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Abstract

Viscous dissipation is the production of heat due to the slip of fluid layers and can raise the temperature of the fluid that is affected
by high shear stresses. This raise of temperature in fluids with explosive properties can cause the explosion during the processing.
The present paper investigates the temperature distribution of an explosive fluid beside the wall of a converging tube. This study
has been done by using the computational fluid dynamics and OpenFOAM software. The studied cases contain the fluid with two
viscosities (50 and 500 kg/m x s) and two inlet conditions (constant and developed velocity profile). The results of this study show that
at the end of a converging pipe, duo to the viscous dissipation effects, the temperature rise for high viscosity fluid is more intensive
and this is a dangerous fact for high viscosity explosive fluids discharging. Also, it has been considered that the constant inlet velocity

is safer in comparison with the developed profile, as the slope of temperature rise is less.
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1 Introduction

Over the past years, plenty of research has been done
about the effects of the viscous dissipation phenomenon
on the temperature distribution of fluids with high viscos-
ity or fluids which pass the capillary and tapered tubes.
The review of these researches revealed that the effects
of viscous dissipation in laminar flow condition, have not
been studied deeply yet. For fluids with high viscosity
and low heat conduction, ignoring the viscous dissipation
effects will make sensible errors in the calculations.

The work of Brinkman [1] appears to be the first theo-
retical work dealing with viscous dissipation. The tempera-
ture distribution in the entrance region of a circular pipe
at the wall of which was maintained at either a constant
temperature as that of the entering fluid or constant heat
flux was examined. The highest temperatures were, not
surprisingly, discovered to be localized in the wall region.

Tyagi [2] performed a wide study on the effect of vis-
cous dissipation on the fully developed laminar forced con-
vection in cylindrical tubes with an arbitrary cross-section
and uniform wall temperature. Ou and Cheng [3] employed
the separation of variables method to study the Graetz
problem with finite viscous dissipation. They obtained

the solution in the form of a series the eigenvalues and
eigenfunctions of which satisfy the Sturm—Liouville sys-
tem. The solution technique follows the same approach
as that applicable to the classical Graetz problem and
therefore suffers from the same weakness of poor conver-
gence behavior near the entrance.

Lin et al. [4] showed that the effect of viscous dissi-
pation was very relevant in the fully developed region
if convective boundary conditions were considered.
With these boundary conditions and if viscous dissipa-
tion was taken into account, the fully developed value of
the Nusselt number was 48/5 for every value of the Biot
number and of the other parameters. On the other hand,
it is well known that, if a forced convection model with no
viscous dissipation is employed, the fully developed value
of the Nusselt number for convective boundary conditions
depends on the value of the Biot number. Basu and Roy [5]
analyzed the Graetz problem by taking account of viscous
dissipation, but neglecting the effect of axial conduction.
They showed that the effect of viscous dissipation could
not be neglected when the wall temperature was uniform.
For in-tube thermal conditions, Chaudhuri and Das [6]
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by using semi-analytical method, Teleszewski [7] for a
tube with adiabatic wall and Newtonian fluid, Daghighi
and Norouzi [8], and Dang [9] for a constant temperature
wall condition, have been studied the effect of viscous dis-
sipation in the thermal input region of a tube.

The effect of viscous dissipation in the thermal entrance
region of slug flow forced convection in a circular duct
was studied by Barletta and Zanchini [10]. The tempera-
ture field and the local Nusselt number were determined
analytically for any prescribed axial distribution of wall
heat flux, including uniform, linearly varying and expo-
nentially varying heat fluxes.

Zanchini [11] analyzed the asymptotic behavior of lam-
inar forced convection in a circular tube, for a Newtonian
fluid at constant properties by taking into account the vis-
cous dissipation effects. It was disclosed that particularly
in the boundary conditions of uniform wall temperature
and of heat transfer by convection to an external fluid
yielded the same asymptotic behavior of the Nusselt num-
ber, namely Nu_=48/5. And therefore, he obviously stated
that, for these boundary conditions, when the wall heat
flux g (x) tended to zero, i.e., the local Brinkman number
Br(x) tended to infinity, it is completely wrong to neglect
the effect of viscous dissipation on the asymptotic behav-
ior of the forced convection problem.

Barletta [12] studied the effects of non-Newtonian
Powerla fluid viscous dissipation on the asymptotic
behavior of laminar and fully developed forced-flow tem-
perature distributions within the cylindrical tube. In this
study, the Nusselt number and asymptotic temperature
distribution were calculated analytically for a constant
wall temperature and for an external fluid displacement
state. Daghighi and Norouzi [13] have investigated vis-
cous dissipation effects in isothermal slits and tubes
by using analytical solutions. Morini and Spiga [14] ana-
lytically determined the steady temperature distribution
and the Nusselt numbers for a Newtonian incompress-
ible fluid in a rectangular duct, in fully developed lami-
nar flow with viscous dissipation, for any combination of
heated and adiabatic sides of the duct.

Also the effects of viscous dissipation of forced lami-
nar displacement for a Bingham fluid inside a cylindrical
tube under different thermal boundary conditions have
been investigated by Vradis et al. [15], Min et al. [16] and
Khatyr et al. [17]. The temperature profile and Nusselt
number are calculated in the developed temperature region
for the axial distribution of the wall heat flux. Aydin [18, 19]
investigated the temperature behavior of high viscos-
ity Newtonian fluid inside the tube and with developed
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conditions at the inlet. In this study, two boundary condi-
tions of constant wall temperature and constant heat flux
at different Brinkman numbers on the development of fluid
temperature inside the pipe are investigated.

The aim of the present work is to investigate the effect of
viscous dissipation on a laminar convective explosive fluid
flow in a converging pipe. The effects of different inlet and
wall conditions on the temperature profile and the Nusselt
number is obtained for the constant wall heat flux and the
constant wall temperature thermal boundary conditions.

2 Research methodology

2.1 Assumptions

The numerical solution of the investigated problem is
performed in 2D geometry and for the input fluid veloc-
ity, constant and developed profile have been considered.
The simulations have been done with OpenFOAM' soft-
ware and the equations are in the steady-state form.

2.2 Governing equations

The three main equations of continuity, momentum and
energy (Egs. (1) to (3)) govern the fluid flow present in the
problem [20]:

Vx(pl)=0 €
Vx(pUU)=pg-VP+Vxt,+8, )
p(VxU)=Vx(kxVT)+@. A3)

In Egs. (1) to (3), density (p), velocity vector (U ), grav-
ity acceleration (g), pressure (P), energy (e), stress ten-
sion (T,-/)’ heat transfer coefficient (k) and (&) is the vis-
cous dissipation term. The above equations (Egs. (1) to (3))
are the most general form of equations governing any
type of fluid. It is also common for surface forces to be
expressed as separate sentences in the equation of motion,
to illustrate their role and to incorporate the effects of body
forces into source expressions. But here, without taking
into account the exact details of the body forces, the over-
all effect of these forces is only considered as a source
term (§,,) in the three dimensions of motion equations.

2.3 Numerical simulation properties

The geometry studied in this study is a circular converged
channel in which the high viscosity explosive fluid begins
to warm due to the shear stress on the channel wall. Fig. 1
presents the dimensions and boundary conditions of

1 The open field operation and manipulation
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Fig. 1 Channel dimensions (cm) and boundary conditions

the investigated channel. Since the distribution of velocity
and temperature in the studied channel is symmetric, it is
possible to analyze the computational domain in two-di-
mensional terms by considering axial symmetry. In this
case, due to reduced computational time and the possi-
bility of increasing the number of grids, especially near
the wall channel, the simulation results are very accurate.
The number of meshes used here is 240,000 computational
cells. The SIMPLE algorithm is chosen to solve the veloc-
ity-pressure equations and the QUICK method is used
to discretize the governing equations. The studied cases
typically employ convergence criteria of 107° to continuity
and velocity residuals and 107 to energy residuals.

The desired fluid has a density of 1400 kg/m?,
2000 J/kg x K heat capacity and 0.27 W/m?K thermal
conductivity and the inlet fluid temperature are set to
300 K. Also, two different values (50 and 500 kg/m X s)
for viscosity have been considered. The characteristics of
the different cases that investigated in the present study
are presented in Table 1.

2.4 Numerical simulation results validation

In order to validate the equations and models used in this
simulation, the results presented by Aydin [18] have been
used. In the work done by Aydin, the developed fluid flow
enters a cylindrical tube. The effect of the Brinkman

Table 1 Characteristics of the different cases of the studied conditions

Wall condition Inlet Vel. Case name
Insulation 1 (m/s) L-Vi(500)-V(1)
Insulation 1 (m/s) L-Vi(50)-V(1)
Insulation hagen_poiseuille L-Vi(500)-V(P)
Insulation hagen_poiseuille L-Vi(50)-V(P)
T=300K hagen_poiseuille L-Vi(500)-V(P)-T(300)
T=250K hagen_poiseuille L-Vi(500)-V(P)-T(250)

number on the radial dimensionless temperature distribu-
tion in the developed thermal condition has been investi-
gated by the analytical solution of the governing equations
(Egs. (1) to (3)).

The fluid flow studied by Aydin is thermal and veloc-
ity developed and it is assumed that the fluid properties
(thermal conductivity, density and viscosity) are not tem-
perature dependent. The fluid considered to be laminar
and also the thermal conductivity along the axis has been
ignored. The developed velocity profile of the tube in the
developed state under the laminar flow condition known
as the Hagen-Poiseuille equation (Eq. (4)):

5:1—(5) . @

The energy equation (Eq. (5)) in the cylindrical coordi-
nates for the tube is given by the viscous dissipation:

oT v {1 G ( aTj aZT} v (aujz
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The second term in the right hand side is the viscous
dissipation term. Given the axial symmetry conditions
at the center of the tube, the thermal boundary condition
at » =0 is written as follows:
orT
= 0. (6)
The boundary condition on the upper wall of the tube is
defined as a constant amount of heat flux as follows:

k—= r=r,). 7
al" qw ( 0) ( )
The positive value of (¢ ) indicates wall heating and
the negative value indicates the wall cooling. For the con-
ditions of uniform heat flux in the wall, the first left-hand
sentence of the energy equation can be defined as follows:

or _ T,
o7 oz’
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Also introducing the dimensionless longitudinal and
temperature numbers as follows and applying them to the
energy equation:

rR=_, g L-T ©)
7"0 Tw_T;
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where () and (Br) are defined as follows:
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To solve the dimensionless energy equation, Eq. (10),
the dimensionless boundary conditions are defined
as follows:

0 =1 and %:0 at R=0
OR
0=0at R=1. (13)

The solution of Eq. (10) based on the boundary condi-
tions presented will be:

G(R):(I—ERZ+1R4)+E(R2—R4). (14)
37 3 3

The (Br) value for the state where the boundary con-
dition of the wall is defined by constant heat flux is given

as follows:
pu;

Br, =—. (15)
quw

According to the above definition for the number (Br),
the temperature distribution of the boundary condition of
the wall with constant heat flux will be:

4 4
Bq(R)z(g—Rz+R—)+qu[l—R2+R—j. (16)

4 4 2 2
Thus the analytical method used by Aydin was expressed.
Therefore, Eq. (16) is used analytically to obtain the tempera-
ture distribution. On the other hand, to validate the numer-
ical model used in the present study, with the results of
this analytical solution presented by Aydin, the geometry

and boundary conditions shown in Fig. 2 have been used.

The results of the dimensionless temperature distribu-
tion according to Eq. (16) with Br = 2 and Br = 0.01 val-
ues in the tube and wall boundary condition with constant
heat flux are plotted in Fig. 3. In Fig. 3, the numerical

Wall with constant heat flux

Outlet

Symmetry boundary condition

Fig. 2 Geometry and boundary conditions
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simulation results along with the analytical solution are
presented. Due to the proper matching of the numeri-
cal and analytical solution results, it can be concluded
that the selected numerical method is suitable for solv-
ing the governing equations (Egs. (1) to (3)) and can well
predict the desired results regarding the distribution and
increase of fluid temperature.

3 Results

3.1 Investigation of the effect of inlet boundary
conditions

Fig. 4 shows the velocity distribution contour for an explo-
sive fluid with high viscosity and constant inlet velocity.
As can be seen in Fig. 4, as the flow approaches the outlet,
the fluid velocity increases dramatically. Increasing the
fluid velocity, increases the shear stress in the areas near
the outlet and on the wall.

In Fig. 5, the temperature distribution of the explosive
fluid passing through the channel is plotted. As shown
in Fig. 5, due to the high tension between the fluid lay-
ers near the wall and the effect of viscosity on the energy
equation (Eq. (3)), the wall temperature of the explosive
fluid significantly increases to about 107 degrees.

In order to study the behavior of viscous dissipation and
its effect on the explosive fluid temperature, shear stress
and fluid temperature on the wall are plotted in Fig. 6.
The results show that the shear stress has a significant

2.00
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Fig. 3 Comparison of the results of analytical and numerical
solution (CFD)
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Fig. 4 Velocity distribution contour in case L-Vi (500) - V (1)
(Re=0.028-1.1)
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Fig. 6 Temperature and shear stress distribution on the wall in case
L-Vi (500) - V (1) (Re = 0.028 — 1.01)

effect on the fluid temperature, with increasing shear
stress near the outlet of the tube (z > 0.2 m). It should also
be noted that the highest rate of increase in temperature
occurs at the tube entrance, due to the entry of an undevel-
oped linear and uniform flow into a converging tube, which
causes very high shear stress at the inlet and on the wall.

In Fig. 7, the temperature distribution in the explosive
fluid with low viscosity is plotted. Due to the high vis-
cosity effect on the fluid temperature distribution, it is
observed that in this case the maximum increase in explo-
sive fluid temperature is 11 K, which is about 96 degrees
lower than the high viscosity fluid.

In Fig. 8, the comparison of temperature distribution
for low and high viscosity (50 and 500 kg/m x s) and
the laminar flow condition is plotted. This graph shows
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Fig. 7 Temperature distribution contour for the case L-Vi (50) - V (1)
(Re=0.28-10.1)
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Fig. 8 Temperature distribution graph for low and high viscosity

conditions for laminar flow model

some of the interesting points refers to the viscous dissi-
pation effects. The viscous dissipation affects by viscos-
ity and the second power of the local velocity gradient,
simultaneously. At the positions near to the pipe inlet,
the viscosity effects are prominent and the temperature
raises steeper for the high viscosity case. The low vis-
cosity case has a temperature growth with a gentle slope
to near the positions of the pipe end. It seems that as the
pipe is converging, duo to the increase in velocity, the sec-
ond important factor (velocity gradient) plays the major
role. In this district, the slope of two graphs increase, but
the patterns are different and the temperature rise for the
high viscosity case is more intensive. This is a dangerous
fact for discharging the high viscosity explosive fluids and
this effect which mainly relates to the viscous dissipation
phenomena can lead to tragic accidents.

As shown in Table 1, in some numerical simulation
cases, the flow velocity input is defined based on the
Hagen-Poiseuille equation (Eq. (4)). Since the inlet veloc-
ity distribution in these cases is developed velocity dis-
tributions, we will investigate the developed conditions
in the temperature distribution here. It is also worth not-
ing that the velocity distribution in the developed con-
dition is somehow assumed to equal its inlet mass flow
rate with the inlet flow rate of the constant velocity con-
dition. Consequently, the central velocity in the Hagen-
Poiseuille equation (Eq. (4)) is equal to u, =2 m/s by per-
forming the calculations.

In Fig. 9, the temperature distribution contour and
the wall temperature distribution diagram for the high vis-
cosity fluid and the developed velocity condition is plotted.
As can be seen, the maximum temperature in this state
is 400.6 °C which is 7 °C lower than the high viscosity
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conditions at the constant input speed "L-Vi (500) - V (1)".
Therefore, it can be concluded that the high viscosity
fluid enters the channel under developed conditions, will
significantly decrease the system temperature and also
reduce the risk of fluid explosion.

Here in Fig. 10, the temperature distribution along the
converging pipe for two different velocity inlet (con-
stant and developed profile) is shown. It is interesting
that after the constant velocity profile becomes kind of
developed, its temperature grows less rapidly compared
to the other case. It seems that the converging geometry is
the reason for this phenomenon and maybe this is a good
result for explosive fluid. Especially by attending the fact
that in practical application, it is rare that the shape of
velocity profile can be controlled. So it can be concluded
that for explosive fluid applications, the constant velocity
inlet is a safer and more available choice.

3. 2 Investigation of the effect of wall temperature
on the temperature distribution of explosive fluid
Since the passage of explosive fluid through the pipe
increases its temperature, especially at the end of it, in this
section we investigate the effect of pipe wall temperature
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on the fluid temperature distribution based on the devel-
oped velocity input, so "L-Vi (500) - V (P) - T (300)" and
"L-Vi (500) - V (P) - T (300)" cases are discussed here.

In Fig. 11, the distribution of the pipe wall temperature
in three different wall conditions, including the insulation
condition, namely the "L-Vi(500) - V (P)" case and the 300 K
wall temperature, namely the "L-Vi (500) - V (P) - T (300)"
case is plotted. As can be seen in Fig. 11, a model in which
the wall temperature is set at 300 °C, in the studied sec-
tions (z = 0.15 and z = 0.30 m respectively) predicts lower
temperatures compared to insulation wall conditions.

In Fig. 12, the wall temperature is kept constant
at 250 K and the temperature distribution in two radial
sections (z = 0.15 and z = 0.30 m) has been compared
to the tube with constant wall temperature of 300 K.
As can be seen in Fig. 12, at the end of the tube, there is
a maximum of 4 degrees difference between operating
conditions. Therefore, it seems that 50 degree decrease
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Fig. 11 Radial temperature distribution in a laminar flow, insulation
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in wall temperature in the "L-Vi (500) - V (P) - T (250)"
case compared to the "L-Vi (500) - V (P) - T (300)" has
not been able to significantly reduce the temperature of
the explosive fluid. However, it should be noted that in the
case of "L-Vi (500) - V (P) - T (250)" relative to the insu-
lation wall case "L-Vi (500) - V (P)", the fluid temperature
indicates 8 degrees difference that can have a significant
impact on process safety.

4 Conclusion
In this study, first, a review of researches on high viscosity
fluid modeling has presented. Then the numerical model
used in the present simulation with its equations (Egs. (1)
to (3)) has fully studied. The investigated equations are
continuity, momentum and energy equations (together
with the viscous dissipation effects). The boundary con-
ditions used in numerical simulation have also presented.
In order to validate the numerical simulation results,
the high viscosity fluid temperature distribution was com-
pared with the analytical solution of the flow inside a pipe.
The results of this section showed very good agreement
between the numerical simulation results and the results
of the analytical solution. After validation of the numeri-
cal simulation results, the explosive fluid flow within the
converged tube was investigated by numerical valida-
tion method. Studies have been carried out to investigate
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