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Abstract

The object of the following dissertation is the construction of a prototype of
an innovative heat exchanger (HE) for an aircraft engine cooling system made by
Additive Manufacturing (SLM). The new shape design is referred to the internal
surface of exchange, tha core of the compact HE to enhance the convective heat
transfer coefficient and reduce, at same time, the pressur drop occurred across the
ducts of the block. The compact heat hexchanger is embedded in the engine, as
part of the cooling system of the aircraft built by I.C.P. srl.

In fact this work is the summary of my Master Thesis that I have done in stage
with an aircraft’s company, the I.C.P. Aviazione srl, located in Castelnuovo Don
Bosco (AT). The stage started in september 2018 and ended in february 2019. In
addition to this, it is important to consider that the main purpose of the thesis was
not only design and analysis of the component of the engine but, eventually, the
construction of the heat exchanger too.

Therefore the second phase of the thesis consisted in construction of the heat ex-
changer by additive manufacturing technique, in particular Selective Laser Melting
provided by AIDRO srl, a 3D printing company located in Varese. The collabo-
ration with them started by sharing the Solidworks CAD model of the component
builded up by me and sent to the factory for the final integration and printing.

I could summarise the main goal of the master thesis as follow. First step pre-
liminary research about the state of the art of the heat exchanger for industrial
application and, simultaneously the study of the heat flux phisical principles. Then
by considering contraints and output performances required by the HE, the design
of an innovative and better performing core to supply the leakage exposed by ICP’s
engineers. The result was a CAD model file containing the assembly of the HE,
delivered as ready to AIDRO for the printing process. The last step was a test
of the new prototype on the engine, validating in this way the output of the brief
CFD simulation by StarCCM+ software.
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Chapter 1

Aircraft’s Engine Systems

In the following chapter is presented the engine developed by 1.C.P. srl. It is
installed on the leading aircraft of the company, Savannah™( ??) and the entire
innovative architecture of the new propulsion system is an in-house hardware, which
ensures better performances to the aircraft. In these pages the main distinctive
characteristics of the engine’s subsystems are resumed, and also the component

taken into account for this dissertations: the heat exchanger.

1.1 MO09 Engine by I.C.P. srl

The master thesis work consists of a partnership between Politecnico di Torino and
[.C.P. srl, a middle-size airplanes company located in Piedmont, Castelnuovo don
Bosco, Asti, exactly. My stage started in september 2018 and ended in february
2019 and during this period I have got the opportunity to work face-to-face with
Icp’s Engine Engineer.

[.C.P. srl started the production of airplanes in 1990s, when the company achieved

a very high quality standard of production obtaining the ISO 9001 certification in
1



1 — Aircraft’s Engine Systems

the aeronautical field. The final products of the company are the highest quality
and aconomicaly accessible aircraft for all flight enthusiasts.

M09™Engine ( 1.1)is the new innovative engine designed by I.C.P. The engine is a
4-stoke V90 twin cylinder engine, frot flight, with displacement of 1225 cm?. This
geometry allows shortening the engine, integrated the oil tank and yeld it more

compact giving it a reduction of aerodynamic drag force.

Figure 1.1: Savanna™by I.C.P. srl

The challenge for the design engineers was to optimize performance while reduc-
ing the condumption. M09 is characterized by low emissions and minimal environ-
mental impact. Using fuel mapping with two lambda probes to decrease emissions
and to have stoichiometric fuel-air sypply. The injection works with continuous
self-diagnosis.

The total weight of this engine including all the liquids, exhaust system and ready
to go is 82 kg, which offers the best power/weight ratio of any LSA engines on the
market. The main innovation is a fuel injection system with double lambda probes,
in order to have a stoichiometric mixture air-fuel supply. Unlike other aircraft sys-
tems, the M09 has a backup system that is not fuel injected, but carburated.

The secondary system has its own electronic system, spark plugs, generetor and
mechanical fuel pump. The backup system will keep the engine running even if it

is disconnected from the main battery.
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Figure 1.2: M09 engine installed on the aircraft.

The engine is excellent for compactness and bolt-on features and all the acces-
sories are mounted ready to go.
The thrust is produced by the three blades propeller ( 1.3) mounted in the front
side of the aircraft with a gear reduction ratio of 1:2.95. The cockpit includes an
high-tech dashboard instrument EMS (5 inch. screen - monitoring Tachometer,
T/P oil, Water temperature, battery level, fuel pressure, hourmeter, F.F., F.U.,

self diagnosis).
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Figure 1.3: M09 engine: detailed view of the propeller.

The M09 engine performances are very interesting compared to the others direct
competitors. In order to demonstrate those typical aspects are taken into account

and explaned several parameters such as:

e 4-stroke engine V90 twin cylinder engine: is a two-cylinder internal combus-
tion engine, where the cylinders are arranged in a V configuration. Although
widely associated with motorcycles, V-twin engines are also produced for aero-
nautical applications and industrial too. Assuming correct counterweighting,

a 90 degree V-twin will achieve perfect primary balance; [1]
e 4-valve double overhead camshaft with the automatic decompressor;

e Liquid cooling system where the heat is subtracted by a coolant in contact with
the external hotter surface of cylinder and then cooled itself passing throughout
an heat exchanger, traditionally called radiator. Moreover structural ducts and
passages are cutted across the main block of the engine. Generally, the coolant

can be water as well as glycol;
e Dry pump with oil tank and lubrication circuit integrated into the engine;
e Double electronic Magneti Marelli (MM™) ignition;

e Primary fuel system by MM™with two Lambda probes. This solution is suit-

able in order to reduce the pollution deriving from the exhaust gases pushed

4



1 — Aircraft’s Engine Systems

out after combustion. In particular, thanks to the oxygen sensor a redox takes
place, and at the end of the electro-chemical reacting process the output is
an electrical signal used as feedback in a closed-loop system which allow to
mantain the fuelling of the engine as near as possible to the stoichiometric

fuel-air supply. As result it decrease consumption and emissions too; [2]

e Secondary fuel system: mechanical injection carburator installed into throttle
body.

M09 engine performances are listed in the table below [3] :

PERFORMANCE

Maximum Power (5 min) 128 HP/94.4 7000 RPM
Maximum Power (sustained) 115 HP/84.5824 6600 RPM
Maximum Torque 97.4ft-Ib/132.1Nm 6750 RPM
COMBUSTION CHAMBER

Bore 4.21" /107 mm

Stroke 2.68" /68 mm

Compressor Ratio 10:01

Displacement 1225 cm3/74.75 cu.in.

Figure 1.4: M09 performance as declared by I.C.P. srl

This engine belongs to the spark ignition engines family, in which a mixture of
air and petrol vapors is ignited by a spark made between the electrodes of a candle,
thus achieving a lot of combustion fast (ideally at constant volume). For historical
reasons these engines are also called ”"Otto engines”. Considering the ways in which
the replacement process takes place of the charge, they can be distinguished four-
stroke engines, in which more than half of the work cycle (which lasts four strokes
(or times) of the piston, ie two turns of shaft engine) is dedicated to the expulsion
of flue gases and to the intake of the fresh charge by the piston, thus accomplishing
generally a good exchange of the fluid.

The curves that characterize the behavior of an engine are those that express the
driving torque and the actual power depending on the rotation speed. However, it
must be kept in mind that the operating conditions can not be defined with a single

operating parameter. At a given regime in fact, a motor can develop variable power

5



1 — Aircraft’s Engine Systems

acting on the regulation organ. This, changing (Otto engine) the value of the fill-
ing coefficient (by a butterfly valve in the suction line), regulates the burnt air-gas
mixture mass in each cycle; or (Diesel engine) acting on the injection pump, suit-

able for power required the mass of fuel injected into an air charge almost unaltered.

Engine Performance
140 -

120 e

80

: A
/

20 T T T T T T T T T T 1
3000 3500 3750 4000 4500 5000 5500 6000 6500 6750 7000
Engine Speed [RPM]

Power [HP]

40

Figure 1.5: Performance curve of the M09 Engine.

Under steady-state operating conditions the parameters they define therefore

the way of operating of an engine is necessarily two. Generally we use:
e the rotation speed of the crankshaft;
e the load imposed by the user.

In giving the characteristic curves, therefore, it is also necessary to indicate
the load conditions to which they refer. Generally they are referred as maximum
load (or full admission), because in this case the curves provide the actual limit

performance that the motor can ensure.
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1.2 Cooling and Lubrification System

In this section the overview of the lubrification system of the engine is proposed.
The figure below shows the overall architecture of the M09, it is a 3D rendering of

which this engine want to represent:

4

Figure 1.6: 3D rendering of M09 Engine, courtesy of I.C.P.srl

The purpose and the philosophy of the project is:
e Making a new aeronautical internal combustion propulsion system:;

e High performance in terms of power, aircraft speed, fuel efficiency and reducing

consumption;
e Low emission and environmental safety.

The figure shows: integral engine’s carter, radiator and the twin-cylinder V90.

At this point is necessary to introduce same concept relating to the subsystem that

7
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include the heat exchanger. The system is divided into two linked circuit: the first
one is the cooling system which has as working fluid water and the second one
better named as lube system dedicated to the cooling of the cylinder absporting
heat directly by cylinders.

With liquid cooling, heat is subtracted from the cylinders wetting the refrigerant
fluid immediately in contact with their surface, and relasing the heat through air
conditioning and then via ambient air in a suitable heat exchanger, traditionally
called radiator. The liquid, so, see only from the car to transport the heat from
the small outer surface of the cylinders and the head on the large surface exposed

to radiator air.

To cool the engine, cavities are created in its structure and canalizations, through
which the achievement is assured of the areas most subject to heat stress by the
liquid refrigerant. This generally consists of a mixture of water and ethylene gly-
col, to which anticorrosive additives and detergents with the aim of lowering the
solidification temperature and to ensure a long life to the circuit’s organs. Pres-
surization of the circuit, obtained thanks to the dilation of the liquid during its
heating, it allows to reach the refrigerant higher temperatures, avoiding boiling.
This fact allows you to reduce heat losses by cooling, without increase the dangers
of overheating, and have more temperature jump between the refrigerant and the
ambient air, resulting reduction of the radiator exchange surface.

The radiator is the main component of the cooling system, illustrated schematically
in fig.( 1.8) in one of his typical automotive application. Proper circulation of the
liquid, to limit the temperature increase in the crossing of the engine, is assured by

a centrifugal pump.

Water has many advantages:
e high specific heat and therefore high capacity thermal,
e low viscosity and therefore a good heat transfer coefficient e low pressure losses;

e constancy over time and with the temperature of its physico-chemical charac-

teristics;

e high latent heat of evaporation, resulting good protection against possible

8
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Figure 1.7: Cooling system, working fluid water

overheating of engine parts.
On the other hand, it has the following drawbacks:
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Figure 1.8: Radiator, courtesy of I.C.P.srl

e solidifies at a relatively low temperature high;
e has chemical aggressiveness towards some materials.

The cooling system must also guarantee, independently from the operating con-
ditions, the maintenance of the motor ad an optimal temperature value, from the
point of view: control of harmful exhaust emissions and containment wear and tear
of its parts.

Temperature regulation of the coolant is obtained, when it tends to fall too low,
preventing with a thermostat that this (although circulating in the engine) steps
into the radiator; when he risks getting up too much accentuating the heat exchange
in the radiator by means of a fan: Degassing and expansion of the liquid, which
increases its volume during heating, takes place in a pressurized and equipped tank
of valve cap, often integrated with a radiator pan.

The specific characteristics of the radiators change quickly with the evolution of
construction technologies and with the availability of new materials. However, in
them one can generally distinguish: the matrix active in the heat exchange, im-

properly called radiant package (because the heat is transferred to the ambient air

10
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almost exclusively by convection); two collecting trays, placed at the ends of the
active block, that have the function to collect and distribute liquid. Among the
numerous constructive solutions adopted to realize the matrices of exchange, here
we will limit ourselves to remembering the finned tube version and that with wavy
fins. The materials used (aluminum, brass, copper, etc.) present always: good
thermal conductivity, ease of rolling into reduced thickness (= 0.1 mm), possibility
of assembly for brazing, good resistance to corrosion against water.

It should also be borne in mind that it is usually technically found convenient to
circulate the two fluids with flows simple crossed (ie with air motion through the
radiant package in an orthogonal direction to that of the liquid) or, more rarely,
with flows in countercurrent and crossed (ie the liquid travels part of the radiant
mass in one direction, reverses the direction of motion and crosses the remaining

in the opposite direction).

11
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Now it is illustrated the lubrification system coupled with the first cooling sys-

tem, as showed in the figure 1.9 below:
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Figure 1.9: Lubrification scheme, courtesy of I.C.P.srl
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Oil is the working fluid to lube the cylinder. It is an organ subject to an intense
flow of heat coming from the gases present in the combustion chamber. About
30-40% of the total heat transmitted to the refrigerant fluid reaches the cylinder
barrel through the piston. Absolute values depend mainly on the conditions of
operation of the motor and the geometric dimensions of the piece. However, it
can be noted that the maximum temperature values are reached in the middle of
the head and gradually decrease towards the periphery and the lower part of the
mantle. The low values detected in this section denotes an intense transmission
of heat (50 + 60%) towards the cylinder walls, in the surface of elastic bands. A
good contribution (15 + 20%) to the cooling of the piston it is also given by the
jet of oil that is thrown on the inner wall of the head. In the case of pistons with
obtained combustion chamber in them, the surface that receives heat is increased.
Normally, the maximum temperature values are reached in correspondence of the

edges of the cup, as a consequence of the high ratio exposed area to volume.

(a) (b)

Figure 1.10: Temperature distribution on the externale piston surface.

Regarding the indication of critical temperature values, should focus on the

following aspects:

e points at higher temperature: limits are imposed by reasons of resistance
of materials. Light alloys based on aluminum (with Cu and Si), which have
undoubted advantages of: lightness, conductivity thermal and workability, can
hardly be used over 350°C , because their mechanical characteristics expire

quickly beyond these temperature values;

e clastic band area: to ensure good lubricant behavior and to avoid blockage of

13
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the sealing segments in their quarries, it is necessary to avoid the temperatures
in this area are too high. The values seems particularly critical correspondence
of the quarry of the first band: with temperature of the order of 200 4+ 250°C
the use of oils with effective properties is required anti-sticking, while for higher
values there is the danger of blocking of the segment also with oils with a high

content of additives;

e bottom of the head: it is necessary to contain the temperatures, for avoid
the alteration of the cooling oil and the formation of carbon deposits which
accentuate the thermal insulation. For the more thermally stressed and large
bore engines, cooling of the piston by pouring oil on the bottom of the head
is not more sufficient and it is necessary to provide for a circulation of oil or

of water in special ducts made in the head of the piston;

e mantle: performs the function of guiding the piston in the barrel of the cylin-
der, with respect to which must therefore present content games. Temperature
variations (with the operating conditions of the engine) too high can cause ex-
cessive expansion and favor the deposit of lacquers and varnishes, facilitating
the seizure of this part of the plunger in the cylinder. Typical values are :
80+100°C for the lower part of the mantle; 120 + 150°C for the upper part.

The maximum and minimum temperature values are reached in conditions of
exercise from the inner wall of the cylinder are important from the point of view of
lubrication (change of chemical and physical state of oil) and especially of adhesive
and corrosive wear.

Intake valves operate at relatively low temperatures (compared to those of dis-
charge), as they are cooled by the charge cool. However, they can reach, near the
mushroom, temperatures above 300+400°C , sufficient to produce one decomposi-
tion and oxidation of fuel and lubricant, with formation of deposits. The exhaust
valves, then, are subjected at very high temperatures and distributed unevenly, as
the possibility of refrigeration is limited. Moreover, there are mechanical stresses
due to the impact of the fungus on the seat and control tips on the stem. The
valves are therefore subject to: deformations due to unequal thermal expansion;
erosions mechanical in nature due to lack of hardness due to flow of gas; chemi-

cal corrosions due to the aggressiveness of fluids with which they come in contact

14
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with; breakage for both corrosion and loss of hot resistance. The thermal defor-
mations tend to exalt themselves and erosions, because they increase the escape
of gas through the imperfect seals, which heat locally and corrode quickly valve
and seat. To make temperature values uniformly distributed and to favor trans-
mission the heat towards the valve stem, valves with cavities are used in the most

stressed motors partially filled with metallic sodium or lithium and potassium salts.

The parts at higher temperature and more difficult to cool are also subjected
to a more intense heat flow. In positive ignition engines, to ensure a correct ex-
ecution of the thermodynamic cycle, it is necessary that the temperature of the
internal surface of the head remains at below 2004-220°C. In this case, it is possi-
ble to realize effective heat removal from the valve seats and from the valve candle,

avoiding the formation of hot spots that could give rise to anomalous ignition forms.

The limitation of thermal loads serves to prevent them from being reached:

e on the one hand excessive temperature values, which lead to deformations
which can affect the correct functioning of the organ (for example: piston
seizure in the barrel) and / or ad an alteration of the lubricating properties of
the oil;

e on the other, solicitations of thermal origin, due to deformations and / or at
impeded expansion, too high. If, for example, in the area between the two valve
seats of a cast iron head is produced (by compression) a plastic deformation,
this provokes at the moment of the cold return, of the stresses (of traction)

that can exceed the material breaking limit.

e Unlike mechanical stresses, which derive from forces applied to the structure,
the stresses of thermal origin are provoked from expansion due to the heating
of some parts. These overlap with mechanical stress and represent often the

cause of broken parts of a motor subject to high heat flow.
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1.3 Compact heat exchanger

Conventional aircraft engines are faced with great challenges in improving the spe-
cific fuel consumption (SFC) and reducing the size and weight of the engine core to
meet increasingly stringent CO, and NO, emissions regulations. To meet these de-
mands, the aircraft engine industry is investigating advanced engine cycles that use
heat exchanger technology for recuperation and/or intercooling. The development
of ultra-compact heat exchanger matrices with high heat transfer and low pressure
loss is essential for both intercoolers and recuperators. As J.H. Doo, M.Y. Ha and
others support [4], cross-corrugated primary surface heat exchangers are proposed
for application in compact thermal management systems due to their relatively
high volume goodness and thus their potential for light weight designs. Since the
cross-corrugated plate heat exchanger has good thermal effectiveness and aerody-
namic performance, many researchers have carried out experimental and numerical
studies on the aero-thermal performance of various geometrical shapes.

The actual heat exchanger is a compact plates and fins exchanger, where the space

between two plates is filled up by a corrugation surface named ”turbolator” (1.18).

N ‘
ORI
Y
s Qj,_ Eo ?

G R /:" a\n
e e Y e e Vel
‘0?;.-0%» Ww% eV

2N
2NN

> F gy
ok {3/&"’; ""R{’

Figure 1.11: Inner turbolator, courtesy of I.C.P.srl

The task of this component is double, infact it should :

e Generate turbolence on viscous fluids passing through the passage between
two flat plate. As the fluid flow reachs the corrugations, they create swirls and

deflection on the fluid path which increase Reynold’s number associated to
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the fluid regime and the main result is an augmented heat transfer coefficient

realized by the exchange surfaces. ( 1.12)

e Moreover the solid contact between the corrugation, which could be assumed
as fins developed from the surface, generate a conductive heat transfer through

the exchanger.
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Figure 1.12: Actual heat hexchanger, courtesy of I.C.P.srl
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1.3.1 Integration in the cooling system

However, this solution is not so suitable for the aronautical application, installed
on board the aircraft engine. There are few flaws that can compromise the correct
work of the heat exchanger. Before the discussion about problems and leakages, let
see where the component is located on the engine and the fabrication process uses.
If we now take into account the previous figure about thhe lubrification system, it
is convenient to evaluate the detailed assembly of the system throughout zoom on

a particular section ( 1.13):
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Figure 1.13: Detailed view of the lubrification system, heat exchanger integration.

As shown in the figure above, the heat exchanger is integrated in the lube system
and it realizes an heat trasfer between oil and water, that we can name working fluid
and in particular oil fluid as primary working fluid because of its higher tempera-
ture, and then secondary working fluid for water because of its lower temperature.
Starting follows the flow as soon as leaves the oil reservoir, it is pushed toward the
cylinder by a dedicated pump. Before entering the ducts, the fluid is cleaned up

thanks to a filter inserted on line on the pipe. At this point, the coolant is ready
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to approach the cylinder, passing through a valve and at this level the process of
heat transfer occurred. The external surface of the engine is reached by coolant,
that collect heat originated from the hotter zone, inside of it combustion process
occurred. The exchange is a convective one, the means is viscous fluid. At the
outlet the oil temperature is higher than the inlet, and need to be lowered. An
integrated oil tank is placed underside the engine, and here the coolant spills. This
is a shelter where oil can return to the reservoir pulled by dedicated recovery pump.
The most important element is the heat exchanger because is the node where the

oil can be refreshed and recycled in the closed loop cooling process.(1.14):

Figure 1.14: Aluminum radiator, wavy fins braised, particular-5 finning wavy in sheet of
aluminum;-6 flat tubes in aluminum, liquid path for coolant. [2]

Heat transfer occurs in the heat exchanger is made by two working fluids at dif-
ferent temperature. Water colder than oil and for this reason the heat flux is from

oil to water. The water (or glycol solution) is hotter too, but at a certain point in
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the scheme, it passes through the radiator, a compact heat exchanger traditionally
composed of a series of fins exposed to the incoming air from the relative motion of
the airplane, as the air, that strikes on the surface absporting heat. The result is a
water that now can be used to cool the hotter oil. And this is it: the heat leave oil
and warms water. Nevertheless the contact between the two working fluids does
not take place thanks to the separation wall inside heat hexchanger.This excanger’s
type is a counterflow heat exchhanger, which make better the heat transfer.(1.16)

However, this will be discuss in the following paragraph.

Water e —p

Air

Figure 1.15: Cross flows ait-water radiator. [2]

1.3.2 Brazing and related issues

The actual heat exchanger is aluminium made and the brazing is the fabrication
tecnique adopted. Unfortunately, many of the problems face in the engine’s heat
exchanger are referred to this method. In particular: brazing is a metal-joining
process in which two or more metal items are joined together by melting and flowing
a filler metal into the joint, the filler metal having a lower melting point than the
adjoining metal [5]. However, brazing differs from welding in that it does not
involve melting the work pieces and from soldering in using higher temperatures

for a similar process, while also requiring much more closely fitted parts than when
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soldering.
It is useful consider advantages and disadvantages about brazing, briefly illustrate

here:

e Since brazing does not melt the base metal of the joint, it allows much tighter
control over tolerances and produces a clean joint without the need for sec-

ondary finishing;

e Additionally, dissimilar metals and non-metals (i.e. metalized ceramics) can

be brazed;
e Complex and multi-part assemblies can be brazed cost-effectively;
e The brazing can be coated or clad for protective purposes;

e [t is easily adapted to mass production and it is easy to automate because the

individual process parameters are less sensitive to variation.
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Figure 1.16: Compact heat exchanger, courtesy of I.C.P.srl

Inconvenience:

e One of the main disadvantages is the lack of joint strength as compared to a

welded joint due to the softer filler metals used;

e brazed joints can be damaged under high service temperatures;
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e Brazed joints require a high degree of base-metal cleanliness when done in an

industrial setting;

e The joint color is often different from that of the base metal, creating an

aesthetic disadvantage.

Figure 1.17: Example of brazed plate heat exchanger

Since brazed plate heat exchangers (1.17) offer a compact and flexible solution
designed for ultra-efficient performance for high-pressure or extreme-temperature
applications, they are widely adopted in industrial applications. Moreover, as ad-
vantage, operational costs are restrained. Nonetheless, high temperature and vi-
brations, together with a faulty brazing causes many issues in the engine’s heat
exchanger which require different solutions. The lack of joint strength could in-
terrupt the conductive heat transfer, irreparably. As consequence the performance
falls down. The damage of the component is inside the passeges, and the inspection
not so easy for the mainteinance. Therefore a different approach is needed to over-
come the problem and make safe and efficient the component. In this case a design
for additive manufacturing allows to delete all the contact joints of the sheet, unlike

the brazing process. Even if the aluminium alloy used is light, actually the heat
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exchanger has a mass of 1500g which is quite remarkable if it is compared to the
remaining overall engine’s mass. Since additive manufacturing technology adopts
aluminium alloy’s powder, in particular AlSil0Mg powder with a density of 2.67
g/cm?® can reduce the weight up to one third, unlike the first one.

Another problem referred to the compact heat exchanger actually mounted on the
engine is the pressure drop extreamly high, becouse of inner turbolator, especially.
The role of the turbolator is clear as explained above, but let consider some speci-

fications and fluid interactions.
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1.3.3 Specifications of the actual heat exchanger

The dimensions listed in the table below 1.1 are measured directly on the 3D cad
model. The material is Aluminium alloy 1060, having a density of 2700 kg/m?
(example suitable for the software). The surface area, volume and weight are eval-
uation only.

The turbolator’s geometry is sinusoidal, and appear as a periodic repetition of a
sample wave betwee zero and maximum width. The first row is moderately out-of-
face relative to the following one and the pitch is 7mm. There is a larger corrugation
extended for 12.50mm named Primary corrugation and a secondary one, of 4.50mm
lenght. However the surface is entirely covered by the secondary corrugation, and

the primary is repeated just four times.

Table 1.1: Corrugation’s dimensions. The values in the table refer to the Solidworks
CAD model, provided by I.C.P.srl

Spec. Values [unit] Primary Corr. Secondary Corr.
Lenght 140 mm 12.50 4.50
Width 62.37mm

Height 3.5mm

Thickness 0.20 mm
Surface 37160mm?
Volume 3580 mm?
Weight 9.67¢g

Table 1.2: Separator’s specifications. The values in the table refer to the Solidworks CAD
model, provided by I.C.P.srl, 1.20

Spec.  Values [unit]

Lenght 141 mm
Width 60.40mm
Height 3mm
Weight 84.13 g
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Values [unit]
140 mm
60.40mm
0.60mm
8.92 g

Lenght
Width
Height
Weight

Spec.

Table 1.3: Interface’s specifications. The values in the table refer to the Solidworks CAD

model, provided by I.C.P.srl, 1.21

Secondary Corrugation

Primary Corrugation

-I.I.II l[.l..'ll.l.l_..l.[.lm i

ald

Figure 1.18: Upper view of the turbolator, courtesy of I.C.P.srl
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020

Figure 1.19: Side view of the turbolator, courtesy of I.C.P.srl

50,40

Figure 1.20: Top view of separator, courtesy of I.C.P.srl
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Figure 1.21: Top view of interface of separation, courtesy of I.C.P.srl

Figure 1.22: View of the inner channel of the heat exchanger, courtesy of I.C.P.srl
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1.3.4 Performance of the engine: temperature and pressure

loss

The main problem of the current heat exchanger is the high pressure loss in partic-
ular in the secondary working fluid: water. Additionally, too much weight: lighter
the component better the overall weight of the engine. This last aspect is a goal
reachable by additive manufacturing. ICP has conducted several test on the engine
and has recorded all the output of the monitoring parameters in tabs, which are
presented below.

In order to avoid the possibility of significant increase in pump power (constant),
pressure losses must be reduced. The figure below shows the current heat exchanger,

which elements are:

e 13 flow channels, 8 water passages for first circuit, 5 oil channels for secondary

circuit, respectively;

Inner turbolator for each passages, as presented above;

Layer pitch of 3mm constant for every channels;

Overall height of 54,4mm;

Material aluminum alloy;

Overall weight 1500g;
e Working pressure water-oil core 1.5bar.

Since the recess is fixed and the integration is a good solution for the engine’s
architecture, the heat exchanger will have the same overall dimensions even when
the new design will be developed, absolutely 1.23 . In fact, taking into account
this geometrical constraint, we will be sure about the perfect matching of the inner
flange in front of the engine wall as well as the correct integration of the new
component without modifying the engine’s block, obviously.

Several test has been conducted to collect the performance of the engine, in
different working conditions. When a test compaign begins, there are many and
specific parameters that characterize the machine’s behaviour. In this situation a

choice is necessary, to reduce the parameters and monitoring the most important
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Figure 1.23: The heat exchanger is embedded into the carter of the engine, courtesy of
1.C.P.srl

effect and performance of the engine in the worst conditions, that are, for example,
the maximum power of the engine egual to the strongest working condition. There-
fore, in the following tables,1.24 | are collected data refers to the different flight
conditions of the airplane, such as enngine’s rpm, and at the same time, pressure
and temperature of the cycle are monitored to extract the performance curve at

fixed boundary condition.
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Figure 1.24: Mass flow rate and pressure, water circuit, courtesy of I.C.P.srl

30



1 — Aircraft’s Engine Systems

DIIIED 1P EYPISd

edllod 3|BUED E1EIIUT "553d mm e

Jeq3usd| 1B1UT "550Ud emes

B159] BHISN SUOISSTU( i

ENDIE-0LUD | m——

210} BIEU O =i

sg| 2103elquieds- apueid aloyeipel- ajeudiio ajuens uod eaoid

000L 0009 000s 000t 000E 000t
S0 e ! T 0
vo- - 1 1 "
£0- RO P oT
70 t ~
T'0: ~ oz
8 —
L = o€
0 - ~
€0 -
g o¥
S0 &
£0 A = -~ &
80 .
60 ..ﬂ.w..\ \q\.
T Y > g o
TT - ——
TT 08
€T i
T - 06
ST -
9T 00T

‘dwia} 3 1eq Juo)ssald

Figure 1.25: Mass flow rate and pressure, water circuit, plot, courtesy of I.C.P.srl
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RPM Portata Press. uscita Pressione entrata | Temperatura
olio(l/min.) | scambiatore(Bar) | scambiatore(bar) olio
2000 8 0.1 -0.001 108
2500 10 -0.15 -0.015 108
3000 115 0.2 -0.032 109
3500 13.5 -0.23 -0.03 110
4000 15.8 -0.26 -0.025 111
4500 17.8 -0.3 -0.01 111
5000 19.7 -0.33 -0.01 113
5500 21.7 -0.36 -0.005 113
6000 235 -0.38 -0.008 114
6500 25 -0.39 -0.035 115
7000 26 0.4 -0.02 115
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Figure 1.26: Mass flow rate pressure and temperature, oil circuit, courtesy of I.C.P.srl
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In water circuit is interesting the pressure loss of 1.41, the highest value recorded
at 6650rpm and this parameter is too high. Although the power supply by the pump
is fixed, reduction of the pressure loss on the heat exchanger is required. This means
that a new core geometry can involve better working condition and performance
too, so the main task at this point is researching and designing innovative core

solution which overcome the represented issue.
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Chapter 2

Innovative Heat Transfer Surface
Area and recent study to enhance

HE performance

Heat exchangers are crucial in thermal science and engineering because of their
essential role across the landscape of technology, from geothermal and fossil power
generation to refrigeration, desalination, and air conditioning ([7]). In the aviation
engineering, they have a fundamental role especially in reducing the temperatures
of the fuel and thus increasing the efficiency of the aircraft engines. The literature
on aviation heat exchangers is voluminous and continues to be updated today.
Two main aspects of this class of flow systems are widely investigated: fluid flow
and heat transfer performances, and criteria for evaluating those performances. In
addition, the need of a smart and light equipment to be used inside a transport
system is ever and ever felt. This requires a particular attention in the selection
of components, for example in the engine zone, not only to reduce the weight but
also to improve the whole heat transfer efficiency. With this aim, engineers focus
their attention on new materials, for example porous materials, that recently have
attracted researchers.

Heat exchangers are a fundamental tool in the thermal engineering fields, such
as refrigeration, power systems cooling, electronics cooling, and air conditioning.

Enhanced heat transfer (EHT) techniques provide:
34
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e Reduction in thermal resistance of a conventional design with or without in-

crease of surface area (as obtained from extended/fin surfaces);

e Passive enhancement, commonly used;

e Active enhancement, direct input of external power;

e Mode of heat transfer and flow regime;

e Single or two phase flow, free or forced convection, laminar, or turbulent flow;

e Type of application (two-fluid HE vs. single fluid HE).

The development of heat exchangers design, reliability and maintainability is

always a required matter to enhance the overall systems performance. The heat ex-

changers have many different types, like; shell and tube (vertical /horizontal), plate

heat exchanger (corrugated or flat - gasketed or brazed) and micro heat exchangers.

Figure 2.1: Brief classification of heat exchanger.

—| Double Pipe H spiral - plateFin ‘ H  Rotay | ~| Heat Pipe
—| Shell&tube L Lamellar Tube Fin ‘ | FixedMatrix | {suu-lm
—I Spiral Tube H Brared

—  Gazhered

- Welded

_

Two main categories of heat exchangers could be considered, the direct heat

exchanger and the indirect heat exchanger. In a direct heat exchanger, the two
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mediums between which heat is exchanged are in direct contact, e.g. cooling tow-
ers. In an indirect heat exchanger, the two mediums between which heat is ex-
changed are separated by a wall as in plate heat exchanger. The classical method
for the heat exchanger design is known as The LMTD (Log Mean Temperature Dif-
ference) and NTU (Number of Transfer Units) method. These methods are based
on iterations and prototype assumptions through the design. Due to these reasons,
Computational Fluid Dynamics (CFD) techniques are adopted in the design of heat

exchangers.

2.1 Plate heat exchanger structures and geome-

try

Enhancement of heat transfer surfaces has developed over the years, and is the main
focus in the heat exchanger industry. Enhanced surfaces yield higher heat transfer
coefficient when compared to unenhanced surfaces. A surface can be enhanced
by adding extended surfaces (e.g. fins), or employing interrupted surfaces (e.g.
corrugations). The plate type heat exchangers are economic and efficient enough
to be widely spread in many markets now days. With it’s low cost, flexibility, easy
maintenance, and high thermal efficiency. The plate proven design is the main
parameter for its high efficiency. In addition to the plate efficiency, corrugation
patterns that produce turbulent flows, it is not only cause’s unmatched efficiency
([8]); it also produces a heat exchanger self-cleaning nature, which in turn reducing
the fouling effect [9]. The most common surface pattern used is the chevron design

as figure 2.2 shows:
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Carrying bar slot

Inlet / outlet

Distribution area
“Chocolate pattern”

Heat-transfer

Sealing system
95y surface

Figure 2.2: Chevron plate shape.

The corrugated plate heat exchanger consists of a number of gasketed plates
constrained between an upper carrying bar and a lower guide bar. The plates
are compressed between the fixed frame and the movable frame by using many tie
bolts. The Structure of a typical gasketed plate heat exchanger with chevron plates

is shown 2.3 :

a. Opened plate pack

b. Fixed end cover

¢. Moveable end cover

d. Upper carrying bar

e. Lower carrying bar

. Support column

g. Tightening bolts

h. Corrugated chevron plate
i. Plate gasket

J- Plate port

Figure 2.3: Structure of a typical gasketed plate heat exchanger with chevron plates
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The important geometrical parameters for a plate heat exchanger are introduced.
They are considered essential parameters in plate heat exchanger simulations, the
chevron angle ¥, the corrugation depth b and the corrugation pitch p. It has been
convenient also to define the parameter Sur faceenlargement factor ¢. Commercial
plates have commonly surface enlargement factor of 1.15-1.25.

Thermal-hydroulic parameters are:
e Reynolds number Re;
e Nusselt number Nu;
e Friction factor f;
e Equivalent diameter D;

Where the parameter are definied respectively:

Re = LmD _ GD (2.1)
v m
D
Nu = O‘T (2.2)
pAPD
j=arD 23)
2L,G?

Martin (1996) developed his heat transfer correlation by extending the Leveque
theory into turbulent regime. Lee et al. (2000) [12] investigated the influence of
the plate length to the plate width ratio (Aspect Ratio) on the overall heat transfer
and pressure drop:
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Figure 2.4: Effect of chevron angle on heat transfer coefficient.

Three different plates, with two different lengths and two different widths, were
investigated. They found that, the width of the plate is the main parameter af-
fecting the frictional pressure drop performance, since a large part of the heat
exchanger is used for distributing the flow across the width of the plate for a wider

plate having the same plate length. The ports pressure drop is also important:

G2
A-Pmcmif,pori&s =15 <%) N (24)

2.2 Recent developments and new type plate heat

hexchanger

The developments and the enhancements in all the heat transfer equipments are
mainly purposed for energy savings and savings in projects capital investment,
through reducing the costs (energy or material). The better heat exchanger is one
that transfer’s high heat rate at low pumping power with a minimum cost. The
spent of money for the research and development in corrugated plate heat exchang-
ers, in last decades, from some companies, offered different and versatile types and
models of that heat exchanger.

This type of heat exchangers is widely used for different engineering fields and
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applications. Research reactors represent one of the important engineering fields
that extensively use corrugated plate heat exchangers due to their simplicity in
assembly/disassembly and their easy maintainability. The corrugated plate heat
exchanger has a great flexibility than the other types of heat exchangers;
Cross-corrugated primary surface heat exchangers are proposed for such applica-
tions due to their relatively high volume goodness and thus the potential for light
weight designs. A new-type corrugation Plate Heat Exchanger (PHE) was de-
signed. Results from both numerical simulations and experiments showed that the
flow resistance of the working fluid in this new corrugation PHE, compared with the
traditional chevron-type one, was decreased by more than 50%, and correspond-
ing heat transfer performance was decreased by about 25% [13]. The flow field of
the working fluid in the corrugation PHE was transformed and hence performance
difference in both flow resistance and heat transfer was generated. Such a novel
plate, consisting of longitudinal and transverse corrugations, can effectively avoid
the problem of flow path blockage, which will help to extend the application of
PHESs to the situation with unclean working fluids.

Problems related to the chevron-type plate heat exchanger:

e Fouling

Path blockage

e Fnergy consumption

Cleaning

Large flow resistance

To support the disadvantage of fouling it should be considered the mechanism
which make critical this aspect. It is splitted in: particulate fouling, or the accu-
mulation of solid particles suspended in the process stream on the heat transfer
surfaces such as dust deposition, particles carried in condenser cooling water, and
unburned fuel. Then there is the precipitation fuoling made out by dissolved sub-
stances carried in the process stream are precipitated on the heat transfer surfaces.
Examples include carbonates, sulfates, and carbonates. All this aspects and more
others referred to chemical reaction contribute to increase the pumping power de-

mand and decrease the efficiency of the heat exchanger too, becouse of an increased
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thermal resistance.

The majority of plate corrugations in PHEs are in the form of chevron because
of its relatively simple manufacture. Two neighboring plates are stacked and then
some network-shaped contact points are formed. These contact points are acting
as supporting plates and forming flow channels for working fluid between plates.
Frequently those dirty matters will spread in all directions and eventually cause
flow path blockage, thus excessive energy consumption will occur. In the chevron
PHE, some intersections can be generated when the working fluid is flowing along
the corrugation direction in the space formed by two neighboring plates. These
intersections 2.3 and contact points are distributed in a cross way, which can on
one hand enhance heat transfer through increasing the strength of flow turbulence
and on the other hand increase the flow resistance [14] . This is the reason why the
chevron type PHE is often assigned an obviously large flow resistance than that of
the others.

7 Contact point I

Sy

Figure 2.5: Contact points and intersections in PHEs with chevron corrugations.
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2.3 New compound corrugation plates: sinusoidal

surface

Four different configurated surfaces are illustrated in 2.6 . The important mod-
elling results introduced by J.H. Doo et al. (2012) [15], showed that, compared
to the conventional sinusoidal model, a pressure drop reduction of approximately
Ai15% was predicted for both the anti-phase and the full wave rectified secondary
corrugation models (HC# 01 and HC# 03) with P/H=2.2 and 6 (intersecting an-
gle) =90°, with small changes to the predicted heat transfer capacity. The pressure
drop of the in-phase secondary corrugation (HC# 02) was predicted to increase by
approximately +38%, and heat transfer capacity was enhanced by approximately
+7%.

The detailed geometrical data of these four different cross-corrugated plates are

summarized in following fig 2.7.
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Anti-phase
secondary
corrugation

Primary Primary
corrugation corrugation

Full-wave rectified
trough corrugation

Primary Primary
corrugation corrugation

(c) (d)

Figure 2.6: Configurations of four different primary surfaces with: (a) conventional sinu-
soidal corrugation, (b) anti-phase secondary corrugation, (c) in-phase secondary corruga-
tion and (d) full-wave rectified trough corrugation.

Profile Equation

Sinusoidal corrugation yix.z) = Usin (£z) (

Anti-phase secondary corrugation Y(x,2) = g[ 1 sin (imx—tmw]!]) sin (282) + (1 —ay) sin (jrx)] (2)

In-phase secondary corrugation yix,2) %[ 5, Sin (2'“‘ “"‘“]’]) sin (22) + (1 —ay)sin ’)] if sin(2nz/P) = 0 )
yix.2) :%{—ah sm 2’"" “"'””] sm( 255 1 (1 —ay)sin (—P’Q)} if sin(2nz/P) < 0

Full-wave rectified trough corrugation yix,z) = %[“ — ay)(sin 2 P tay (;m (1_"\.!_—#\.!]11) (sin (222)) 2 3” if sin(2nz/P) = O (4)
yix,z) = [(1 —a,,J(|sm( |)2/3 +a,,(|sm 2“'—“,,.,%]‘ * (|sin (22) |} H if sin(2nz/P)< 0

Figure 2.7: Equations describing four different primary surfaces..

Where the denotations of sinusoidal, HC# 01, HC# 02 and HC# 03 represent

the sinusoidal corrugation, anti-phase secondary corrugation, in-phase secondary
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corrugation and full-wave rectified trough corrugation, respectively.

A CFD simulation is performed to study the effective characteristics of this inno-
vative shape solution, defining a structured hexaedrical mesh in the computational
domain. The domain consists of a unit cell beetwen two peaks where the sensitive
solution is obtained meshing 064-0.78x10° cells. The first wall normal grid point
is at y+= 0.8 and in the stream-wise and lateral directions the grid spacing is A
x ~ 10 and A z = 10, respectively. The present unit cell calculation results are
validated against existing experimental data in terms of the Fanning friction factor

f and Colburn j factor.

(c) (d)

Figure 2.8: Three dimensional configurations of four different unit cells (P/H = 2.2; (a)
conventional sinusoidal corrugation, (b) anti-phase secondary corrugation, (c) in-phase
secondary corrugation and (d) full-wave rectified trough corrugation.

The Fanning friction factor f, Nusselt number Nu, Stanton number St and

Colburn 5 factor are calculated respectively:

22VD
/= —%;LJ (2.5)
Nu = hDn (2.6)
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Nu
St = 2.7
Re - Pr (2.7)
j=St-Pr?? (2.8)
Profile PH a i Ane v Dy C P/H a ap Ane v Dy €

Sinusoidal 11 90° 0 10.322 2.468 0.957 4.182 22 90° 1] 27.025 9.873 1.462 2737
HC#01 11 90* 02 8.856 2401 1.084 3.689 22 90° 0.2 24,695 9.708 1572 2544
HC#02 11 90+ 02 9.000 2464 1.095 3.653 22 90° 02 24.874 9.874 1.588 2519
HC#03 11 90* 02 9.023 2473 1.096 3.648 22 90° 0.2 26310 9.860 1.499 2668

Figure 2.9: Detailed geometrical data for the four different surfaces.

The results show 2.10 the variations of the normalized Fanning friction factor
f/f0 and Nusselt number Nu/Nu0 as a function of P/H at §=deg 90 where the sub-
script (0) denotes the sinusoidal model. For the cases with P/H=1.1 and #=deg 90,
the Fanning friction factors of HC# 01 and HC# 03 are within 2.5% of the sinu-
soidal model and the Nusselt numbers are within 3%. However for the HC#02 case
where the primary and secondary corrugations are in phase, the Fanning friction
factor increased by +34.3% and the Nusselt number by +17.5%. For the cases with
P/H = 2.2 and #=deg 90, the Fanning friction factors of HC# 01 and HC# 03 are
substantially reduced by -4.7% and -15.2%, respectively. The Nusselt numbers are
of almost the same level as for the sinusoidal corrugation with reductions of only
-1.01% for HC# 01 and -3.43% for HC+# 03. As before HC# 02 shows more marked
changes than HC# 01 and HC+# 03 with the Fanning friction factor increasing by
+37.8% and the Nusselt number increasing by +6.67%. For the anti-phase sec-
ondary corrugation of HC# 01 and the full wave rectified secondary corrugation
of HC# 03, the increments of the Nusselt number are higher than those of the
Fanning friction factor with increasing P/H. In contrast to the in phase secondary
corrugation of HC# 02, the increments of the Fanning friction factor are larger
than those of the Nusselt number with increasing P/H. Even though the results for
further P/Hs of 3.3 and 4.4 for three different secondary corrugation models are
not included in the present study, the current results show that HC# 01 and HC#
03 have a potential for reducing the pressure drop penalty for a given heat transfer
duty [23].
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Figure 2.10: Variation of the normalized performance metrics as a function of P/H; (a)
Fanning friction factor and (b) Nusselt number. Variation of the normalized goodness
factors as a function of P/H; (a) volume goodness factor and (b) area goodness factor.

In Fig. 2.11, high levels of local heat transfer are observed on the upwind side of
the primary corrugation followed by low levels of heat transfer on the downstream
side. The heat transfer of the three different secondary corrugation models is more
uniform than that of the sinusoidal model over the whole corrugation plate. The
non-uniform distribution of the Nusselt number on the sinusoidal corrugation re-
sults in a non-uniform temperature distribution through the corrugated plate. The
more uniform Nusselt number distribution provided by the surfaces with secondary
corrugations offers potential to reduce thermal stress and transverse conduction of

heat in the corrugated plate.
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Figure 2.11: Distribution of the Nusselt number on lower corrugation plate; (a) sinusoidal
model, (b) HC# 01, (¢) HC# 02 and (d) HC# 03.

Fig. 2.12 (a) and (b) show the distributions of the normal velocity component
(v) in the trough of the lower plate for the sinusoidal model and anti-phase sec-
ondary corrugation model (HC# 01). The normal velocity component plays an
important role in the heat transport from the main core flow to the upper and
lower surfaces by the large scale fluid motion. In Fig. 2.12(a), the iso-velocity lines
are nearly uniformly distributed across the corrugation direction and show only a
small variation in the primary corrugation direction. By contrast, the iso-velocity
lines in Fig. 2.12 (b) show both positive and negative values and strong gradients
indicative of the higher mixing of the flow. This result shows that the activity
of the heat transport in the normal direction is strengthened in the trough of the

secondary corrugation model, resulting in the enhancement of the large scale flow
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mixing.
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Figure 2.12: Distributions of the normal velocity component in the trough of lower plate;
(a) sinusoidal model and (b) HC# 01.

Eventually, Fig. 2.13 (b) shows the schematic of boundary layer profiles around
the corrugation peak of the bottom wall for the same case. The upstream flow is
accelerated along the concave shape of the corrugation as moving to the corrugation
peak. A typical boundary layer profile in the favorable pressure gradient is shown
in this region. The flow then gradually loses its momentum due to the adverse
pressure gradient located in the downstream of the corrugation peak and as a

result separates.

48



2 — Innovative Heat Transfer Surface Area and recent study to enhance HE performance

co I T

0857 0773 0580 0387 0493 0.0M 093 -D3ET

Figure 2.13: Distribution of the local pressure coefficient for the HC# 03 with P/H =
2.2 and (b) boundary layer profiles near the bottom wall for the same case.

The conclusion is, when increasing the ratio of pitch of corrugation to the cor-
rugation height, the corrugation becomes flatter. The flatter corrugation results in

more uniform local heat transfer coefficient distribution, as shown in Fig. 2.14 .

The PHE thermal performance is deteriorated by the highly nonuniform heat
transfer coefficient (HTC) distribution. This deterioration is reflected on a temper-
ature gradient along the plate. Compared to the conventional sinusoidal model, a
pressure drop reduction of approximately -15% was predicted for the antiphase and
full wave rectified secondary corrugation models (HC# 01 and HC# 03) with P/H
= 2.2 with small changes to the predicted heat transfer capacity. The pressure drop
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Figure 2.14: Local HTC distributions and standard deviations for four different P/H
cases.

of the inphase secondary corrugation (HC# 02) was predicted to increase by approx-
imately +38%, and heat transfer capacity was enhanced by approximately +7%.
The volume goodness factor for the anti-phase and full wave rectified secondary cor-
rugations were slightly augmented compared to the sinusoidal corrugation, however,
the area goodness factors were substantially augmented with the antiphase and full
wave rectified secondary corrugations showing approximately +16% and +14%, re-
spectively. However, both the volume and area goodness factors are reduced for the
in-phase secondary corrugation. The variation of the entropy generation along the
trough is closely related to the local boundary layer profile. The energy dissipation
is largely produced in regions of strong flow acceleration and recirculation. The
entropy generation is a good indicator of the local pressure loss mechanism on the
various heat transfer surfaces. The anti-phase secondary corrugation (HC# 01) was
shown to produced less energy dissipation along the flow, compared to the result

of the sinusoidal profile.
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2.4 A briefreview of trabecular and lattice struct.
for HE design

The following section is udeful to discover the new additive manufacturing solu-
tions in heat exchanger’s field. In fact several tests have as object the evaluetion
of innovative core design performance from interesting point of view: heat transfer
effect, pressure losses, structural resistance, surface quality.

Starting by a brief presentation about the lattice structures set as foundamental
cell for growing up in the volume the structure itself. Recent advances in additive
manufacturing facilitated the fabrication of parts with great geometrical complex-
ity and relatively small size, and allowed for the fabrication of topologies that could
not have been achieved using traditional fabrication techniques. Let explore the
topology-property relationship of several classes of periodic cellular materials; the
first class is strut-based structures, while the second and third classes are derived
from the mathematically created triply periodic minimal surfaces, namely 2.15 ; the
skeletal-TPMS and sheet-TPMS cellular structures. Powder bed fusion technology
was employed to fabricate the cellular structures of various relative densities out of

Maraging steel [17].
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Figure 2.15: Unit cell of the different cellular topologies. a) Strut-based cellular struc-
tures, b) Skeletal-TPMS based cellular structures and c) sheet-TPMS based cellular struc-
tures.

Cellular metals offer unique functional characteristics including high stiffness to
weight ratio, heat dissipation and heat transfer control, and enhanced mechanical
energy absorption among others. The mechanical properties of cellular metals are
a function of the relative density (defined as the density of the structure relative to

the density of the base material), the solid constituent, and the unit cell architecture
2.16.

Relative density plays an important role in determining the cross-flow interac-

tions with trabecular matrix: higher the density, higher will be the blockage effect
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Figure 2.16: 3D printed cellular structured samples with different topologies fabricated
using powder bed fusion and made of Maraging steel.

too, due to an augmented wetted area. The most important conclusion is that,
while the surface area is foundamental for convection, pressure drop plays a critical

and vital role in determining the performance of the HE 2.17 .

Figure 2.17: SEM images showing the powder sticking on the printed structure.

In the study presented by M. Wong, I. Owena, C.J. Sutcliffe, A. Purithermal, is
investigated fluid flow characteristics of five heat sinks that have been fabricated by

a rapid manufacturing technique known as Selective Laser Melting. The five heat
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sinks consist of two conventional designs, the cylindrical pin and rectangular fin
array, for comparison purposes. Although the lattice arrangement made use of the
fabrication process,Ad ability to manufacture heat sinks with high surface area to
volume ratios, its performance was limited by the lack of interaction between the
cooling air and structure. In terms of both heat transfer performance and pressure
drop, the staggered elliptical array, which cannot be manufactured by conventional

techniques, outperformed the other heat sinks.
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Figure 2.18: Heat sink dimensions at pin base for (a) Pin fin 6061, (b) Rectangle, (c)
Rect RND, (d) Ellipse, (e) Lattice and (f) Isometric view of one Lattice cell.

This investigation compares the performance of geometrically dissimilar shapes
which makes it difficult to use dimensionless groups to compare the characteristics
of the different geometries.

A lattice-structure heat sink demonstrated that increasing the heat transfer sur-
face area alone does not necessarily improve overall heat transfer performance; The
air flow through an offset strip array was improved by adding rounded ends to the
fins. This was simple to implement using the SLM process but offered a noticeable
reduction in pressure loss across the offset strip fins, without incurring a reduc-
tion in heat transfer performance. An extension of the offset strip was an array

of elliptical fins which offered the highest heat transfer rate per unit pressure drop
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Figure 2.19: SLM fabricated heat sinks, base dimensions 50 mm x 100 mm, flow in the z
direction. (a) Pin fin 6061, (b) Rectangle, (c¢) Rect RND, (d) Ellipse, (e) Lattice and (f)
close up of Lattice.
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Figure 2.20: Pressure drop across heat sinks. SLM heat sink efficiency index.

compared to the other extended surfaces tested. Both Pin fin 6061 and Lattice per-
form poorly compared with the other extended surfaces, but for different reasons.
Whereas the fin arrangement is capable of reasonable heat transfer, it also suffers
from large pressure losses; the lattice has poor heat transfer performance but offers

little resistance to the the air flow.
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Figure 2.21: Heat transfer coefficient based on heat transfer surface area.

For the circular cross section pin array, the array orientation with respect to the
mean flow direction has a small but possibly significant effect on both heat transfer
arid pressure loss. The channel with drop-shaped pin fins has better heat transfer

behaviours than that with circular ones in the tested Reynolds range.
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Chapter 3

Design for AM: value chain to

develop an innovative prototype

In this chapter is resented the innovative shape of the inner core surface of the
heat exchanger. By taking into account all the statements from the chapter 2
about new shape design and pin fins evaluations, it is proposed the total design
and performance forecast in comparison with the current heat exhanger. Firstly, a
brief but useful examination of the heat transfer mechanism is proposed, then the
CAD model by Solidworks is showed. In the following pages, analitycal subject’s
approach is followed to produce a robust and reliable model.

Value chain (5.1) is a developing method that brings to design and optimize a
new proptotype, and in this case, a new heat exchanger core. The approach as a
value chain [20] is needed to satisfy all the aspects of design process, like sizing,
performance and building up. We can resume this method as the following flow
chart suggests:

The new approach is useful to deliver:
e Maximum performance

e Minimum volume and weight

e Minimum costs

e Quality assurance

In heat exchanger development, the application consists of:
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Concept Design AM process sel. Detailed Design

o ——

- PROCESS & POST-PROCESS

Figure 3.1: value chain approach.

e Heat Exchanger 1D sizing and performance prediction by LMTD, NTU meth-

ods;
e Heat transfer surface selection or a multi-criteria optimization;

e Correlations with test achieved.

3.1 Novel heat exchanger (HX) core: CAD de-
sign

To make sure that an effective performance enhancement will be realize, is nec-
essary to overcome the traditional and conventional design about heat exchanger
with all the issues linked to manufacturing process and pressure drops. As the
chapter 2 describe, the main aim of the thesis is to bring a novel surface which
allow to enhance heat transfer coefficient, in particular convective one, but also to
reduce pressure jumpe strongly. It is clear that an unconvectional material pro-
duces a considerable reduction of weight of the component and this is absolutely
the goal of the new design: weight reduction of about 50% respect to the actual
1500g. Therefore the choise is to reshape all the inner plate as exchange surface
based on considerations about new surface shapes proposed by researches earlier

exposed [15]. Unlike traditional manufacturing, the complexity and the closed inner
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cavities, require additive manufacturing (AM) that tears down the limit of current
traditional manufacturing. So it is proposed a design for manufacturing, starting by
CAD model. CAD design can be expressed as the ability to make complex shapes
and sizes that were difficult to make using conventional manufacturing techniques.

AM seems straightforward if a right design process is followed.
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Figure 3.2: Recall of the performance of an anti-phase sinusoidal corrugated plate.

For istance, an antiphase secondary corrugation is selcted to enhance heat trans-
fer coefficients. This surface is characterized by a sinusoidal geometry along x axis
but also sinusoidal shape along y axis too. However, these are anti-phase wave
which means that for maximum point correspond the absolut minimum one in the
opposite direction.

There are two parameters refer to surface configuration, they are:

It is clear that a P/H of 2.2 is recommended to increase htc. Unfortunately,

it is not so practicable by building up process. Is is necessary to avoid topologi-

cal problems to choise a flatter plate where the pitch to height ratio of the wave
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Table 3.1: Geometry characterization of the wave-surface.

Parameter Symbol Values

Pitch P 6mm
Height H 2mm
P/H - 3

surface in slightly higher. Analitycal rapresentation of the surface is generated by
MATLAB®script before cad design. The unit cell showed below in the foundamen-
tal block that morph the inner plate’s core 3.3 .

Figure 3.3: MATLAB®unit cell generation.

The next step is to design unit cell into cad environment as Solidworks to model
the 3D shape. This is showed in the following figure 3.4 .

Specification of the unit cell:
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Table 3.2: Unit cell Features.

Property Values
Mass 0.05¢g
Surface Top Area 44.22mm?
Volume 19.29mm3
Thickness 0.4mm
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Figure 3.4: Solidworks unit cell.
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3.1.1 Material for AM

AlSi10Mg is a typical casting alloy with good casting properties and is typically
used for cast parts with thin walls and complex geometry. It offers good strength,
hardness and dynamic properties and is therefore also used for parts subject to high
loads 3.5 . Parts in Aluminium AlSil0Mg are ideal for applications which require
a combination of good thermal properties and low weight. They can be machined,
spark-eroded, welded, micro shot-peened, polished and coated if required. Conven-
tionally cast components in this type of aluminium alloy are ofen heat treated to
improve the mechanical properties. In order to make a truthful evaluation of the
component features, it is been necessary to create a new material in Solidworks tool
named AlSil0Mg, to which are referred all the material property like the following

ones:

Technical Data

Typical achievable part accuracy | seeeeeee- + 100 prm
Smallest wall thickness[1] | e apprax 03 - 04 mm

......... Ra &- 10 pm, Bz 30 - 40 pm

ot-peening | aoaooo.- Ra T- 10 pm, B: 50 - 60 pm
Mechanical properties of parts Test Methoc As Built

Tensile strength [2] in horizontal direction (XY)

Tensile strength [2] invertical direction (2 150 6852-1:2005(B) Annex D

ield strength (Rp 0.2 %) [2] in horizontal direction [XY) | 150 6852-1:2009(B) Annex D

Yield strength (Re 0.2 %) [2] in vertical direction (2 150 B852-1:2009(B) Annex D

Modulus of elasticity in horizontal direction (%%)  [---------
Modulus of elasticity in vertical direction () [---emem--
A ANne
z ANME Bt )

apprax. 119 +5HBW 0 | oo
apprax 9T+ 7 MPa

approd 14.1 + 1.0 ks

As Built

direction (Y]] --------- apprax 103

Thermal conductivity at 20 °Cinvertical direction (£} | --------- apprax 119 £ 5 Wim =,

Specific heat capacity in harizontal direction [(£Y) | --------- appro 920+ 50 Jfkg °C

C

......... appro 910 +£50 1k

Figure 3.5: AISil0Mg spec. courtesy of ZARE prototipi.
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3.1.2 Single plate design

After the design of the unit cell, the repetition along two axis of the inner plate is
made. This step produce the filling of the internal heat exchange surface, at fixed
dimensions of the inner hole. In particular, boundary’s cell row is quite complex
to join up. in fact a good quality cad model needs to have loft surfaces at the

boundary by creating geometric continuity of the plate.

141.50

60.40

Figure 3.6: Filling of the inner surface.

L, 141.50
Nuyew = = — =236 3.1
"= B 5 (3.1)

L 60.40
Nyew = =4 = 222 — 10, 2
V=g = e = 1006 (32)

Table 3.3: Overall corrugated plate dimensions.

N, N, Round off N, Round off N, Total cells
23.6  10.06 23 10 230
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Table 3.4: Corrugated plate features: one plate spec.

Prop. Values
Surf. Area 10170.6mm?
Mass 11.5¢
Volume 44.36mm3
Thickness 0.4mm

Comparing the new design configuration to the current plate surface, provides
an augmented wetted area use to the heat exchange. In terms of Enlargment Fac-

tor, it is of about 1.8 larger then a flat plate 3.7 .

Upgrade of the Surface features

New Plate

Original Plate

2000 4000 6000 8000 10000 12000 14000 16000 18000

Original Plate
surface [mm2] 13738 15275

Figure 3.7: Comparison between current and novel surface.
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Parameters upgrade

A/V [1/mm]

enlargment fac.

A/V [1/mm]
1.79368248 3.063694766
W Original Plate 1.613198685 3.837430168

Figure 3.8: Enlargment factor and compactness factor.

3.1.3 Core layout

The layout of the core is different respect to the current one, infact it has been opted
for a configuration with 6 water channels against the 8 originally, and 5 channels for
the oil circuit. In order to reduce the overall weight of the exchanger, the thickness
of the plate is fixed at 0.bmm and the separation spacement or pitch is of 4mm
water-water and 3mm for oil-oil. Moreover, this configuration make quite smaller
the pressure drop of the water circuit, beacuse of the distanze of the ducts rises.
In the figure above 3.9, can be observed the presence of two grey elements at the
top and bottom of core. These are two flanges. The heat exchanger is located in
a box embedded in the engine and there is the interface between flage and carter
which can be think as a manifold. The inner flange presented four holes, each
couple different from the other one, which act as inlet and outlet for water and oil,
respectively. Four o’ring are inserted to ensure the perfect seal in the manifolds.
Additionally, mechanic loads as vibration and thermal stress make thickness of the
falnge larger than other parts. For this reason, the inner flange can not become

lighter.
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Figure 3.9: Core layout, inner configuration: blue-water channels; green-oil channels;
black-separation surface to prevent contact between fluids.

Complete HX core

volume

0 00000 150000

50000 1
® New Area 169782 49858.1

Figure 3.10: Complete Core upgrade.
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3.1.4 Weight valuation

In order to further reduce the overall weight of the HX, reshaping of all the parts
af the HX assembly is required. First of all, a brief recall of the single part that
create the CAD assembly:

e Two flanges, top and bottom to cover che HX core;
e Separation plate where corrugated new designed surfacem is placed;
e Glasket channel’s separator, with two different spacing like above described;

In the following pages is presented a comparison between the original parts and
the new ones with the weight evaluation made by Solidworks. AISi10Mg material
is assigned 3.11 .

Table 3.5: Weight optimization for the complete HX.

File Wilg] Welgl AWlg] % W Number
Outer flange  83.07 74.19 888  10.68 1
Inner flange 157.92 1134 4452 28.19 1
Separator 2295  5.93 17.02  74.16 10
Pass. 4mm 43.01 36.36  6.65 15.46 6
Pass. 3mm 43.01 27.27 15.74 36.59 5
Corr. Surface 13.34 10
Pillars 39.49 31.36 813  20.58
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Single component weight fractions

outer flange inner flange
sperator M pass.4mm
pass.3mm corr.surface

M pillars

Figure 3.11: Parts weight evaluation, HX material AlSil0Mg.

Overall Weight: 766.17 g

outer flange
inner flange
sperator

M pass.4mm
pass.3mm

corr.surface

M pillars

Figure 3.12: Weight evaluation, HX material AlSil0Mg.
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Figure 3.13: Elements of the assembly.
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3.2 Metal Additive manufacturing

In order to obtain consistent weight reduction and realize complex shape in easy
way, additive manufacturing is selected as suitable process to produce a monolitic
element like heat exchanger is. In particular reduction in weight is well matched
thanks to AISi10Mg material powder. If we give an overview to the Metal manu-
facturing process, we can sey that it is made of several linked steps which bring to

an optimal object ready to work.

e Part Design: it is convenient to think additive. Part integration will be simpler

if in design step some issues are alreasy overcome.

e Software Build Setup: integration is performad by dedicated software. The
most famous in the industrial enclosure are EOS RP Tools, EOSTATE, EOSPRINT,

Materialise Magics RP.

e Physical Setup: selecting the material in particular AISi10Mg required for high

temperature application and aerospace one.
e Printing: the job is ready to be played.

The next phase is under the name ” Quality Assurance” and it is articulated in four

steps after printing ended.

e Build Removal: once printing finished, the plate is full of powder but the

element printed lies in.
e Part Separation: part is separated from the fusion bed
e Machining: removal of all the supports
e Surface Finishing: roughness of the surface is leveled by machining the surface

Then heat treatment started.

72



3 — Design for AM: value chain to develop an innovative prototype

Par‘t Design / Build Removal /
Software Build setup : / Part Separation /

Physical Build setup / Mmoo

Figure 3.14: Metal 3D printing process, step by step.

EOS M 290 Technical Data

Building Velume 250x250x%325mm

Laser Power 400W

Scan Speed Upte 7m/s

Focus Diameter 100pum

Power Supply 32A

Power Consumption Max 8.5kW/ typical 3.2kW
Compressed Air Supply 7000hPa/20m? /h

Figure 3.15: EOS M290 printer.
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Chapter 4

HX performance and simulation

by STAR CCM+ software

This section is concerned with the characterization of conduction heat transfer and
forced convection within ducts, which is a mode that pervades a wide range of
systems and devices. Conduction requires the presence of an intervening medium.
In the most cases the evaluation of the power exchanged throughout medium in
steady conditions, is interesting to be investigated. Many can be studied by thermal
resistances network approach like electical circuits, and the main aim is to input
temperatures and output power. In the following pages will be taken into account
all the mechanism that occurred in the heat trasfer. Heat conduction across plane
walls or solid medium, convection in the inner channels, forced convection more
exactly and overall heat transfer coefficient finally.

Simulations performed by STAR CCM+ cfd software are included, to validate the
performance of the current heat exchanger in terms of pressure drop firstly, then
the novel architecture of the core is evaluated by pressure drop and heat trasfer

coefficient.
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4.1 Heat Transfer Mechanism: conduction and

convection

The basic equation for the analysis of heat conduction is Fourier,Ads law, which is

based on experimental observations and is:
(4.1)

e ¢ in (W/m2) is the heat transfer rate in the n direction per unit area normal

to the heat flow’s direction;

e )\, (W/m - K) is the thermal conductivity in the direction n;

or

.an

(K/m) is the temperature gradient in the direction n.

The thermal conductivity is a thermophysical property ofthe material, which is, in
general, a function of both temperature and location; that is, A = f(T, n). For
isotropic materials, A is the same in all directions.

Consider a plane wall of thickness L. made of material with a thermal conductivity
k. The temperatures at the two faces of the wall are fixed at T,; and Ty with Ty >
Ts. For steady conditions with no internal heat generation and constant thermal

conductivity, the appropriate form of the general heat conduction equation, is:
(4.2)

An example of application of Fourier’s law is the conductive heat exchange in
a flat surface at fixed boundary conditions. Infact in this case, this example is
suitable for our purpose. Consider a plate of thickness 3mm and lenght 140mm
which is like the separation surface in the current compact heat exchanger. As a
certain temperature is assigned to the top surface and a different one at the bottom,
a temperature gradient occurrs and a conductive heat diffusion starts across the
medium as Fourier’s law describees. Therefore, material plays important role to
make final temperature’s value.

The previous equation, where X\ and A are presumed constant, suggests that in

a way that is analogous to Ohm,Ads law governing electrical current flow through
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Table 4.1: Boundary conditions and setting for conductive heat transfer on a plate.

Surface Lenght [unit] Thickness. A [W/mK] Ti,p [°C] Toot [°C]
Plate 140mm 3mm 290 90 110

Heat flux vs plate thickness, at different conductivity

120000
110000
100000
90000
80000
70000
60000
50000
40000
30000
20000
10000
0

[W/mk]

aspiEsi=103
k=390
el 17

amgawk=790

Heat Flux [W]

0.001 0.002 0.003 0.004
Thickness [m]

Figure 4.1: The graph shows the variation of the conductive heat flux on the plate
thickness, at different material’s conductivity.

a resistance, it is possible to define a conduction thermal resistance as:

Lol Ly (4.3)

R g M

As the graph 4.2 shows, the thermal resistance of a certain material increases
as the the thickness of the plate increase too but on the other hand smaller resis-
tance means higher heat flux through that solid medium. In fig. 4.1 is showed an
increasing of the heat flux as the thickness tends to zero. Therefore we can assert
that if the wall thickness is near to zero, the thermal resistance does not influence

the heat transfer in conductive way.
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Thermal resistance vs thickness, at different

0.004
0.0035
0.003
2
2 [W/mk]
=
= 0.0025 e
1
o
£ o002 wimi=148
2 k=390
u
= s T
=
0.001
0.0005
0 : ; : : :
0 0.001 0.002 0.003 0.004 0.005

Thickness [m]

Figure 4.2: Variation of the thermal resistance on thickness of the plat.

Even if the theory of fluids is well developed, analytical solutions are calculated
for simpler cases only, such as laminar flow through channel, fully developed. Then
for others more complex cases it is necessary to refer to correlation and experimental
solutions. The thermal flux can be laminar or turbulent, depending of the fluid.
Generally, at low velocity the flow is laminar, instead at high speed it is turbulent.
Most fluids are turbulent as their viscosity increases. Consider a circular cross
section duct, Reynolds numeber is defined as:

_pwD  wD

— 4.4
Re p » ( )

where:
e w is the mean speed of the flow;
e D is the duct’s diameter;

e 4 is the dynamic viscosity [kg/m];
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e v is the cinematic viscosity [m?/s], defined as v=y/p;

Generally, for flows in non-circular channels is preferred the use of the equivalent
diameter or hydroulic diameter, calculated as the ratio between Area of the channle

and perimeter, as follow:
4A,

p

In circular duct it is exactly the real diameter of the channel. The previous defini-

D,y =

(4.5)

tion of Reynolds number is not quite exact because of many factors that influence
the flow behaviour are not considered. Some of these are surfece roughness, vi-
brations of the channels, unsteady motion in the duct. General, for most basical

application the variation of Re defines:
e Re < 2300 laminar;
e Re> 10000 completly turbulent;
e 2300 < Re < 10000 transition from laminar to turbulent;

However in the design approach is common to consider turbulent flow with Re
> 4000: this is more conservative for calculation [21].
The region beyond the entrance region in which the velocity profile is fully devel-
oped and remains unchanged is called the hydrodynamically fully developed region.
The velocity profile in the fully developed region is parabolic in laminar flow and

somewhat flatter in turbulent flow due to eddy motion in radial direction 4.4 .

Thermal
/ boundary layer

T, .," 1: //-Temper:1nu'e profile
¢ —
si:ﬂ-hﬁ__; —\

= = - — .. = e
EE_ —

— —

Thermal i Thermally
entrance region fully developed region

Figure 4.3: Development of the thermal boundary conditions.
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Convective thermal transport from a surface to a fluid in motion can be related
to the heat tranfser coefficient h, the surface-to-fluid temperature difference, and

the wetted surface area S in the form:
q=hS(Ts — Ty)[W] (4.6)

For a particular geometry and flow regime, h may be found from available empirical
correlations and/or theoretical relations. Use of eq. below makes it possible to

define the convective thermal resistance as:

1

Rcv:ﬁ

(4.7)

Common dimensionless quantities that are used in the correlation of heat trans-
fer data are the Nusselt number Nu, which relates the convective heat transfer

coefficient to the conduction in the fluid:
Nyu=—=— (4.8)

The Prandtl number Pr, which is a fluid property parameter:

Pr= % = g (4.9)

where:
e h: convective heat transfer coefficient, [W/m?K]|
e L: main geometrical lenght of the plate;
e ¢, specific heat at pressure constant, [kJ/kg K]

e «: thermal diffusivity, [m?/s]

4.1.1 Reynolds number for water and oil side

Initially, consider the actual heat exchanger’s turbulator. In many compact HX the
inner turbulator can be considered as an offset strip fin whose geometrical features

are described in tab5.3 ; below:
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Figure 4.4: Geometry of the rectangular offset strip plate fins.

Table 4.2: Geometrical features of the actual HX inner turbolator, measured by Solid-
works model.

timm| l[mm] h[mm] s[mm)]

0.20 4.5 2.8 3.1

By introducing dimensionless geometrical paramters is convenient to overcome
the geometry. In this circumstance «a, 9§, v are calculated and then the hydroulic

diameter:

Hydroulic diameter is:

4A 4shl
Dp=-2 = — 0.0024 4.1
PSP T el bt th) ) 00 (4.10)

Reynolds number is calculated starting by the mass flow rate for the water chan-

nel, then for oil’s one.
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Table 4.3: Dimensionless parameters of the geometry.

« 0 y
1.1071 0.0444 0.0645

Table 4.4: Water channel: Reynolds number, water properties at 360K.

p lkg/m?’]  plkg/ms] d[m]  Alm?  w, [m/s] o ke/s|

958 0.320 - 107* 0.0024 9.8 -107%  0.8791 0.1515
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mD
Re,, = PmLn

— 6238 (4.11)

Table 4.5: 10W-50 SE oil channel: Reynolds number at 373K.

p kg/m’] plkg/m] dfm]  Am’]  wp [m/s] i [keg/s]

840 17.1-1073 0.0024 9.8-10°5 02817  0.0719
D
Reoi = pwu h 66 (4.12)

For the two circuits, Re is lower than 2300 and the inner flow regime is laminar.

Re vs hydroulic diameter Dh, at different inlet vel.

2300 — LA
2200
2100
2000 r
1900 -
W
el
18 inlet velocity ||
0.0544
Troo 0.0554
0.0564
ot 0.0574
0.0564 ||
1500 - Onsg94
0.0604

14'}'} a1 PR U S IR T TN S NS S S U NS SR SR SN NS SO T S U N N T N R S N U |
24 25 26 27 28 28 3 31 32 33
Dh [m] %1073

Figure 4.5: Reynolds number and plate diameter.
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The figure 4.6 shows that Re increases if the inlet velocity of the flows augments.
In particular this means that a more energetic fluid as an accelerated one, is better
for Re which represents the ratio between inertia and viscous force. High Reynolds
numeber means that the flow is more turbulent and the viscosity of fluid does
not affect the motion of the fluid too. At the opposite side, keeping constant the
velocity inlet, it is clear that to have higher Re we have to augment the hydroulic

diameter which means an increase of the mass flow rate section.

4.1.2 Prandtl for water and oil side

The Prandtl number is related to the thickness of the thermal boundary layer.
When the fluid flows on a heated plate, then the particles in direct contact to
the surface reach the same temperature of the wall, keeping thermal equilibrium.
Energy (heat is a form of energy) towards the upper layers will be exchanged as
momentum and temperature tends to the temperature of the fluid as egual as far
from plate. In this case this represent a boundary layer development in thermal
way and the dimensionless parameter utilized is the Prandtl numeber Pr.

By definition, it is:

momentumdi f fusivity v puc,

" heatdi f fusivity e A (4.13)

In table some of typical Pr for fluids at 1" = 60°C' are listed:

Table 4.6: Prandtl number of typical substances.

Fluid Pr
Water 3.79
Lube Oil 1050
Freon-12 3.5
Glycol o1
Alcol 10.6

For our purpose, the Pr is calculated set:

e WATER Pr=1.987;

e OIL Pr=276;
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Table 4.7: Prandtl number for our application, water at T' = 360K, oil at T" = 373K.

Fluid v [m?/s] «a[m?/s] ulkg/ms] ¢, [J/kgC] X [W/mC]|

Water 0.33- 1075 1.66- 107 0.320 - 103 4204 0.674
Oil 20.3-107% 7.38-107% 17.1- 1073 2219 0.137

4.1.3 Nusselt for water and oil side

There are several empirical relationship for calculating the convective heat transfer
coefficient, between the surface and the thermally fully developed flow. The rela-
tionship for calculating Nu and Fanning friction factor for a non circular duct are
showed in the following table. Nusselt number represent the ratio between the heat
trasfer by convection respect to heat transfer by conduction, and in this case is ad-
justed for a rectangular section, corrected by a shape factor linked to the dimension

of the two sides a and b.

Table 4.8: Nusselt number, friction factor for thermally fully developed flow regime.

a/b  Nu gy,r = cost f
1 3.61 56.92/Re
2 4.12 62.20/Re
3 4.79 68.36/Re
4 5.33 72.92/Re
6 6.05 78.80/Re
8 6.49 82.32/Re
o0 8.24 96.00/Re

The Fanning friction factor is a factor that can be read by the Moody’s diagram,
and its values depend by the surface roughness (Nikuradse regression):

For more detailed analysis, we have to take into account geometrical factors,
by introducing more parameters too. Then, The heat transfer and flow friction
characteristics of the plate fin heat exchanger are the analysis of heat transfer
factor 5 and friction factor f.

j=St-Pr?? = % (4.14)
where j is the heat transfer factor or Colburn factor, St is the Stanton number;
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Figure 4.6: Moody’s diagram.

Based on the experimental data for 18 different rectangular offset-strip-fin cores
listed in Kays and London (1984) the following power law correlations for the
Fanning friction factor f and Colburn factor j have been proposed (Manglik and
Bergles, 1995) [22]:

fh — 9.6243}%6}:0'7422'06_0’1856'50'3053"7_0'2659'(1+7.669'10_8R6%’429'(10'920'53'767'70'236)0’1
(4.15)

jh —_ 0.6522R6;0'5403'Oé_0'1541'(50'1499"7_0'0678'(1+5.269'10_5R€}1L'340'&0'504'(50'456"}/_1'055)0'1
(4.16)

The Nusselt is defined as:
__ hD,

A
where D), is hydroulic diameter, [m]. Combining equation 4.14 and 4.17, the
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convective heat transfer coefficient is presented:
=2 . pr'/® (4.18)

By introducing the ratio between frontal area A5 and cross section of the smallest

passage A., j expression become:

Tout __ En P’I"Qﬂ%é

T 7 (4.19)

the value of D, is just calculated in previous section, and it is 0.002849m, and

where:

AT’ma:c - ATmm
A max

which is Ty, — Ty during heating and T,,; — Ty, during cooling, [K]; T, is the wall

AT = (4.20)

temperature, [K];
Combing the hydraulic diameter Dh (Eq. (8)) and the mean temperature dif-

ference, the heat transfer factor j is expressed in Eq. :

Dy,

~h T —T.
= AL ] e 4.21
J PTZ/S n (Tw _ Tout) ( )

Neglecting the fluid loss of inlet and outlet, the friction factor f can be obtained
by:
_APD,

f= Spuil (4.22)

Table 4.9: Results: Colburn factor and Fanning factor f for the two sides, water and oil.

channel Rey, a vy ) f j
Water 6238 1.1071 0.0645 0.0444 0.0464 0.0087
OIL 66  1.1071 0.0645 0.0444 0.9675 0.050719
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Once obtained the two main factor j and h, the others results are rapidly derived.

Table 4.10: .

Fluid j A Re Dy, Pr

Water  0.0087  0.681 6238 0.0024 1.987
OIL 0.050719 0.137 66  0.0024 276

AR
Puater = 25+ Prif? = 5189W /m*K (4.23)
h
2
o = 1 ppiss 1637.77W /m*K (4.24)
h

Based on the above relations, the heat transfer and flow friction characteristics
of fins can be calculated from the fluid properties, channel shape, the parameters
of inlet and outlet.

Resume of the results of this section, about Nu, Re, Pr, j, f, h for water and oil
side.

Table 4.11: Resume of parameters by empirical correlation for the actual strip-fin heat
exchanger.

Side Re  Nu Pr J f h St AP/Ax

Water 6238 21.71 1.81 0.0104 0.0464 5489 0.070 9580
OIL 66 24 1746 0.0507 0.9675 1637.77 0.0016 14187

In order to explain the value of the fluidinamic parameters, it is necessary to
recall some definition of the dimensionless number listes above. In particural the
fanning friction coefficient f can be arranged in a way that shows the poressure
drop:
2D

2pu?

f= (4.25)

where AP/Az and h represent the mean pressure gradient in the main flow direc-

tion and the convective heat transfer coefficient, repsectively.
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Figure 4.7: Pressure drop trend at different velocity of the two fluids.

From the formulas utilized, is defined the volume goodness factor, in terms of
Stanton number, and the area goodness factor in terms of Colburn factor and

Fanning factor:

e Volume goodness factor= ff}fg

e Area goodness factor:%

4.2 e-NTU method

The overall geometry and the exchanger surface geometry are just specified and
are used to calculate the free flow area and the heat transfer area of each side.
The convective heat transfer coefficients must be scaled based on a temperature
effectiveness of the heat transfer surface. The temperature effectiveness and the fin
effectiveness is calculated using following equations (Incropera and DeWitt, 2002).

Note,equations need to be evaluated for each side of the heat exchanger.

Ay

— (1 — 4.26
) (426)

770:1_

where:
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e 1), is the overall temperature effectiveness of the heat transfer surface;
e 7); is the fin efficiency;

e Ay is the fin surface area for the strip fin heat exchanger, [m?;

e A,r is the primary surface area, [m?;

Fin Effectiveness of Thin Sheet Fins is definesd as follow, and set at 0.87 fot
T%=0.92, (4.8):
tanh( fTPH )

ny = - (4.27)
HP
s
LIxJ 1.[] i T T T T T T T T
= | uniformh = & 0 O y
Ty non-uniformh = = m N
> 0.9 NTU, 0.11.0 17 25 i
-
£ B -
2
@ 0.8 |
©
@ r -
A
5 0.7H 4 |
g L ]
E ]
Q
_g D.G I~ ™ =
=
m B -
=
L 05 ' ' L | 1 | 1 |
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Normalized fin temperature, T,

Figure 4.8: Calculation results of Manglik-Bergles correlation, [24].

Using circuit analogy for thermal resistances, is possible to evaluate the thermal
conductivities which are the inverse of the resistances 4.9 , and in this way evalu-
ation of the hot side and cold side is done, so an appropriate substitution of the

convective heat transfer coefficient is useful for next calculation.
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Figure 4.9: Circuit thermal resistancies analogy for the two sides.

a

Ryan = m (4.28)
It is negligible becaouse of the thickness of the plate which not affect thermal
resistance.
R0t = foroilside (4.29)
NolthAh
Reod = ! forwaterside (4.30)
noheAc

It is object of interest for the analysis, the inverse of the combined resistance,

which represent the overall thermal conductance, defined as:

11
UpnAn — U.A,

= Rtot = Rwall + Rhot + Rcold (431)

Where:

oz);

e U is the overall heat transfer coefficient, |5

e hot is referred to oil side, instead cold is refferred to water one.

Where Rouiing is the the resistance caused by fouling. Finally, the overall heat

transfer coefficient for unit area is:
U = 604.2W/m’K (4.32)
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Table 4.12: Resistances of the fluids in the heat exchanger.

Slde hside As’ide [m2} Mo RS’ide

hot 1637 3.978e-4 0.87 0.00111
cold 5489 3.978e-4 0.87 1.92e-4
wall 0.084 0.0345

The thermal verification calculation is performed on an already existing ex-

changer of which they are notes:
e total heat exchange area;
e mass flow rates;

e temperatures of entry of the two fluids.

In this case the goal is to determine the power thermal exchanged and the out-

let temperatures of the two fluids. The heat calculation of the exchangers nor-

mally takes place using the equations of mass and energy balance which are nor-

mally obtained by considering heat exchangers as open systems when fully oper-

ational,globally adiabatic. Applying mass balance and fluid energy equations the

following formulas are obtained:

Wi = Gp(hnin — hhout = Grepn(Thin — Thout)

Wt - Gh(hc,out - hc,in = Gccpc(Tc,out - Tc,in)

where the thermal flow rate C [W/K] is introduced:
Ch = Gpepn
Ce = Getpe
The two equations become, respectively:
Wi = Ch(Thin — Th.out)

Wt = Cc(Tc,out - Tc,in)
91
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To these two energy balance equations, an exchange thermal equation can be associ-
ated. It is important to note that having only three independent equations available
(energy balance for the two fluids and the heat exchange equation), can be maxi-
mized three unknown variables of the exchanger between: the four temperatures,

the two flow rates, the power exchanged and the exchange surface.

4.2.1 LMTD method

In this case the thermal power exchanged between the two fluids is linked to the

difference of temperature between the hot fluid and the cold fluid:
Wt = UA(Thot - Tcold) = UAATml (439)

However, since AT varies with the position inside the heat exchanger is it is nec-
essary to use a suitably mediated temperature difference. For a counter-flow heat

exchanger, the LMTD is calculated as:

AT, — AT
AT = = 57— (4.40)
where:
ATI = Th,in - Tc,out (441)
AT? - Th,out - Tc,in (442)

In our application, LMTD is 62°C.

4.2.2 Ntu and effectiveness method

To obtain an expression of the heat exchange equation that does not include any
outlet temperature is defined as the efficiency of an exchanger, €, the relationship
between thermal power actually exchanged in the exchanger and the maximum

heat output exchangeable.
Wi

Wt,maz

€ (4.43)

The maximum exchangeable heat output is that which can be realized in an ex-

changer in which the fluid with a lower thermal capacity undergoes the maximum
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possible temperature difference without violating the second principle of thermo-
dynamics, and this occurs when it comes out of the exchanger at a temperature

equal to that of the second fluid inlet. In other words:
Wt,max = Cmin(Th,in - Tc,in) (444)

This power could be obtained with a counter-flow heat exchanger with an infinite

exchange surface;

Table 4.13: input parameters for NTU method.

Th,in Tc,in Gc Cpe Gh Cph Wt Wt,maa: szn C
115 90 0.1583 4210 0.0719 2307 1657 4143 165.75 0.24

Wi

= = 40% 4.45
‘ Wt,max ’ ( )
Note the thermal efficiency is simple to read the value of NTU in the graphic
below:
UA
NTU = o= 0.540 (4.46)
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Figure 4.10: NTU for counter-flow heat exchanhger.

Efficiency increases rapidly for NTU about 1.5, rather slowly for great values.
For a given NTU and C the greater efficiency is that relative to a a counter-flow
exchanger followed closely by a cross-flow heat exchanger. The efficiency is inde-

pendent of the C capacity ratio for NTU values A&, Aaless than 0.3.
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Chapter 5

CFD analysis for flow through in

Heat exchanger

This chapter summarizes a methodology of simulating pressure drop and heat
transfer coefficient considering simple passage without inner turbulator firstly, then
within turbulator. The validation method starts with simulated flow through tur-
bulator section, representative of the periodic developing of the geometry in the
HX. STAR CCM+ softaware is utilized to perform simulaton, and the results are
compared to test data provided by ICP for the engine. It is important to consider
same specifical parameters which involvs in heat exchanger’s performance: Fanning
factor related to pressure loss and Colburn factor that consider heat transfer qual-
ity.

There are a lot of different correlations proposed for evaluation of j and f, all referred
to different operating conditions. In particular it is useful to remember Manglik
& Bergles Correlation [25] and ALEX equations for offset strip fins exchanger.
Reynolds number is the main term which differs in the dissertation. Eventually,

comparison of the CFD results and test data is proposed.

5.1 STAR CCM+ Modelling/Simulation

As mentioned in the previous chapter, the heat transfer and flow friction char-

acteristics of fins can be calculated from the fluid properties, channel shape, the
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parameters of inlet and outlet. The ALEX correlation is in 300 < Re < 7500 :
Inj = —2.64136 - 10~ 2(InRe)® + 0.555843(InRe)? — 4.09241(InRe) 4 6.21681 (5.1)

where Re is calculated considering the hydroulic diameter of the turbulator’s
fin.
Inf = 0.132856(InRe)? — 2.28042(InRe) + 6.79634 (5.2)

4 N

Geometry

Solutions

o

Results

Figure 5.1: CFD approach for simulation.

Star CCM+ is adopted to conduct the simulation for heat transfer and flow
friction characteristics of offset turbolator’s fins. The conservation equations of

mass, momentum, and energy are shown as follows:
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dp  Opu,  Opu, Opu,
5 s oyt 6 =0 (5.3)

where u,,, , are the velocity component along x, y and z direction.

Momentum equation that are three vectorial expression in the three directions, too:

dpu, _ Op

ot + V(puzu) = o + V(pgradus) + S, (5.4)
Jpu Op

8ty + v (pu,u) = ~ay + v(ugradu,) + S, (5.5)
dpu., ~ Op

ot + V(pu.u) = 92 + v(ugradu.) + Sy, (5.6)

where p is the pressure measured in Pa and S, is referred to source term, in most
general formulation. Whereas the energy equation is:

OpE
i VIu(pE +p) =/ - [keprgradl — Z h;J; + (Tepy - 1) + Sh (5.7)

ot -

where E is the total energy of fluid, [J/kg]; h is entalpy, [J/kg]; k is the heat
transfer coefficient, W/(m?K); J; represents diffusion flux; 7 is viscous stress, Pa.
In the flow of circular pipe, Reynolds numbers Re less than 2300 is assumed as
laminar flow, instead many compact surfaces, especially those with periodically
interrupted passages such as corrugations or offset strip fins, like the actual heat
exchanger, have effectively transitional flow at Reynolds numbers as low as about
300. In the following simulations, the Reynolds numeber is calculated considering

Dy, referred to the smallest passage for water side and oil side, respectively.
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5.1.1 Geometry

Basic structure of the finned turbolator is shown in the picture below. A cad model
is imported into StarCCM+ CAD scene. The operation take place in the following

order:
e right click on geometry and oped a new cad scene;

e right click on the 3D-model node at the top of scene tree and select import

cad model;

e once select cad file browsing into its folder, take a look to the cad repair tick,

to resolve the component and avoid geometric issue.
e finally, import and visualize in the sketch plane.

At this point is sufficient to enclose the actual cad into a suitable volume ex-
truded by a sketch. by the way, a new body is created as computation domain
which not absorb the previous and inner piece, if body interaction option is set
as "none”. It is important to not "merge” the two bodies and the fluid body just
created to not slice the first body: non-manifold geometry warning will appear like

al error.

Figure 5.2: Solid part considered in the simulation, periodical repetiotion in x direction.

After creating two bodies, rename the last one as fluid domain: this will result
more simple for setup of parts and regions into solver. The fluid domain has a block-

like shape, the specifications are posted in the following table, all the measures are
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referred to the lab reference:

Table 5.1: Fluid domain spec.

Parameter  x[mm| y[mm] z[mm)]

fluid domain 7.5 100 4

Figure 5.3: Computational domain.

In the table below, geometry parameters of the fins are presented. The main
aim for simulation is to keep down the computational effort by reducing number of
cells but not their quality at the same time. Moving on this track, it is necessary to
reduce the computational domain considering the periodic repetition of the same
geometry in the space 5.4 . In this case, turbulator presents the repetion of the
same wave in the x direction, so it is sufficient to consider only one representative

wave:

Figure 5.4: Inner turbolator section.

The geometric setup of 3D-CAD is over, the following step is the regions creations

for simulation.
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Table 5.2: Geometrical features of fin.

Parameter h[mm]| s[mm] t[mm] lenght [mm]

fin 2.8 7 0.5 4.5
5.1.2 Mesh
In simulation environment, the bodies will be converted to regions. Firstly, parts
is created :
x|
Parts Body Type |Solid Bady ~]
Mark Feature Edges ISharp CAD edges j

E] Geometry

i =+ 3D-CAD Models
i @[3 30-CAD Model 1
[¥ Create Part Contacts from Coincident Entities ¢ B

Coincidence Tolerance |1 {0E-5

Sharp Edge Angle (deg) [30.0

Tessellation Density IMedium j

[~ Show Detailed Tessellation Parameters

0K I Cancel | Help |

Figure 5.5: New geometry part.

Selecting ”split by patch” option, inlet ad outlet are assigned, renaming the
entrance face of the fluid domain and the exit one, in streamwise directions. After
this, two parts are inserted in the part tree node. Now, right closking the same
node, assign part to region is required to generate interactive entities from the two
bodies. Attention must be payed to settings in this dialog window, because of
interface options which define the new regions.

The table below, 5.6, presents all the boundaries type and characteristics assigned
to the bodies.

Meshing process involves two differet mesh definition, one for the fluid domain
with specifical setting, and another one for solid region. The generation of the grid
is important for calculation: a fine grid mesh is stricltly required in the boundary
region near the wall, a coarse mesh is sufficient to discretize the rear space sor-
rounding the solid body. As well as the previous table, the following one resume

all the selected option to generate the mesh.
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Regions Type Parts Boundaries Type

Dominio Fluid Region Dominio Bottom Simmetry plane
Default Dominio  Wall
Def Inteface Contact Boundary
Destro Simmetry plane
Inlet Velocity Inlet
Culet Pressure Outlet
Sinistra Simmetry plane
Top Simmetry plane

Solido Solid Region Solido Default_solido wall

Interfaces Contactinterface Solido/Dominio

Mesh Fluid Domain

Mesh Solid

Def_Inteface_solido Conctat Interface

Topology

Figure 5.6: Properties.

Models

Contact Interface
In place

Reference Values

Polyedral Mesh
Prism Layer Mesher
Surface Remesher

Surface Remesher
Thin Mesher

Base Size

0.1 mm

Mumber of Prism Layers 10

Prism Layer Thickness

2.33E-04

Prism Layer Stretching 1.3

Surface Curvature

40 pts/circle

Surface Growth Rate 1.1

Relative minimum size
Relative target size

Base Size

0.005 mm
0.05 mm

0.01 mm

Surface Growth Rate 1.1

Thin mesh Layer
Prism Layer

Figure 5.7: Mesh properties.
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5.1.3 Mesh Outline

e Surface Remesher:it is often used to retriangulate the surface. The remesh-
ing is primarily based on a target edge length that you supply and can also

include feature refinement that is based on curvature and surface proximity

27].

e Polyedral Mesh: the polyhedral meshing model utilizes an arbitrary poly-
hedral cell shape in order to build the core mesh. The polyhedral core mesh
density can be increased or decreased by using the volume mesh density fac-
tors. Volumetric controls that are chosen from a range of prescribed shapes
can also be included to increase or decrease the mesh density locally. The

maximum limit of polyhedral cells per process is 120 million cells [27].

e Prism Layer Mesher: the prism layer mesh model is used with a core volume
mesh to generate orthogonal prismatic cells next to wall surfaces or boundaries.
This layer of cells is necessary to improve the accuracy of the flow solution [27].
A prism layer is defined in terms of thickness, number of layers, size of layers,
function to generate the distribution. Prism layers allow the solver to resolve
near wall flow accurately, which is critical in determining not only the forces
and heat transfer on walls, but also flow features such as separation.Separation
in turn affects integral results such as drag or pressure drop. Using a prism
layer mesh allows you to resolve the viscous sublayer directly if the turbulence
model supports it (low y+ ~1). Alternatively, for coarser meshes it allows the

code to fit a wall function more accurately (high y+ < 30).

Cell quality indicators are plotted thanks to macro. Playing the "meshquality-
macro” [28], it is easy to ensure the mesh quality, considering the following param-

eters:
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Figure 5.8: Mesh quality: output of the macro runned into StarCCM+.
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Mumber of Cells

Number of Cells
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Figure 5.9: Bar chart about mesh properties.
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Wolume Change

500004

Mumber of Cells
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Volume Change
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i I
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Figure 5.10: Volume mesh properties, macro’s output.

After mesh generation, is useful to make sure about the quality and density
of the volume mesh. In StarCC+ output window is easy to visualize a compact
volume mesh report which exposes all the parameters involved in the grid genera-
tion. Several values is reported, but for critical analysis and estimation of the cells

quality, particulare point are focused:

e Mesh validity;
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e Face validity;
e Volume change;

In the following report related to ”dominio” and ”solido” meshes executed per-

domains, is visible the output value of the upper parameter:

-» ENTITY COUNT:

# Ccells: 1432511

# Faces: 7689205

# Verts: 6226343
-» EXTENTS:

x: [-3.5021e-02, -2.7579e-02] m

y: [ 0.0000e+00, 1.0000e-02] m

z: [-6.0057e-04, 3.2300e-03]1 m
-» MESH VALIDITY:

Mesh is topologically valid and has no negative volume cells.
-» FACE VALIDITY STATISTICS:
Minimum Face validity: 9.644546e-01
Maximum Face Validity: 1.000000e+00

Face validity < 0.50 0 0.000%
0.50 <= Face validity < 0.60 0 0.000%
0.60 <= Face validity < 0.70 0 0.000%
0.70 <= Face validity < 0.80 0 0.000%
0.80 <= Face validity < 0.90 0 0.000%
0.90 <= Face validity < 0.95 0 0.000%
0.95 <= Face validity < 1.00 3 0.000%
1.00 <= Face validity 1032508 100.000%

L VOLUME CHANGE STATISTICS:
Minimum Volume Change: 6.677691e-03
Maximum Volume Change: 1.000000e+00

Volume Change < 0.000000e+00 0 0.000%
0.000000e+00 <= volume Change < 1.000000e-06 0 0.000%
1.000000e-06 <= Volume Change < 1.000000e-05 0 0.000%
1.000000e-05 <= volume Change < 1.000000e-04 0 0.000%
1.000000e-04 <= Volume Change < 1.000000e-03 0 0.000%
1.000000e-03 <= volume Change < 1.000000e-02 1 0.000%
1.000000e-02 <= Volume Change < 1.000000e-01 10950 1.061%
1.000000e-01 <= volume Change <= 1.000000e+00 1021560 99.939%

Figure 5.11: Compact volume mash report.

e Cell quality histogram: the shape of the cell affects the cell quality. Cells with
a quality less than 1.0e-5 are considered bad, 5.9 .

e Skewness histogram: the skewness angle measures the angle between a face
normal and the vector that connects two neighboring cell centroids. Skewness
angles of deg 90 or greater typically result in convergence issues, while skewness

angle of deg0 results in perfectly orthogonal cell, 5.9 .

e The volume change metric describes the ratio of the volume of a cell to that of
its largest neighbor. 0.01 volume change are considered bad cells, while a large
jump in volume among neighboring cells causes accuracy issue and instability,
5.10.
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Figure 5.12: Section plane across domain for more comfortable mesh visualization.

Figure 5.13: Conformity between prism layer and poly mesh.

5.1.4 Wall y+

Three wall

Wall treatment models are used in conjunction with RANS models.

treatments options are available in StarCCM+:
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e High-y+: is a traditional wall function where the centroid of the cell is placed
in the log-law region and 30<y+< 100;

e Low-y+: suitable only for low-Re turbulence models in which the mesh is
sufficient to resolve the viscous sublayer, and 10-20 cells are placed in the

boundary layer region, y+~1, 5.14;

e All-y+ is an hybrid solution to give accurate results if the near wall call centroid

is in the viscous sublayer, the log-law region, or the buffer layer.

Figure 5.14: y+~1
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Wail v+

1.5000

1.2000

0.60000

000000

Wall ¥+
f.040000

0.032015

f.024029
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D.0080588

F.3340e-05
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Figure 5.15: 10 layers are improved to capture the viscous sublayer near the wall, chosing
a y+~1. In the first image y+ range is up to 3, instead in the second one, a refinement of
the thin layer prism mesh bring to reduce the y+ value to 0.05, involving a more accurate
solution.

Figure 5.16: Wall y+: range 0-3.

Estimanting wall y+ start with desired y+: in the upper case, y+ is set at 3.

For example, the table below shows the step for estimating, for pipe flow:

Cr  0.039

> = Rl (5.8)
2
7w = Cj - % (5.9)
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wk T8 (5.10)

p
We will target a y+ of 3.

Table 5.3: Water medium, y+ estimation.

Re v U p Cy/2 Tw U y+
5870 2.82e-4 0.5981 958 0.006876 2.3564 0.04959 3

+
y = yu—: = 1.7lmm (5.11)

5.1.5 Models and conditions

After meshing, selecting models and boundary condition set are required. In the
presente case of study the mesh is polyedral one and conformal, to ensure geometric
continuity from cell to cell as well as accuracy improving of the target value. Next
step involves models physic for each domains. In particular a solid model and a
fluid model to solved a conjugate heat transfer problem. In order to summarize the

selections, two table are proposed, one for fluid and last for solid.

Table 5.4: Enabled models for oil side.

Continua Regions Models

Oil Fluid Three dimensional
Steady

Liquid

Segregated flow

Gradients

Constant density

Turbulent

Re-averaged NS

K-epsilon turbulance
Standard k-epsilon Low-Re
Exact wall distance
Segregated Fluid Temperature
Low y+ wall treatment
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Table 5.5: Enabled models for solid.

Continua Regions Models

Oil Fluid Three dimensional
Steady

Solid

Segregated solid energy

Gradients

Constant density

Because of laminar flow, Re is 66 and a suitable turbulance models nedeed: low-
Re and standard k-epsilon help to resolve issue. Moreover, a low y+ allow us to
captured the boundary effect near the wall. Oil is material not included in the li-
brary. Replace with a custom material introducing the fluid properties at a certain

temperature. Then Aluminium solid medium is selected.

There are few initial conditions to be set, and these are:

Table 5.6: Initial conditions for oil side.

Continua  Initial Conditions Value
Fluido Pressure 1.5 bar
Static Temperature 388K

Velocity [0,0.4814,0]m/s

Solido Static temperature 300K

Instead in Regions, for each boundaries:
For the water side, the options selected are the same, but there are few differences
like turbulence models, temperature and HTC.

Solid is the same.
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Table 5.7: Regions initial conditions setup.

Fluido Bound. Type Physic cond. Ref. values
Inlet Vel. inlet Default Static Temp. 388K
Vel. magnitude 0.4814m/s

Lateral wall

Simmetry plane

Outlet Pressure outlet 1.5bar

Top surface Simmetry plane

Bottom surface Wall

Bottom interf. Shear stress spec. no-slip
Thermal spec. Adiabatic

Intefacel Conctact int. bound.

Turbolator Wall Adiabatic

Interface2 Contact int. bound.

Interfaces Fluido/solido Contact

In-place

Table 5.8: Regions initial conditions setup.

Solido Bound. Type Physic cond. Ref. values
Default Wall  Convection HTC

300 W/mK

Table 5.9: Enabled models for water side.

Models

Three dimensional

Steady

Liquid

Segregated flow

Gradients

Constant density

Turbulent

Re-averaged NS

K-epsilon turbulance
Realizable k-epsilon

Exact wall distance
Segregated Fluid Temperature
two-layer y+ wall treatment

Continua Regions

Water Fluid
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Table 5.10: Regions initial conditions setup.

Fluido  Bound. Type Physic cond. Ref. values
Inlet Vel. inlet Default Static Temp. 366K
Vel. magnitude 0.8791m/s
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5.1.6 Oil side results and validation

Several simulations are played to provide data for validation of rsults. In particular,
variation of the mass flow rate is useful. The following plots show the comparison of
empirical trend by correlation and StarCCM+ results referred to different working
conditions, as variation of rpm of the engine to which corresponds changing in

temperature and pressure. Error trend is plotted in the same range.

Temperaturs (K}

I333.UIJ

LN
8770
38755
28740

FE725

Figure 5.17: Oil temperature.
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Pressure (Pa)
[

Figure 5.18: Oil Pressure.

Velocity: Magnitude {m/s)
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Figure 5.19: Oil velocity.
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Figure 5.20: Wall y+ oil side.

Specified ¥+ Heat Transfer Coefficient fV/mA2-K)

. o

14402

10804,

F206.0

FE0R.0

10.061

B x

Figure 5.21: Specified Wall y+ heat transfer coefficient.
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Figure 5.22: Nusselt number for oil.

— Continuity
Residuals —— X-momentum
— Y-momentum

Z-momentum

——Tdr
| — Tke
‘\ =
\
\_
\
\ \

A s B e I B B o T B e B a B e
100 200 300 400 500 600 700 200 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

Iteration

Figure 5.23: Simulation’s residuals after simulation.

117



5 — CFD analysis for flow through in Heat exchanger

Pressure Drop 1 Monitor Plot
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Figure 5.24: Pressure monitor: after convergence, pressure drop is steady at 174Pa.
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Figure 5.25: Fanning friction coefficient f vs Reunolds number.
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Oil side: Heat Transfer Coefficient vs Re
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Figure 5.26: Heat transfer coefficient vs Reynolds number.
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Figure 5.27: Colburn factor vs Reynold number.
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Nusselt vs Reynolds
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Figure 5.28: Nusselt number vs Reynold number.
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Figure 5.29: Error trend in f and j results.
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5.1.7 Water side results and validation

Several simulations are played to provide data for validation of rsults. In particular,
variation of the mass flow rate is useful. The following plots show the comparison of
empirical trend by correlation and StarCCM+ results referred to different working
conditions, as variation of rpm of the engine to which corresponds changing in
temperature and pressure. Error is quite larger because of a series of mismatch
introduced during test data record. It is also important to consider the fact that
RANS model involved for simulation generates more variation respect to mean
value. For this reason the validation is correct about trend, not exactly reliable

about numbers.

Pressure {Pa)
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16665

-75.567

Figure 5.30: Water pressure.
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Temperature (K
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Figure 5.31: Water temperature.
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Figure 5.32: water velocity.
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Heat Transfer Coefficient W/ mA2-K)
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Figure 5.33: Heat transfer coefficient, water side.
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Figure 5.34: Wall y+ water side.
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Water side
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Figure 5.35: Colburn factor j vs Reynolds Number, water side.
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Figure 5.36: Fanning friction coefficient f vs Reynolds number, water side.
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Water side
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Figure 5.37: Heat transfer coefficient for water.
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Figure 5.38: Nusselt number vs Reynolds number, water side.
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Figure 5.39: Residuals after simulation, water side.
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Chapter 6

Conclusions

In the last chapter a brief but useful simulation has been performed to simlate and
validate the actual heat exchanger performance. Dtarting by a 1D prediction of
the heat transfer coefficient thanks to a several empirical correlations, analytical
exam is conducted. In particular, by chosing a split between wwater side and oil
side, as cold working fluid and hot working fluid, respectively.Clearly, this setting
resulted the best solution in view of a CFD analusis. However, same considerations
are required to explain different solutions and discrepancy related to water side in

particular. Let start by this last one aspect, by considering the StarCCM+ analysis:

e The Reynolds number of the water fluid is turbulent, about 6000 and the model
to solve the simulations is based on the RANS equations and, specifically,

involvs the Realizable k-epsilon model provided by the software;

e The heat transfer coefficient read into the color map as output of the simulation
is not ready to be utilized for validation. A little post-processing needed like

a surface averaged value for the parameter considered.

e In the table provided by the company, is clear that a quite high discrepancy is
introducted by not so realiable simplification in the test facility like the point
of reading of test parameters. In particular, lecture of pressure is referred not
on the heat exchanger’s inlet and outlet, but at the outlet of clinders and inlet

of the hydroulic pump.

e All the considerations exposed below, are not valid foi oil side. In spite of the

fact that in simulation a certain errors are naturally involved, the fluid domain
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is characterized by laminar evolution and the model results as accurate as

realiable.

Table 6.1: Water side dicrepancy about results, at Re=6186.

Parameter  Correlation StarCCM+  Deviation

h 5186 W/m?k 5862 W/m?k  12.93%
j 0.0087 0.0072 17.24%
f 0.0464 0.0313 32%

As table show, an error of about 33% affects the result of the fanning friction
coefficient. The pressure drop are not realiable because of the positioning of sensors.

In particular:

e [t is not quite accurate records pressur at engine’s head since several elements
are placed between the exchanger inlet and the probe. These elements aug-
ments pressure losses, and are: radiator, valves, thermostat, lenght of channels,

pump and filter.

e It is not quite accurate the pressure at the outlet of heat exchanger since the

value reported in table is referred to pump’s impeller.

Nevertheless, the validation of CFD model is more accurate if oil side is taken
into acccount. In fact, error’s trend is quite small and the results accurate. To sum
up, a new test facility is recommended, it will be useful to disassemble the heat
exchanger from engine and test it in a dedicated structure.

In the present dissertartion a novel core geometry is proposed to overcome the
issue related to the actual heat exchanger. The cross corrugated synusoidal shape
is appropriate to reduce pressure drop and enhance heat transfer coefficient of
about 18%. The forecast of Nu for water is 80 and HTC for water side is about
6000W/m?K.

The additive manufacturing can realize the new heat exchanger, and actually,
the printing process is playing. It is useful to remember that inner cavities are
quite complex to modify after machining, in fact these are closed part impregnable

to post-processing like CNC finishing or post-treatment.
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Figure 6.1: Water side absolute pressure: AP=1.03bar.

A StarCCM+ simulation is preformed taking into account the novel design and
spacing. The channel is characterized by a synousoid development along x axis,
which results in augmentation of heat transfer area. The initial conditions are the
same of the previous simulation, but the intlet velocity is related to the mass flow

rate through the novel passage spacing, 3.5 mm. The results show that:

e Large corrugation within olate results in zero-velocity bubbles near the wall,
where kinetic energy is very small and the stagnation of fluid does not take
part in enhancment of turbulent charge. These low speed zones are practily

useless.

o If the pitch-height ratio rises, then a small and flatter corrugation shapes the
surface. In one hand this means a reduction on the transfer area, but, on the
other and this is useful for flow velocity: near the wall speed is grater than
zero, no re-cycling bubbles occurred and interfer with developing of flow path

and the pressure drop decreases.

e Obviously, a trade-off between all the requirements are necessary, moreover a

special attention is payed to manufacturing process. To sum up, the second
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solution is seggested by CFd anylis, directly, and avoiding specifical issue is

positive.

Velocity (m/s)
0.75250 0.87000 0.95750 1.0450 11325 1.2200

Velocity im/'s)
0.013456 0.26557 0.51168 0.75773 1.0033 1.2500

Figure 6.2: New channel layout and simulation.
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