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1. Introduction

Today, fighting against climate change, global
warming and declining fossil fuel sources are
important  issues  requiring comprehensive
cooperation. Increasing the population leads to the
significant growth of world energy demand.
Forecasts of energy demand indicate that from
2010 to 2035 world’s energy demand grows about
35%. The greenhouse gas emission is one of the
disadvantages of activities related to energy
generations. Therefore, immediate actions to
decrease the pollutant emissions are essential.
Employing carbon capture systems, using
renewable energies, storage techniques, and
improving the energy conversion efficacy are
some methods for decreasing environmental
emissions.

Among the renewable energies, geothermal
energy is one of the promising resources as it is
clean, sustainable, and reliable. It is a heat energy
that emanates from the heat beneath the earth’s
interior. Generating electricity by geothermal
resources dates back to many years ago.

The steam Rankine cycle is an effective cycle
to generate power. Due to high critical
temperature of water, however, using steam cycle
is not a good choice for heat sources with low and
moderate temperatures. But the use of some
organic fluids that have low boiling points is an
alternative choice. High exergy destruction in
evaporator is the main problem in ORCs.
Therefore, due to wvariable phase change
temperature (non-isothermal), the use of the
zeotropic mixtures like ammonia-water as the
working fluid was proposed. Kalina cycle is a
kind of power cycle in which ammonia-water
mixture is used as the working fluid.

In this study, based on the thermodynamic and
thermoeconomic analyses, a superheated Kalina
cycle driven by a geothermal heat source is
analyzed. The effects of ammonia concentration
and turbine pressure on the performance of the
system are investigated. Finally, for different

temperatures of geothermal sources in Iran, the
optimum ammonia concentration and optimum
turbine pressure are presented, using a genetic
algorithm.

2. System Description

In this study, a superheated Kalina cycle is
simulated that uses a geothermal resource as the
heat source. Ammonia-water mixture is used as
the working fluid. Figure 1 shows the schematic
of the investigated superheated Kalina cycle.

Valve

11

— — — Enriched Flow
................ Lean liquid

Ammonia-water mConden§e‘r¢

— . —..— Water ‘
-------- Geofluid BBy vi4

Cooling water

Figure 1. A configuration of a superheated Kalina cycle

3. System Analysis

In this research, a superheated Kalina cycle is
modeled based on thermodynamic and
thermoeconomic analyses. Ammonia
concentration and turbine pressure are two
effective operating parameters. First, the effects of
these parameters on the performance of the
system are investigated. Then, based on the
genetic algorithm, the system is optimized and the
optimum values of parameters for different
geothermal heat sources are reported.

The effect
performance
Increasing the turbine pressure reduces the energy
and exergy absorbed in the evaporator. Therefore,
at a heat source temperature of 170 °C, maximum
energy and exergy efficiencies occur at pressures
of 30.56 bar and 28.33 bar, respectively, as shown
in Figure 2.

of turbine pressure on the cycle
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Figure 2. The effects of various turbine pressures on the
energy and exergy efficiencies

The effect of ammonia concentration on the cycle
performance

Considering Figure 3, at a heat source temperature
of 170 °C the maximum energy and exergy
efficiencies occur at a concentration of 7%.
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Figure 3. Effects of various ammonia concentrations on
the energy and exergy efficiencies

Simultaneous optimization

In order to optimize the system, minimizing the
exergy cost of power generation is considered as
the objective function. Using the genetic
optimization algorithm at the heat source
temperature of 170 °C, the optimal values for
ammonia concentration and turbine pressure are
obtained 80.1% and 28.85bar, respectively.
Finally, the optimum values of parameters for
different heat source temperatures are listed in
Table 1.

Table 1. Optimum values of pressure and concentration
for different heat source temperatures.

Optimum Objective
Region |Temperature \F/)alues function
($/GJ)
o P=27.99
Sahand 165°C X=80.13 3.1
. P=28.85
Khoy-Maku| 170 °C X=80 1 3.096
. P=30.05
Sabalan 183°C X=80 21 3.085
. P=33.61
Damavand 190°C X=8339 3.076

4. Conclusion

In this study, with the aim of generating power
from geothermal sources in Iran, a superheated
Kalina cycle was modeled. Based on
thermodynamic and thermoeconomic analyses,
the effects of various turbine pressures and
ammonia-water concentrations on the cycle
performance were investigated. The results show
that for heat source temperature of 170 °C and
concentration of 65%, the minimum exergy cost
of power generation happens at a pressure of
19.44 bar. Moreover, at a constant pressure of 22
bar, the minimum exergy cost of power generation
occurs at a concentration of 70.33%. Finally,
using the genetic algorithm and the objective
function of minimizing the exergy cost of power
generation, for heat source temperature of 170°C
the optimum values of concentration and pressure
obtain 80.1% and 28.85 bar, respectively.
Eventually, in order to achieve maximum
performance, the optimal values of concentration
and pressure are presented for different
temperatures of geothermal sources in Iran.
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An Experimental Study of Crooks
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1. Introduction

One of the most critical features of rarefied gas is
that flow could be induced without imposed
pressure or external forces. If the mass flow is
generated by the temperature difference in an
object within rarefied gas, the obtained flow will
be called thermally-driven flow. Radiometric
flow, which is a thermally-driven flow, is created
on the perimeter of a surface where the sides are
heated unevenly or the two sides of the surface
have temperature differences. The force imposed
by the heated side of the surface to the cold side is
called radiometric force. Radiometric pumps
work based on producing radiometric force in
rarefied gas flow. The Knudsen number expresses
the degree of rarefaction in gas flows. This
number reports the ratio of the molecular mean
free path to the characteristic length of the
geometry.

At small Knudsen numbers, the primary force
that causes the blades of a radiometer to rotate is
a force created near the blade's edges. Thus, the
edge effect is dominant in small Knudsen
numbers, but in large Knudsen numbers, the effect
of pressure difference between both sides of the
blade is noticeable.

1E-05

— — — — Epstein Relation ,’
— .= — .~ Einstein Relation

- == = Free-Molecular Theory
riche & Littwin Experiment

1

8E-06 |-

6E-06 |-

4E-06 |-

Force/AT (N/K)

2E-06 |-

o . L L
10° 10 10" 10° 10

Kn
Figure 1. The comparison between the results of different

theories and the experimental data for force per unit
temperature difference based on Knudsen number

In Figure 1, the results of Einstein's, Epstein's,
and free molecular regime theories and the
experimental results of Bruche and Littwin for
force per unit temperature gradient are compared
for radiometric flow. It is observed that Einstein's
theory at low Knudsen numbers and the free
molecular theory in large Knudsen numbers agree
well with the experimental data.

Different researchers performed quantitative
studies of radiometric flow in recent years, but
few experimental studies have been reported in
this field. Researchers have concluded that
knowing the temperature difference on
radiometric blades is essential to calculate the
generated forces on radiometric blades. However,
no experiment has reported the temperature
measurement of the two sides of a blade. Using
thermal resistant sensors, this experimental study
reported directly the temperature measurement of
the blade's two sides for the first time. This
temperature measurement method will effectively
calculate the generated forces to radiometric
blades and result in the radiometric forces to be
reported with higher accuracy.

2. Experimental setup

The geometry of the experiment consists of a
vacuum bell jar and the main body of the
radiometer. The main body consists of a rotor with
dark and light sides and a fixed section. The fixed
section consists of a needle and a holder. As
Figure 2 shows, the needle is fixed on the holder
and its task is to keep the rotor set.

Figure 2. Fixed parts of the radiometer and the rotors

3. Results

The measured parameters include the velocity and
temperature of each of the blades. The effect of
temperature on dark and light surfaces is different.
As Figure 3 shows, the temperature of the dark
surface increases linearly due to absorbing more
heat. From t=0 to 60 s, this increase has a higher
slope than the increase of the lighter surface. The
heat transfer mechanism of the hot surface
happens in two ways. The first mechanism is
absorbing heat by the radiation caused by the
radiation source. The second mechanism is
conducting the absorbed heat to the central section
of the blade and towards the light surface.
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After the dark surface's rapid absorption of
heat by radiation, the blade's temperature
increases. After 60 s, the effects of heat repulsion
due to thermal conduction cause the temperature
of the hot surface to become lower. After a slight
decrease in temperature on the dark surface, its
temperature becomes almost constant. The most
crucial section in Figure 3 is the temperature
difference between the cold and hot surfaces. This
temperature difference is the stimulant for the
creation of the radiometric force.

a Hot Plate
. Cold Plate
P °

Temperature difference
£ o,

£ ‘\M% wasca, N

100,
Time(s)

1
150

Figure 3. The experimental temperature
measurement of the cold and the hot surface and their
differences

Studying the temperature on time graphs, one
can conclude that there is an essential relation
between the force created on the radiometer
blades and the temperature difference on both
sides of the blades. The connection between these
two parameters is linear, which means that with
an increase in the temperature difference between
the two sides of the blade, the force increases in a
linear form. The slope of this line is proportional
with parameters such as the Knudsen number, but
this proportionality is not permanent. Over time,
the temperature difference becomes fixed on both
sides of the blade; the force decreases, although
the relative temperature difference is fixed. This
decreasing process is due to the decrease of
molecules colliding with the hot surface and a
reduction in momentum difference between the
two hot and cold surfaces.

Radiometric flow features consisting of force
to temperature difference and angular velocity in
four pressures have been studied. Table 1 shows
these data.

Table 1. The comparison of the ratio of force to
temperature difference and angular velocity at different
Knudsen numbers

Knudsen

number 0.05 0.1 1 10
Te':])rcefattzre 3.13x10% | 1.16x10% | 8x107 | 3.15x107

°mp N/K N/K N/K N/K
differences

Angular 0.23 8.49

velocity radls 7.95 rad/s rad/s 1.87 rad/s

It is observed that force has a direct and linear
relationship with temperature difference. But
other essential parameters influence the
radiometric flow, one of which is the Knudsen
number. As shown in Table 1, maximum
radiometric force occurs at Kn=0.1. The flow at
Kn=0.1 is at the border between the transition and
the slip flow regimes. In this regime, both
mechanisms of radiometric force work. This is
why the generated force is at its maximum.

In Figure 4, a general comparison of different
theories, Selden's experimental data, and the data
obtained from this experiment is reported. From
the pressure of 0.05 pa to the pressure of 0.65 pa,
higher accuracy is observed in the present
experiments than Selden's experimental results.
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Figure 4. The comparison of the measured force with the
experimental and analytical data

4. Conclusion

In this research, key parameters influencing the
radiometric force were identified. For the first
time, a direct method was used to measure the
temperature of the radiometric blades. It was
observed that the maximum radiometric force
occurs at Kn=0.1. The highest angular velocity
was observed at Kn=1. By increasing the
temperature difference between the two sides of
the blade, the force increases in a linear form. The
slope of this line is proportional with parameters
such as the Knudsen number, but this
proportionality is not permanent. As time passes
and the temperature difference becomes constant
on both sides of the blade and with the
temperature difference remaining relatively the
same, the force decreases. The reason for the
decreasing process is the decrease in the number
of molecules colliding with the hot surface and a
reduction in the momentum difference created
between the hot and cold surfaces.
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1. Introduction

In recent decades, the design of the buildings with
large windows having large ratio between the area
of glazing to the envelope’s area is very common
which is due to a better view and lower cost of the
construction. For instance, buildings with the
walls made of concrete and with small openings
have higher cost of construction compared to the
buildings with large windows. Although as the
area of the glazing of the buildings’ envelope
increases, the problems according to the cooling,
heating and air conditioning are more highlighted.
The studies that dealt with this issue have shown
that as the area of the glazing increases, the
amount of energy used for the heating and cooling
of the buildings rises. Also, buildings with the
large value of the ratio between the area of the
glazing to the solid wall area are prone to cause
thermal discomfort in winter and the heating of
the occupied space in summer that makes the
buildings more vulnerable against outage of
electricity and broken air conditioning systems.
Despite the fact that aforementioned studies have
focus on the energy consumption, but the rise of
the glazing size and weak design of it could have
negative effect on the thermal comfort of the
occupied space. According to the available
researches, the impact of the glazing and its size
is significant on the thermal comfort of the
occupants. Disturbance of the thermal comfort is
caused by the fact that the inner surface of the
glazing is not perfectly insulated which leads to
the significant reduction of its temperature, in
which the inner temperature of the glazing
decreases considerably comparing with the indoor
air temperature. Therefore, it turns into a down
draught adjacent to the glazing. This phenomenon
accumulates the cooled air close to the floor of the
space which in the absence of any heating system,
it can be distributed in the space toward the height
of 0.1 m above from the floor surface. Installing
suitable heating systems under the glazing wall to
overcome the impacts of down draught was the

subject of many studies. In all previous works
dealing with this issue, it was reported that with
the increase of the glazing’s dimensions, the
effects of down draught is more intensified and
the use of appropriate heating system close to the
glazing is unavoidable. An effective approach of
the air conditioning systems of the commercial
buildings is the use of air induction system from
the floor that is situated in the space between the
concrete slab and the floor plenum. The
performance characteristics of this system are
rather different than the traditional air injection
systems installed in the ceiling plenum which has
the air flow pattern from the floor to the ceiling.
Most of the studies worked on the injection of the
air form the floor are mainly discussed the
analysis of energy consumption or investigated
the thermal comfort of these systems and most
recently these systems have been optimized. In
this study, it is tried to investigate the effects of air
distribution system around the glazing walls on
the down draught. Therefore, the air blowers were
assumed to be installed in three different locations
around the glazing wall. The locations of the
registers were considered to be under the glazing
wall, besides the glazing and simultaneously
under and above the glazing to examine the effect
of the air blowers’ arrangements and their
combinations on the down draught phenomenon
through computational fluid dynamic method.
Also, the comfort condition indexes were
analyzed for the proposed systems.

2. Governing equations and patterns in
simulation

In the present study, the governing equations
include flow field and energy equations as well as
those relating to the occupant thermal comfort.
The equations govern to the steady and
incompressible flow with constant physical
properties; they are continuity of mass,
momentum and energy equations. To consider air
flow in the occupied space, the most common
model for turbulent flow is k-¢ model. In this
scheme, the turbulent fluxes and stresses appeared
in the turbulent equations can be written based on
Boussinesq approximation method. The idea of
employing the thermal comfort model backs to
1960. In 1970, Fenger presented the first
analytical model to predict the thermal comfort
conditions. Fenger’s model is considered to be a
steady and single point scheme which is still the
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most applicable analytical model despite a very
long time since it has been proposed. In this
model, the thermal condition of human’s body
depends on two personal factors (metabolism rate
and cloth insulation) and four environment
parameters (air temperature, average radiative
temperature, humidity and air speed).

3. Results and discussions

Figure 1 displays the influence of inlet air flow
rate to the space on the temperature distribution
for the first case of air register arrangement. The
temperature of inlet air from the registers is kept
constant at 25°C for all inlet velocities. As seen in
the figure, the temperature variation of air flow is
negligible from the ankle to the neck and head of
human (0.1-1.7 m). The approved range of
temperature variation is 3°C based on ASHRAE
and 1SO 7730.
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Figure 1. The influence of air flow rate to the
space on the thermal comfort temperature for the first
case of air distributer arrangement

As depicted in Figure 2, the distribution of air
temperature is uniform that ranged from 21.8°C to
22.4°C for the first scenario of air distributer
configuration. The temperature of warm inlet air
is lowered due to the transferring of heat to the
cold glazing surface which finally makes a
uniform temperature entire of the space. In the
center of the room, the temperature of air is almost
constant, such that air temperature difference is
about 0.2°C.

Room, height

Room, length (m)

Figure 2- Distribution of air temperature on
symmetry plane of the room

In Figure 3, the result obtained from the
analysis of the predicted mean vote is illustrated.
According to Figure 3, for the case with air
distributer mounted on the floor, the values of the
PMV index are less than 0.5 for the regions are
accounted for the occupant residence which is in
good accordance with the recommended values of
ISO 7730.

Figure 3- The distribution of predicted mean vote
index at 1.1m from the floor for the air distributer
mounted on the floor

4-Conclusion

To overcome to the down draught effect in the
space with totally glazing envelope, the air
distributers were used around the window.
Therefore, the performance of the heating system
was analyzed and compered for three possible
configurations of the air registers. In the first case,
the location of air distributer was under the
window embedded on the floor, for the second
scenario, the air registers were in the left and right
sides of the window and at the third position, the
air registers were on the floor and on the ceiling
adjacent to the window. For all cases, the return
grill was on the front wall of the window installed
on the floor.

For the condition that the air temperature and
speed are 25°C and 1.5m/s, respectively, for all
three analyzed cases, the air temperature
distribution was uniform in all places of the room
ranged from 22°C to 22.5°C. This distribution was
observed to be uniform with minimum variation
of wvertical air temperature variation. The
predicted mean vote, percentage of predicted
dissatisfied and draught rating indexes have been
investigated and compared in some regions of the
room. The results showed that for the second
scenario of the studied cases, which the air
distributers were installed in the left and right side
walls, the values of the PMV index were a bit
higher than those recommended by ISO 7730;
such that the thermal comfort of the space for the
occupant was between 0.3 to 1.2, which represents
that the air condition is a bit warm compared with
cases that the PMV was equal to zero.
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1. Introduction

Waterjet is a general term for the equipment that
uses a high pressure water flow for cutting and
cleaning purposes. One of the most important
advantages of cutting with waterjet is that this
process is inherently cold cutting and does not
generate heat. Having this feature, the waterjet
can easily perforate all kinds of materials include
human body’s bones, while in other cutting
methods there is a possibility of burning, melting
or cracking of the material. During the cutting
with a waterjet, it is possible to adjust the forward
speed on the material.

A review of the previous studies shows that
most of the studies have focused on bone
perforation by a drill or drilling a metal with a
water jet. Therefore, numerical simulation of
impinging jet flow on a bone as well as the
perforation process cannot be found in the
literature. In this study, in addition to the
numerical simulation of turbulent flow of an
impinging jet on a bone surface using finite
volume method, finite element approach along
with stress criteria are also applied to model the
perforation process. Moreover, the effect of
different parameters such as nozzle distance from
the surface, nozzle diameter, and the flow velocity
are investigated.

2. Physical Model and Assumptions

Figure 1 shows a schematic of the problem
geometry and impinging jet flow on the surface.
Three-dimensional geometry of a hemisphere
with a diameter of D is considered as a simple
model for the human skull. The waterjet strikes
the surface radially at a constant velocity V from
a circular cross-section nozzle with diameter d,
located at a distance L from the highest point of
the hemisphere, and then flows circumferentially
on the surface. The surface temperature is
assumed to be constant. Moreover, the flow of the
jet is considered steady and incompressible.

Based on the free jet velocity and nozzle diameter,
the Reynolds number will be in the range of
turbulent flow regime. The ambient air is static
and in standard condition. The effects of gravity
can be neglected due to high velocity and
dominant force-convection flow of the jet.

Moreover, the surface perforation process is
assumed to be steady. This means that chipping
process is neglected and only the effect of waterjet
force on the surface in breaking the solid elements
will be considered.

Nozzle

Impinging jet flow

Skull surface
(hemisphere)

Figure 1. Schematic of impinging water jet on cranial
bone surface

3. Mathematical Modeling and Numerical
Procedure

In this research, numerical solution of the
governing continuity, momentum and energy
equations for the jet flow are performed using
Ansys software. Also, the governing Johnson-
cook equations for surface drilling process are
solved by Abaqus software. The governing
equations and boundary conditions of the fluid
flow are solved based on finite volume method,
and SIMPLE algorithm is applied for the velocity-
pressure field coupling. Moreover, PRESTO
interpolation is used to discretize the pressure
gradient term. This method is recommended for
the flow fields with high streamline curvature.
Also, the convection terms in momentum and
energy equations are discretized using QUICK
scheme, which provides a good accuracy for
complex flows on unstructured grid. The
preferred turbulence model for this problem is
Reynolds Stress Model (RSM). Based on previous
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studies, this model gives a more accurate
estimation of fluctuating components in non-
isotropic turbulent flows with high-curvature
computational domain.

4. Results and Discussion

4.1. Impinging jet flow

Figure 2 shows the variation of Nusselt number
along the hemisphere surface at different nozzle
distance from the surface. This figure clarifies that
local heat transfer coefficient has the same trend
of variation with the friction coefficient. This
means that it reaches its maximum value on the
hemisphere surface at a small radial distance from
the stagnation point. Then, this coefficient
decreases with a steep slope along the surface.
The effect of changing in nozzle distance from the
surface on heat transfer coefficient also indicates
that by reducing the distance, due to increase in jet
velocity impinging the surface, the heat transfer
coefficient increases and therefore, heat exchange
between the jet and the surface is improved. This
shows the obvious advantage of waterjet drilling
compared to other methods, where by reducing
the distance between the nozzle and the surface to
gain more pressure in drilling process, the heat
transfer is also improved and prevents the bone
temperature enhancement and resulting damage.

—=— L=0.5mm
—~z— L=1.0mm
+ L=1.5mm

150

Nu

100 -

1 05 0
r/D
Figure 2. Radial change of heat transfer coefficient at
different nozzle distance from the surface, for jet speed of
290 m/s and nozzle diameter of 1mm

The variation of local Nusselt number on the
hemisphere surface at different nozzle diameters
is also plotted in Figure 3. It can be seen that by
increasing the nozzle diameter, the heat transfer
rate is increased. However, considering the
location of maximum Nusselt number in the
vicinity of stagnation point, we can see that
among the three studied nozzle diameters, the
highest Nusselt number belongs to the middle one,
that is, 0.8mm. This proves that increasing the
nozzle diameter does not always increase the

maximum heat transfer from the surface. Hence,
there is an optimal value for the nozzle diameter
for maximum heat transfer rate, which here is
0.8mm diameter nozzle.

4.2. Perforation process

During the simulation, in order to reduce the
computational costs, only a part of the hemisphere
adjacent to drilling region, which affected by the
jet flow is considered as the computing domain in
Abaqus. The physical properties of the cranial
bone to be inserted in the software are presented
in Table 1.

| —&— d=0.6mm
| ——— d=0.8mm
—z— d=1mm

150 -

Nu

100

/D

Fig. 3. Radial change of heat transfer coefficient at
different nozzle diameters, for a jet speed of 290 m/s and
a nozzle distance of 0.5mm

Table 1. Plastic phase coefficients in Johnson Cook's
criterion for the bone model

A (MPa) B (MPa) n M
50 101 0.08 0

The most important part in simulating drilling
process is to find the appropriate failure indices
for the bone, so that according to the selected
stress criteria, the failure of surface elements
occurs due to the force applied by the waterjet.
This is possible during an iterative numerical
procedure. Table 2 summarizes the failure
coefficients obtained finally in this process based
on Johnson-Cook’s criterion.

Table 2. Selected failure coefficients in Johnson Cook's
equations for the bone model

di d; ds ds ds
0.77 1.45 0.77 0 0

Figure 4 shows the contours of stress obtained
from the simulation of waterjet drilling process
based on Mises criterion. The results show that
maximum applied stresses of Mises and Tresca
criteria for the bone are 135 and 155 MPa,
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respectively. Actually, since the Tresca criterion
is more conservative, the stress value of this
criterion is higher than Mises criterion, while the
obtained value for Mises criterion is more
accurate. The stress contours presented in Figure
4 gives a good understanding of higher-stress
regions as well as the stress distribution in drilling
area on the bone surface.

Based on the properties defined for the bone, the
maximum stresses created by the waterjet on the
surface are much higher than the yield stress of the
bone. Thus, the failure of surface elements will
occur as a result of drilling process.

S, Mises
(Avg: 75%)
+1.350e+08
+1.238e+08
+1.125e+08
1.013e+08

v
+9.010e+07
+7.888e+07
- +6.766e407
+5.643e+07
+4.521e+07
+3.398e407

398
+2.276e+07
+1.154e+07
+3.134e+08

L.X

Figure 4. Stress contour during bone surface drilling
process according to Mises criterion

5. Conclusion

The most important results obtained in this study
can be summarized as follows:

1. The local Nusselt number decreases in radial
direction from its maximum value in the vicinity
of stagnation point. By increasing the nozzle
distance from the surface, its maximum value
decreases at the stagnation point;

2. As the waterjet velocity increases, the heat
transfer coefficient is also increased by the same
ratio;

3. The selected coefficients for the failure of
surface elements in Johnson-Cook’s criterion can
properly simulate the drilling process. Due to the
fact that the maximum stress applied to the surface
by the waterjet is higher than the bone’s yield
stress, drilling process is performed uniformly
according to the stress distribution.
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Numerical Analysis of Fuel Injection
Impacts on Thrust-Vectoring in a
Dual Throat Nozzle

Mohammad Reza Salimi!, Rasoul Askari?
Majid Hasani®

1. Introduction

Fluidic thrust-vectoring (FTV) employs injecting
a secondary fluid into the boundary layer of a
primary jet to deflect the flow and perform
vectoring for fighter aircraft applications. FTV
system provides some advantages including being
lightweight, simple, inexpensive, and fixed
geometry. Dual-throat nozzle (DTN) is a novel
technique that attains larger thrust vectoring
efficiencies than the preceding methods such as
throat shifting, without any deficiency in system
thrust ratio. Previous investigations have focused
on the geometrical optimization of DTN, and
using non-reactive fluids such as air for side-
injection has been dominant. Therefore, due
attention has not been paid to the effects of fuel
injection in these nozzles. The main objective of
this study is investigating injecting different
hydrocarbon fuels in order to see the impacts of
fuel type on the overall vectoring performance of
a dual-throat nozzle.

2. Governing equations and numerical scheme
Steady state, 3D and compressible Navier-Stokes
equations are solved using coupled method for the
numerical solutions of the supersonic reacting
flow within the dual throat nozzle. Standard k — €
model along with eddy-dissipation model are
invoked to close turbulence and combustion
interactions. Governing equations are discretized
by the second-order upwind scheme. Different
assessment parameters such as discharge
coefficient, thrust ratio, thrust-vector angle, and
thrust-vectoring  efficiency are invoked to
evaluate thrust-vectoring performance of the
nozzle.

3. Geometry and boundary conditions

Experimental configuration of Flamm et al. is
selected as the base geometry of this study, which
is shown in the Figure 1Figure. Injection angle and
cavity length are fixed at @ =150°and | =3.0",
respectively, while the nozzle pressure ratio is
NPR =4. At the primary inlet a pressure-inlet
boundary condition is imposed, while the mass-

flow condition is specified for the secondary
inflow. At the outlets a pressure-outlet condition
is applied and the walls are specified as no-slip,
adiabatic and impenetrable.
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Figure 1. Geometry of dual-throat nozzle

4. Results and Discussion

In the present study, the injection of seven
different fuels including methane, ethane,
propane, octane, diesel fuel, kerosene, and gasoil
were investigated. Both reacting and non-reaction
conditions were studied. Figure 2Figure shows the
nozzle discharge coefficient for different fuels in
the reacting conditions. The results show that
heavier  fuels provide higher discharge
coefficients. Gasoil has the best discharge
coefficient among these fuels with C, =0.87 .
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Figure 2. Variation of discharge coefficient with side-
injection rate for different fuels in the reacting
conditions

Figure 3 presents the thrust vector angle for
different fuels in both reacting and non-reacting
conditions. In the non-reacting conditions, diesel
fuel and octane have the largest thrust-vector
angle (around 15 degrees in ¢ =8% ), whereas in

the reacting conditions, methane provides the
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highest vectoring angle. Activating the reaction
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Figure 3. Variation of vectoring angle with side- .
injection rate for different fuels in the non- In general, light fuels offer a better performance
reacting (A) and reacting (B) conditions in terms of thrust ratio, thrust-vectoring

efficiency, and thrust-to-mass-flow ratio, whereas
heavy fuels have a better performance in terms of
discharge coefficient, thrust-vector angle, and
thrust-loss percentage.

Figure Figure 4 displays vectoring efficiency
for different fuels in both reacting and non-
reacting conditions. In the non-reacting
conditions, different fuels have nearly a similar
efficiency, whereas in the reacting conditions

600

methane has the largest efficiency. Figure 5 Sl

depicts the nozzle thrust-to-mas-flow ratio for - o

different fuels for the reacting conditions. It can = e s X

be seen that fuels provide a higher ratio relative to 2 ol J

air. The difference is more than 20% for some z ik Smm g L e -

fuels. This can be attributed to the volume E”‘ T

expansion established by the combustion, which Fal 0 S

accelerates the flow coming out of the nozzle and = |

enhances the thrust. Lighter fuels such as methane w0

and ethane have the highest thrust-to-mas-flow
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Figure 5. Variation of thrust-to-mass-flow ratio with
side-injection rate for different fuels in the reacting
conditions.
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1. Introduction

Lithium-ion batteries are used in a variety of
industries, including electric vehicles, due to their
good heat capacity, relatively long life, and low
discharge rate compared to other types of
batteries. It is important to consider their thermal
stability or explosion due to overheating and
non-uniform heat distribution. Therefore, the
design and application of a battery cooling system
and proper thermal management are considered.
In this research, by combining microchannels and
microtubes in a wave-shaped heatsink, a new
design of cooling micro heatsink is presented for
the battery pack. Silver/water-ethylene glycol
(50:50) nanofluid is used. Modeling is performed
for different volume fractions of nanoparticles
including 0%, 0.1%, 0.5%, and 1%, and Reynolds
numbers of 300, 500, 700, 1000, and 1500.

2. Geometry and Numerical Methods

Figure 1 shows the overall geometry of a thermal
micro heatsink, which has 50 wavy channels and
microtubes between the each two microchannels.

(oAt a5t Jaite

Figure 1. The geometry and its applfcation

The waveform of the channel and tube along the
heatsink is a sine function as follows:

2mz
S(z) = ay sin—
Lw

(1)

Where ay = 138um and Ly,= 5mm. In order to
solve the equations, ANSYS FLUENT software is
used. Then, a grid with 195,000 elements is

selected as the solution grid. Figure 2 show a
schematic of the computational domain.

Figure 2. Schematic of the computational domain

3. Results and Discussion

Figure 3 shows that an increment in the
concentration of nanofluid enhances the heat
transfer coefficient and this effect is greater for
higher Reynolds numbers. Increasing the volume
fraction of nanoparticles leads to an increase in the
thermal conductivity and thus an increase in the
convective heat transfer coefficient. The effect of
increasing nanoparticles can also be investigated
based on the average storage temperature. By
increasing the concentration of nanoparticles and
improving heat transfer performance in the
system, the storage surface temperature decreases
because the need for a lower temperature gradient
for heat transfer is generated (Figure 4).
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Figure 3. Total heat transfer coefficient

Figure 5 shows the ratio of the temperature
range to the average temperature of the contact
surface of the lithium-ion storage and the
heatsink.
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The smaller this number, the more uniform the
distribution of the storage surface temperature.
The higher the Reynolds number, the more
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uniformity of the temperature distribution due to
the stronger convection effect.
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Figure 5. Storage surface temperature uniformity

General comparison between the improvement
of thermal performance and the cost of pumping
power shows that adding nanofluid to the system
does not have the same effect in different states.
At a concentration of 0.1%, it has a maximum
performance improvement of 5%, but at a
concentration of 0.5%, it showed a maximum
improvement of 15%. Contours of Figure 6
demonstrate that at the critical operating
temperature of the batteries, the pure surface
temperature is only 9 degrees lower than the
maximum for the pure fluid. At a concentration of
1%, which is the maximum concentration of
nanofluid studied, the critical operating
temperature is approximately equal to the storage
surface temperature.
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Figure 6. Storage surface temperature counters.

o=1%

4. Conclusion

This study presented a new design of thermal
heatsink for cooling lithium-ion batteries. It was
found that the convection heat transfer coefficient
of nanofluid increases with the volume fraction of
nanofluid and Reynolds number. Moreover, using
this cooling system, the temperature of the
batteries can be kept in the best range, from 295
to 305 K. At all studied concentrations, the
maximum temperature difference at the surface is
5 and 7 K, respectively. It was also found that
increasing the nanofluid concentration provides a
more uniform temperature. At higher Reynolds
numbers, although the temperature distribution is
more uniform, increasing the nanofluid
concentration has no significant effect. For
example, at Re=300, the improvement of surface
temperature uniformity is 4.5% with increasing
the concentration from zero to 1%. On the other
hand, an increment in the Reynolds number has a
negative effect on the pumping power of the
coolant. Moreover, the rate of thermal and
frictional entropy generation decreases with the
volume fraction of nanoparticles. For instance, the
reduction of frictional entropy is 9% smaller than
that of pure fluid for a concentration of 1%.
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