum
material (0.09) and shape factor (unity value). After calculation
of the radiation heat flux, it is found that has very small value
compared with the total heat flux.

Figure 11: Experimental Apparatus in Horizontal Position.

For more convenience, Raji & Hasnaoui [57] and Li et al. [58]
concluded that neglected effect of thermal radiation is mainly
justified by the fact that the heat transfer is significantly ensured
by mixed or forced convection. Bahlaoui et al. [59] stated that
effect of the radiation can be neglected in the case of
configurations with nonemissive or weakly emissive
boundaries. Tanda G. [60] showed that radiation heat transfer
can be small because of the low thermal emittance, which can
be measured by a radiometric apparatus. Holman [11] and
Incropera & Dewitt [10] treated radiation effects in most of the
investigations on natural convection heat transfer between
vertical parallel plates according to the following,

Figure 12: Experimental Apparatus in Inclined 45o Position.

1.Assumed negligible and completely ignored.
2.Accounted for, as stray losses.
3.Nullified by techniques such as mass transfer
measurement.
Therefore qconv. = q t , and local heat transfer coefficient can
be found,
qt
hx =
… (11)
(Ts )x − (Tb )x
Where (Tb )x represents local bulk air or gas temperature.

Figure 13: Experimental Apparatus in Vertical Position.
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Table 1: Physical Properties of Air and DEG.
Temperature
K
273
293
313
333
353
373
393
413
433

Density
(ρ) kg-m-3
Air
1.2506
1.1842
1.1178
1.0514
0.9876
0.9379
0.8884
0.8450
0.8016

Specific Heat
(Cp) Kj-kg-1-K-1
Air
DEG
1.00570
1.0420
1.00665
1.0472
1.00752
1.0524
1.00832
1.0576
1.00930
1.0628
1.01130
1.0680
1.01330
1.0738
1.01582
1.0796
1.01834
1.0854

DEG
1.2950
1.2260
1.1570
1.0880
1.0190
0.9500
0.9096
0.8692
0.8288

Both air and diesel exhaust gas properties(ρ, μ and k) are
evaluated at the mean film temperature,
(Tf )x =

(Ts )x + (Tb )x
2

… (12)

Where x and L are the distance from pipe entry and total length,
respectively.
According to the same range of temperatures mentioned in
table (1), we calculate the Pr number for air and DEG. It is
shown in table (2),

The local Nu number (Nux ), then can be determined from,
h x Dh
k

Thermal Conductivity (k)
W-m-1-K-1
Air
DEG
0.02414
0.022180
0.02574
0.023650
0.02729
0.025578
0.02881
0.027046
0.03031
0.028053
0.03171
0.029533
0.03311
0.031012
0.04270
0.032492
0.05229
0.033972

Where z represents the inverse Graetz number, Kurt C. Rolle
[63]. The nondimensional length X is represented by,
x
X=
… (20)
L

Where (Tf )x represents the local mean film temperature. Table
(1) gives these properties at work particular range of
temperatures according to DieselNet Technology Guide [61]
and Pipe Flow Calculations [62].

Nux =

Viscosity
(μ) Pa-s×10-4
Air
DEG
0.1715
0.1580
0.1815
0.1672
0.1909
0.1764
0.2002
0.1856
0.2093
0.1948
0.2181
0.2040
0.2269
0.2122
0.2355
0.2204
0.2440
0.2286

… (13)

RESULTS AND DISCUSSION

Where hx , Dh and k are the heat transfer coefficient, pipe inside
diameter and air or diesel exhaust gas thermal conductivity.

Table 2: Pr number values of air and DEG corresponding to
temperature range.

Re number is calculated from,
ρ u i Dh
Re =
μ

… (14)

Where ui is the initial velocity of pipe.
Gr number is found from,
g. β. Dh 3 (Ts − Tb )
Gr =
ϑ2

… (15)

Where g, β and ϑ are gravity constant, reciprocal of average
film temperature and kinematic viscosity, respectively.
ui =

V°
A

… (16)

Where V ° and A, are volume flow rate and cross-sectional area,
respectively.
A = π (ro2 − ri2 )
μ Cp
k
x⁄Dh
z=
Pr. Re
Pr =

… (17)

Pr number

Temperature
K

Air

DEG

273

0.715

0.7422

293

0.7098

0.7404

313

0.7051

0.7258

333

0.7006

0.7258

353

0.697

0.738

373

0.6956

0.7377

393

0.6945

0.7347

413

0.5602

0.7323

433

0.4752

0.7304

The values of inverse Graetz number are calculated depending
on two values of Pr number. The first one is the average value
of higher Pr numbers of air and DEG (0.7286) taken from table
(2), and the second is the average of lower Pr numbers (0.6005)
within the study range of measured surface temperature.

… (18)
… (19)
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Figure 14: Air and DEG Temperature Distribution along Nondimensional Length (X) for 450 Re number and 0° Inclination.
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Figure 15: Air and DEG Temperature Distribution along Nondimensional Length (X) for 450 Re number and 45° Inclination.
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Figure 16: Air and DEG Temperature Distribution along Nondimensional Length (X) for 450 Re number and 90° Inclination.

1396

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 2 (2018) pp. 1385-1407
© Research India Publications. http://www.ripublication.com
65
60

Temperature (°C)

55
50
q = 115 W-mˉ²(Air)

45

q = 115 W-mˉ²(DEG)

40

q = 816 W-mˉ²(Air)

35

q = 816 W-mˉ²(DEG)

30
25

20
0

0.2

0.4
0.6
Nondimensional Length (X)

0.8

1

Figure 17: Air and DEG Temperature Distribution along Nondimensional Length (X) for 2008 Re number and 0° Inclination.
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Figure 18: Air and DEG Temperature Distribution along Nondimensional Length (X) for 2008 Re number and 45° Inclination.
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Figure 19: Air and DEG Temperature Distribution along Nondimensional Length (X) for 2008 Re number and 90° Inclination.
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Figure 20: Air and DEG Local Nu no. Versus Inverse Graetz no. for 0° Inclination Angle, 0.7286 Pr no. and 450 Re no. at (a) 115
W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 21: Air and DEG Local Nu no. Versus Inverse Graetz no. for 0° Inclination Angle, 0.6005 Pr no. and 450 Re no. at (a) 115
W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 22: Air and DEG Local Nu no. Versus Inverse Graetz no. for 45° Inclinaton Angle, 0.7286 Pr no. and 450 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 23: Air and DEG Local Nu no. Versus Inverse Graetz no. for 45° Inclination Angle, 0.6005 Pr no. and 450 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 24: Air and DEG Local Nu no. Versus Inverse Graetz no. for 90° Inclinaton Angle, 0.7286 Pr no. and 450 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 25: Air and DEG Local Nu no. Versus Inverse Graetz no. for 90° Inclinaton Angle, 0.6005 Pr no. and 450 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 26: Air and DEG Local Nu no. Versus Inverse Graetz no. for 0° Inclinaton Angle, 0.7286 Pr no. and 2008 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 27: Air and DEG Local Nu no. Versus Inverse Graetz no. for 0° Inclination Angle, 0.6005 Pr no. and 2008 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 28: Air and DEG Local Nu no. Versus Inverse Graetz no. for 45° Inclinaton Angle, 0.7286 Pr no. and 2008 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 29: Air and DEG Local Nu no. Versus Inverse Graetz no. for 45° Inclination Angle, 0.6005 Pr no. and 2008 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 30: Air and DEG Local Nu no. Versus Inverse Graetz no. for 90° Inclinaton Angle, 0.7286 Pr no. and 2008 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.
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Figure 31: Air and DEG Local Nu no. Versus Inverse Graetz no. for 90° Inclination Angle, 0.6005 Pr no. and 2008 Re no. at (a)
115 W-m-2, (b) 816 W-m-2 Heat Flux.

(1) Surface Temperature Results
a)

region starts from the maximum point till the pipe end. The
decrease in this region is due to pipe end heat loss. A rise is
clear in the increase and decrease of surface temperature for all
cases of DEG upon air. Maximum rise takes place at the
maximum point and about half at pipe end. This rise in surface
temperature is coming from,

General

Results of surface temperature for all cases studied in present
paper starts at the same temperature and increases until a
maximum value then decreases slightly at pipe end, as shown
in figures (14-19). It can be divided into two regions. The first
performs the developed region, which starts from pipe inlet till
the maximum temperature point. The temperature increase in
this region is due to the thermal boundary layer, which starts at
zero thickness and ends at maximum thickness. The second
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Lowest DEG gas constant (264.549 J-kg-1-K-1) in
comparison to air one (287.1 J-kg-1-K-1) as well as the
difference in air and DEG pressure and density
property, as shown previously in table (1).
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have two intersections between air and DEG curves throughout
the pipe dividing it into three regions. The first region from pipe
inlet to first intersection, thermal conductivity is dominant. The
second region between the intersections, surface temperature is
dominant. While the third region between second intersection
and pipe end, again k is dominant.

High buoyancy effect makes to free on forced
convection domination. This rise depends on Gr
number which in turn depends on air and DEG
1
kinematic viscosity variation (Gr∝ 2).
ϑ



Low buoyancy effect makes forced on free
domination. The rise depends on velocity, density and
dynamic viscosity differences between air and DEG to
1
keep Re constant (T∝ 2 ).

b) Effect of Heat Flux
Figures (20 and 21) show that local Nux values for both air and
DEG increase as heat flux increases (free convection
domination) at constant Re number and angle of inclination,
since the heat is directly proportional to heat transfer
coefficient. The reduction of DEG from air Nux reaches 1.31%
and increases to 2.66% at higher heat flux.

v



Free convection reversal flow against air or DEG flow
(flow rate reduction) leads to time increase of heat
storage (T ∝ q).

b) Effect of Heat Flux

c)

The surface temperature for both air and DEG increases as
heat flux increases at constant Re number and angle of
inclination. A rise in DEG surface temperature above the air
one reaches 7.85% at maximum point and reduces to about half
at pipe end. This rise percentage does not change with heat flux
increase, as shown in figure (14).
c)

Figures (20, 21, 26 and 27) show that local Nux values for both
air and DEG increase as Re number increases (forced
convection domination) at constant heat flux and angle of
inclination. This is due to surface temperature reduction, which
is inversely proportional to heat transfer coefficient. The
reduction of DEG from air Nux reaches 1.31% and slightly
decreases to 1.1% at higher Re number.

Effect of Re Number

The surface temperature decreases for both air and DEG as
Re number increase at constant heat flux and angle of
inclination. Here the forced convection is dominant. Again a
rise in DEG on air reaches 7.85% at maximum point and
reduces to about half at pipe end. The rise is slightly changed
to 7.28% with Re number increase, as shown in figures (14 and
17).

d) Effect of Inclination Angle
Figures (20-25) show that local Nux values for both air and
DEG decrease as the angle of inclination increases (reversal
flow growth) at constant heat flux and Re number. The decrease
is due to temperature increase because of flow reduction, since
it is inversely proportional to heat transfer coefficient. The
reduction of DEG from air Nux values is 1.31% at 0° angle
increases to 5.77% at 45° angle and to 14.29% at 90° angle.

d) Effect of Inclination Angle
Surface temperature increases for both air and DEG as
inclination angle increases at constant heat flux and Re number.
This is because of buoyancy effect, which induces the reversal
flow of free convection. Again a rise in DEG on air reaches
7.85% at 0°for maximum point and reduces to about half at pipe
end, as shown in figures (14 and 17). The rise percentage
becomes 12.32% at 45° inclination, as shown in figures (15 and
18) and 16.83% at 90° inclination, as shown in figures (16 and
19).

e)

Effect of Pr Number

Pr number enters in Graetz number. It has different values at
different temperatures. Physical properties of air differ from
DEG at constant temperature (table (1)). Table (2) shows
values of air and DEG Pr numbers. The average high and low
Pr number between air and DEG is chosen. Low values of Pr
number make Nux slope steeper and reduce entrance distance,
while higher values have a non-steeper slope with long entrance
distance. Therefore heating time for higher Pr number is greater
than that for lowers one (best heating control), as shown in
figures (20-31).

(2) Local Nux Number Results
a)

Effect of Re Number

General

Figures (20-31) show the local Nux number against the inverse
Graetz number. It is apparent that for all cases takes place in
the study and for both air and DEG, the Nu x decreases until a
minimum point and then increases slightly. The decrease and
increase come from the increase and decrease in surface
temperature, where heat transfer coefficient is inversely
proportional to surface temperature and Nux is directly
proportional to heat transfer coefficient. In the same manner,
the range of Nux decrease performs the developing region until
the minimum point, while the range of Nux increase performs
the fully developed region. For all cases studied, the DEG Nux
values are lower than that of air due to surface temperature rise.
It can be seen clearly that they have different values of Nux at
the initial point the thermal conductivity is dominant (table 1)
even they start with the same temperature. Most of Nux figures

CONCLUSIONS
The results measured experimentally or calculated theoretically
of temperature distribution and Nux shows that this work is
worthy. Present study conclusions can be summarized as
follows,
(1) DEG stores heat energy when emitted to environment on
reverse to fresh
air, though it is the main problem of
global warming.
(2) This storing phenomenon increase with increasing of
source heat and low gas velocity as well as its growth if
directed vertically.
(3) The mixed convection comparison shows a domination of
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free on forced for DEG on air.
(4) If the DEG is controlled by the aftertreatment system, the
before system exhaust pipe should be directed vertically to
grow the heat with temperature to not less than 130 °C For
first stage (DOC) and 600 °C for second stage (SCR), to
be reactive.

[13] Jackson J.D, M.A. Cotton & B.P. Axcell, 1989, "Studies
of Mixed Convection in Vertical Tubes", Int. J. Heat
Fluid Flow, v 10 no 1, pp. 2-15.
[14] Tewari S.S, and Jaluria Y, 1990, "Mixed Convection
Heat Transfer from Thermal Sources Mounted on
Horizontal and Vertical Surfaces", J. of Heat Transfer,
112, pp. 975-987.

(8) For good environment, the DEG should be heat extracted
anyway.

[15] Yadav V, and Kant K, 2007, "Convective Cooling of a
PCB Like Surface with Mixed Heating Conditions in a
Vertical Channel", J. of Electronic Packaging, 129, pp.
129-143.

(9) After heat extracting, DEG should be dispersed using
velocity in all directions.

[16] Yadav V, and Kant K, 2008, "Experimental Validation
of Analytical Solutions for Vertical Flat Plate of Finite
Thickness under Natural-convection Cooling", J. of
Heat Transfer, 130, 032503(1-11).
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