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ABSTRACT

n this study, a heat exchanger system capable of working on tree-shaped three-level paral-
lel and counter flow basis was designed and manufactured based on the branched Fractal
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like flow channel structure. A similar phylum of heat exchanger on discs onto one surface
of the lower and upper plates and both surfaces of middle plate, 156 Branched-micro chan-
nels with cylindrical sections were opened in three levels symmetrically with each other at
different levels and diameters. According to the parallel and counter flow type based open
circuit and closed circuit principle, the fluid enters the system at equal thermal capacity
ratios from the axial or radial connection points and discharges. In the open circuit operat-
ing conditions, the heating water is in the temperature range of 35-45°C and the flow rate is
2,0-4,0 It / min. Similarly, in the closed circuit operating conditions, the heating water is in
temperature range of 45-60°C and the flow rate is 2,0-4,0 It/ min. During the experimen-
tal work, the temperature and hydrodynamic characteristics of the system are controlled
through software written in the MATLAB R2013b package program. Experimental and
numerical analyzes were carried out using ANSYS-Fluent ready packet programs. In the
analysis, in the increasing flow rate, positions of some external and lateral channels are
determined as cause of the decreasing in level of velocity. The result, requirement of des-
ignation as the bifurcation geometry divides the mass flow rate equally for each level of
branching, is obtained. The results show that increase in level of branches is not important
on the fluid channels which includes this kind (fractal) branch channel with tree-shaped.
The results also show that, in the branched model heat exchanger, for opened and closed
circuits, parallel flow (increasing branching levels, heating unit and cooling unit) is more
efficient than the counter flow (increasing branching levels heating unit and decreasing

branching level cooling unit) conditions.
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INTRODUCTION

he cooling problem faced during use of electro-  racteristic of such heat sinks is to maximize the ability

nic systems of industrial applications, which are  of heat rejection by minimizing volume and mass of the

designed in small size with high-performance and
require high-technology, has gradually increased up
to today.

Especially micro-channel heat sinks with high heat
flux and an expanded surface, having an effective coo-
ling mechanism, have gained importance. General cha-

expanded surfaces. For higher heat transfer coefficients
and minimum volume, a large surface area per unit vo-
lume provides an advantage in such channel geomet-
ries. The literature has various studies on thermal and
hydrodynamic behaviours of micro-channels used as a
cooling system.
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A great number of scientific studies on micro-chan-
nel heat sinks have been carried out by researchers such
as Tuckerman and Pease (1981), Vafai and Lu (1999), Peter-
son (1999), Stief et al. (1999), Chong et al. (2002), Lee et al.
(2008), Moreno et al. (2015), Yang et al. (2014), Hernando
et al. (2009), Bier et al. (1993). These researchers carried out
thermal and flow analyses with heat exchangers designed in
different geometries and with different flows in their studies.
They examined optimization of single and double layered
counter-flow micro-channel heat sink, and attempted to
determine the optimum design parameters by carrying out
thermal performance and temperature distribution analy-
ses for micro-channel types that they have designed.

FRACTAL AND CONSTRUCTAL
THEORY

In the cooling technology, the systems called fractal
channel network, which is a symmetrical geometric
structure that appears similar to itself at an infinitely
little ratio and has major physical and mathematical cha-
racteristics of a non-uniform and fractured flow environ-
ment at the largest and smallest scale, have gained impor-
tance in theoretical and experimental studies in terms of
applied engineering.

Fractal-like channel network is a new structure that
can be assimilated to many geometric forms in the natu-
re with its decreasing diameters from large to small. The
purpose here is to obtain an appropriate surface tempera-
ture distribution without increasing the pressure drop. In
the literature, the study regarding two-phase flows in the
channel structures developed as similar to above mentioned
structures was carried out by Daniels et al (2005).

As similar to such structures, channels known as cons-
tructal structures were also developed for the same purpo-
ses. Constructal theory is a physics law which summarizes
a phenomenon existing in engineering and the nature. To
express more clearly, constructal structure is a complex
structure consisting of a large number of elements, and the
theory defining this structure is called constructal theory.
This theory is based on behaviour of various structures and
forms in the nature, which are produced to obtain an opti-
mum performance.

In the literature, most of the studies conducted on this
subject are theoretical and number of experimental studi-
es is quite low. With regard to thermodynamic optimizati-
on theory of such flow systems; researchers such as Bejan
(1996, 1997, 2002, 2007), Wechsatol et al. (2002); Bonjour et
al. (2003); Silva et al. (2004), Murray (1926) and Cohn (1954),
Lee and Lin (1995, 1997), Lorenzini and Rocha (2006), Xia
et al. (2015), Chen and Cheng (2002), Chen and Cheng
(2005), Silva and Bejan (2006), Zimparov et al. (2006), Xu et
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al. (2006), Kwak et al. (2009), Chen et al. (2010), Heymann
et al. (2010), Zhang et al. (2013), Salakij et al. (2013), Xu et
al. (2015), Escher et al. (2009), Ghodoossi (2005), Andhare
et al. (2016), Hong et al. (2007), Meyer et al. (2005), Kim et
al. (2014), Kuen Tae Park et al. (2014) etc. developed models
in their studies for estimation of pressure drops and surface
temperatures in fractal-like flow channels as well as dia-
meters and lengths of the channels. They analytically and
numerically studied thermal performance of a dendritic
constructal heat exchanger with small-scale crossflows and
larger-scale counter flows.

In their studies, they compared dendritically designed
fins of Y-type, T-type and H-type and numerically perfor-
med their optimal solutions that minimize their thermal
resistances and increase their optimal performances. Dend-
ritic branching-channel heat exchangers are more advanta-
geous in terms of pressure drop when compared to other
types of heat exchangers. They can also be manufactured in
very small sizes, which is quite important in terms of their
usability for advanced technologies such as MEMS.

In this study, a heat exchanger comprised of 3 discs
with engraved branch-like cylindrical section channels was
designed and manufactured, and thermal and hydrodyna-
mic behaviours of the heat exchanger were experimentally
and numerically examined by means of a test mechanism.
They conducted an experimental study where pressure drop
and flow energy were minimized in the test system. In addi-
tion to the experimental study; temperature, rate and pres-
sure distributions were numerically researched through
ANSYS packaged software.

MATERIALS AND METHOD

Test System

In this study, schematic drawing of the test mechanism
for dendritic branching-channel heat exchanger is given
in Fig. 1. The test zone of the test mechanism for the
dendritic branching-channel heat exchanger is compri-
sed of two heating units, two circulation pumps, cross
flow cooling radiators, a switchboard, a computer com-
munication unit and measuring equipment. Assembly
drawing of the test mechanism equipment is shown in Fi-
gure 5. Heating and cooling sides of the dendritic branc-
hing-channel heat exchanger, which are main compo-
nents of the experiment system, have been designed and
manufactured to be operated with water.

Since the thermal efficiency is higher, the lower branc-
hed plate was used for heating process, while the upper
branched plate was used for cooling process. The experi-
ment system was so designed that the heating side can be
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Figure 1. Schematic drawing of the test system

operated as closed circuit and the cooling side can be ope-
rated as both closed and open circuits, and tests were per-

formed.
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Figure 2. Closed circuit operation of the test system

Schematic drawings for closed and open circuit opera-
tions are given in Fig. 2 and 3. In order to enable fluid circu-

lation in heating and cooling units, two circulation pumps
with the same power was used one for each fluid circuit.
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Figure 3. Open circuit operation of the test system
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Figure 4. Components of the test system; (1) Flowmeter (2) Test Zone
(3) PT100 Temperature Transmitter (4) Expansion Tank (Heating Side)
(5)Expansion Tank (Cooling Side) (6,19) Circulation Pump (7) Hydro-
meter (8) Pressure Gauge (9) Heating Tank (10) Cooling Radiator (11)
Cooling Fan (12) Switchboard (13) Electronic System Panel (14) Pressu-
re Transmitter (15) Bypass Valve (16) Filling Valve (17) Power Connec-
tion (18) Collector

Both circuits were set with float flowmeters to measure the

amount of the fluid. In addition, 2 sleeve-type resistance he-
aters were used in order to heat the fluid used in the heating

side.

It has two electrically operated heaters, each of which
is situated into an individual small-volume tank, with the
power of 1 kW and 1.5 kW/; and the fluid is transmitted into
the system after consecutively passing through these two
heaters.

The heaters were not controlled by a separate ther-
mostat; instead, they were precisely set through MATLAB
software, which allows operation of the test system and
receiving the test data, and controlled through contactor
groups. The experiment system was controlled and stabili-
zed beforehand through the pre-heating software prepared
in MATLAB software package, and tests were started after
pre-heating process.

Heat Transfer Process

In this study, the fluid in the heating side (hot water) cir-
culates through the test system on a closed circuit basis
and the fluid in the cooling side (cold water) circulates
through the system on both open circuit and closed cir-
cuit bases. Under the closed circuit operating conditions,
the fluid exiting from the test zone as heated is cooled by
the radiators, then pressurized by the circulation pump
and returned to the test zone. Under the open circuit
conditions, the fluid entering the cooling unit is taken
from the mains system, and pressure of the mains is used
for circulation in the system. The heated fluid exiting
from the test zone leaves the system after its temperature
is measured. Heat transfer values of the fluids entering
into and exiting from the heating and cooling sides du-
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Figure 5. Test zone of the test system

ring the tests were individually calculated. In calculation,
heat transfer values for entry and exit are averaged and
the following equation is used,

_ 0. +0,
Qmearl - 2

@

In this equation, Q, is the heat transfer value for entry
into the system and Q. is the heat transfer value for exit
from the system. Heat balance of the system is given with
the equation below.

onp = Qtransm + Qcon + Qrad. + Qlo.vses (2)

The heat loss in the test zone due to radiation is abo-
ut 5% of the heat received from the fluid entering into the
dendritic branching-channel heat exchanger. Since this va-
lue can be omitted when compared to the heat transfer va-
lue at the fluid inlet, and the equation is rearranged as below;

Qtop = thnsm + Qcon + Qlosse.r (3)

The heat transfer to the system due to the hot fluid pas-
sing through between the lower and middle plates is calcu-
lated with the following equation.

0, =m,C,(T,-T,) @)

In this equation, 7, temperature is the inlet tempera-
ture of the hot fluid entering into the dendritic branching-
channel heat exchanger. T, temperature is the outlet tempe-
rature of the hot fluid exiting from the collector. The heat
transfer from the system due to the cold fluid passing thro-
ugh between the upper and middle plates is calculated with
the following equation.



0. =mC,(T,-T,) (5)

In this equation, T, temperature is the inlet temperatu-
re of the cold fluid entering into the heat exchanger. T, tem-
perature is the outlet temperature of the cold fluid exiting
from the collector. Similarly, the heat loss can be calculated
as below,

Qr
Q%thcrmal difference — [1 - ( Qg x100

R.S. Andhare et al. (2016) stated that this thermal dif-
ference can be at 10% level; and this ratio was calculated in
our studies and given as a diagram in Fig. 17.

©)

Reynolds (Re) Prandtl (Pr) and Nusselt (Nu)
Numbers

In calculation of the flow and the heat transfer, the flow
inside a cylindrical section pipe and relevant pure num-
bers are given with the equations below.

_ pVD,
7

Prandtl number, which is the ratio of momentum diffu-
sion to thermal diffusion in the thermal and hydrodynamic
boundary layers, was calculated with the following equation;

Re @)

v c,u

a k

In this equation, (v) is kinematic viscosity, () is thermal
diffusivity, (c,) specific heat, and () is dynamic viscosity. Se-
parate Nusselt numbers for fully developed and developing
flows are given in the following equation, for a cylindrical
section pipe with a diameter of D,, according to (k) heat
transfer coefficient and k heat convection coefficient.

Pr 8)

— hDh
k
In the dendritic branching-channel heat exchanger test

mechanism, thermally and hydrodynamically developing
laminar flow conditions have been applied to the flow in the

Nu )

heat exchanger up to a flow rate of 4.0 1/min at branching
level 0. Thermally and hydrodynamically developing flow
conditions have been applied to all ranges of flow rate at
branching levels 1 and 2.

Nusselt correlations required for this study depending
on the Reynolds number, the flow regime and the thermal
conditions are given below.

Branching and Branch Levels Measurement
Details

Design specifics of the dendritic branching-channel heat
exchanger are given in Fig. 6. In this type of heat exchan-

37

gers; N number of branching means number of the branc-
hes to be developed by the current channel at the next
level, and k branching level means the number of branc-
hing points starting from the fluid inlet. For the heat exc-
hanger modelled in this study, N=3 and k=2, i.e. k=0, k=1,
k=2. As it is seen in Figure 6, D, D, and D, and L,L, and
L, indicate channel diameters and lengths for three diffe-
rent levels from level zero to level two, respectively. As it
is shown in Fig. 8; starting from the inlet point, the fluid
splits into 12 branches at level 0, and then it splits again
into 3 at level 1 thus creating 36 branches. At level 3, the

Table 1. Nu number correlations for developing flows (Stephan,Preusser)

Reynolds Number Flow Regime Thermal Conditions
Thermally and
Re<2300 Hydrodynamically Constant heat flux
Developing Flow
133
RePrD
0,086 [Tj
Nu = 4.364+ —
ReD \"
1+0.1Pr
L
Thermally and
Re<2300 Hydrodynamically Co; stant Surface
: emperature
Developing Flow
133
RePrD
0,0677 (T
Nu=3.657+

03
1+0.1Pr (@]
L

fluid splits into 3 again, thus creating 108 branches. The
fluid arrives the collecting channel after branching level
2 and leaves the heat exchanger by passing through the 12
discharge points located there.

Technical details of the plates of the dendritic branc-
hing-channel heat exchanger are given in Fig. 6, Fig. 7 and
Fig. 8. On the plate, there are 12 branches at level 0, 36 branc-
hes at level 1 and 108 branches at level 2. The symmetrical
branching spreading on the disc-shaped plate is produced
from aluminum material according to the technical details
thereof given in Table 2.

Total area of the branching spreading on the heat exc-
hanger at level N is calculated separately for each level with
the following equation.

A, =nxN.xD, xL, (10)
N, =12(3") In this equation, (N,) is the number of the

branches at level k, and , D, is hydraulic diameter of the

branch at level. (L), is the length of the branch at level k.
According to the equation 10, relevant areas at level 0, level 1
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Ly : e = 7%

Figure 6. Branching details of the dendritic branching-channel heat
exchanger

andlevel2are A =2,601 x10®m? A ,=0,0113 m? A,=0,04033
m?  respectively.  Total

A=A +A +A,=0,05423 m?
op 0 1 2 .

t

area is calculated as

Total Heat Transfer Coefficient (U)

Heat is transferred from resistances between fluid-wall-
fluid due to (7, -T7,) temperature differences. When equ-
al surface areas are considered, total heat transfer coeffi-
cient (U) is obtained with the following equation,

1 | |
+—+—
k h

U I (11)

U is total heat transfer coefficient, 1/h is convection
resistances, and t/k is transfer resistance. Heat transfer va-
lues were calculated separately on the basis of mass flows,
inlet and outlet temperatures and thermal capacities of both
fluids. Heat transfer from hot fluids is found by using the
equation below,

0, =mgc, (Thx -1, ) (12)

\V/
i

Figure 7. Upper and lower plate details of the dendritic branching-
channel heat exchanger
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Figure 8. Technical drawing of branching details of the dendritic
branching-channel heat exchanger

Similarly, heat transfer to cold fluid is calculated by
using the following equation,

Qc = rhccp (T;x - Tc,u)

Coefficient for total heat transfer between the hot fluid
and the inner surface of the plate is found through the equ-

13)

ation below,

U=

9,

14

o, \5,-1,)-(7,,-T.) "
” n (Thz _Tc,i)

(Th,n - Tc.o )

In these equations, Q, is heat transfer from the hot flu-

id, 7,, is temperature of the hot fluid entering into the hea-

ting side of the heat exchanger, 7, is temperature of the
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cooled fluid exiting from the heating side of the heat exc-
hanger, T,

c,i

is temperature of the fluid entering into the co-

oling side of the heat exchanger, 7., is temperature of the

heated fluid exiting from the cooling side of the heat exc-
hanger, and 4, is total surface area of the branching sprea-

ding on the heat exchanger.
Log Mean Temperature Difference (LMTD)

In the thermal analysis of the heat exchanger, the Log
Mean Temperature Difference (LMTD) method and the

Table 2. Geometric properties of the fractal channels

g I e
Level Branch Diameter
k N, D, (mm) L, (mm)
0 12 6.00 11.50
1 36 5.00 20.00
5 108 3.17 37-50




& -NTU method were used. In the log mean temperature
difference method, heat transfer value of the heat exc-
hanger is calculated with the equation given below.

Q =UAAT,, 15)

Log mean temperature difference in the equation abo-
ve is given with the following equation,

_An-ar, (5,-T.)-(%.-T.)
m = -
In AT In TL,:‘ - T;z
A]; T;t,o - Tc,o
For log mean temperature difference in a parallel flow
heat exchanger, AT, and A7, temperature differences at in-

(16)

let and outlet points are calculated as below,

AT, :Th,i - Tc,i (17)and AT, :Th,o - TC:O (18)

In these equations, 7, is inlet temperature of the hot

hii
fluid entering into the heat exchanger, 7, is inlet tempera-
ture of the cold fluid entering into the heat exchanger, 7, , is

outlet temperature of the hot fluid exiting from the heat exc-
hanger, and T, is outlet temperature of the cold fluid exi-

ting from the heat exchanger.

For log mean temperature difference in a counter-flow
heat exchanger, AT, and AT, temperature differences at in-

let and outlet points are calculated as below,

-T

AT =T,,-T., (19and AT,=T,, -T,

c,i

(20)

At the same inlet and outlet temperatures of the heat
exchanger, log mean temperature difference was found hig-
her in case of counter-flow when compared to parallel flow.

¢ -NTU Method

Before defining effectiveness for a heat exchanger, the
maximum possible heat transfer value Q,, should be
-T )

c0

calculated for that heat exchanger. In such case, (7,
maximum heat transfer will occur due to the maximum
difference of temperature obtained between the fluids in
the heat exchanger.

For this, the thermal capacity flow rate C, =uc,, of
the cold fluid must be lower than the thermal capacity flow
rate C, =ryc, of the hot fluid (C, < C, ). In this case, it wo-
uld be |dT,
cold fluid can rise up to inlet temperature of the hot fluid
where C, <C,andT,,=T,,, O,.. isobtained with the equati-
on below,

>|dT,|. For 1, L — 0, outlet temperature of the
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0 =C.(T,,-T.

/)

Similarly, if C, <C,, a bigger exchange of heat would

(1)

occur in the hot fluid and it can get cooled down to the inlet
temperature of the cold fluid. Where C, <C, and 7,,=T,,,

0,.. is given in the following equation.

0,.. =G, (Th: - Tcz) (22)

In these two cases, Q,,. heat transfer value is given ac-

cording to the minimum heat capacity C_ in the equation
below.

Oe = Coin (Tht - Tc:) (23)

In this equation, C_, thermal capacity flow rate is ac-
cepted equal to the lower one of Cc or C, values. In a heat
exchanger, the ratio of the actual heat transfer 0 value to
the maximum possible heat transfer O, valueis defined as
¢ effectiveness, and presented with the following equation.

Y

£=—"
inllX
Effectiveness € can also be calculated on the basis of
temperature difference and thermal capacities through the
equation below.

(24)

AU -
Cmin (Thz - 7;,)

In this relation, Cmin/CmaX ratio can take C C/Ch or Ch/CC
value, depending on thermal capacity flow rates of the hot
and cold fluids. NTU Number of Transfer Unit is equal to
the ratio of total heat transfer coefficient and heat transfer
surface area to the minimum thermal capacity, and given
with the following equation.

NTU:ﬂ
C

min

Effectiveness-NTU Relations

(26)

C_..=C, let a parallel flow heat exchanger with is consi-
dered. If the effectiveness value ¢ for a parallel flow heat
exchanger is found;

1—exp{—NTU[1+(C”
&=

nin

1+(Cir / Cpr)

min max

/€.

27)

C...=C_since the same result is obtained for; regardless
of whether the minimum thermal capacity flow rate of fluid
belongs to the hot fluid or the cold fluid, this relation can be
applied to any parallel flow heat exchanger. When C <1, the
effectiveness value for counterflow operating conditions is
given with the equation below,

A. B. Colak et al. / Hittite ] Sci Eng, 2018, 5 (Special Issue: Selected Papers from the 21** National Thermal Sciences and Technology Congress) 33-49
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Figure 9. Sectional view of parallel flow operation of the dendritic
branching-channel heat exchanger

_ 1-ep{-NTU(1-C,)}
“TIZC ep -NTU(1-C,)]

(28)

In case that C =1, effectiveness value is given with the
following equation,
o NTU
1+ NTU
In this study, tests were conducted by assuming that
flow rates of both fluids are equal; and thermal capacity flow
rates of both fluids are equal (C_ =C ).

min max

(29)

RESULTS

Thermal Transfer Analysis

In this study, while thermal capacity flow rates of the de-
signed dendritic branching-channel heat exchanger at its
upper-middle and lower-middle plates were kept equal,
operation at similar fluid inlet temperatures (closed cir-
cuit) and operation at distinct fluid inlet temperatures
(open circuit) were studied. Performances of parallel flow
and counter-flow configurations were compared. In Fig.
9 and Fig. 10, representative sectional views of the heat
exchanger in cases of parallel flow and counter-flow are
given. Findings obtained from the tests conducted under
operating conditions of the parallel flow closed circuit
are given as a diagram in Fig. 11. In this diagram, change
of the heat transfer value (Q) by the volumetric flow rate
(v) at different temperatures in case of the parallel flow
closed circuit is presented. It is observed that the heat
transfer value increases at the same ratio with each incre-
ase of temperature. For the values lower than 4 liter/mi-
nute volumetric flow rate, laminar flow conditions apply
at branching levels 0, 1 and 2 of the dendritic branching-
channel heat exchanger.

For the volumetric flow rate values over 4 liter/minute,
it was seen in the calculations that the turbulent flow condi-
tions applies at level 0. When the inlet water temperature
(7,,) rises over 60°C, turbulent flow conditions occur in
branches at levels 0 and 1 at a volumetric flow rate of 9,0 li-

40

Cold Water Qutlet

-~
Collector

Channel

Fluid
Distrubution
Reserveir

Branching Branching
level 0 Level1

Branching
Level 2

Cold Water
Inlet

) HotWater
Outlet

Fluid
Distrubution
Reservoir

Collector
Channel

Hot Water Inlet
Figure 10. Sectional view of counter-flow operation of the dendritic
branching-channel heat exchanger

ter/minute.

When change of the heat transfer values and the volu-
metric flow rates are compared between the parallel flow
closed circuit given in Fig. 11 and the counter-flow closed
circuit given in Fig. 12, it is seen that the heat transfer value
is higher for the parallel flow at the same volumetric flow
rate. Flow conditions occurring toward increasing branc-
hing levels also increase the amount of the transferred heat
while increasing pressure losses. In the computer-aided
study carried out under this research, it was seen that the
outlet temperature values obtained for both sides as a result
of the analyses performed through ANSYS-Fluent software
package were approximately equal to the outlet temperature
value of the fluid exiting from the system in the tests.

In the diagrams in Fig. 13 and Fig. 14, changes of the
heat transfer values of the parallel flow and counter-flow
open circuits respectively by the volumetric flow rate of the
fluid are separately presented. In these diagrams, it is seen
that the parallel flow open circuit is more effective than the
counterflow.

In the diagram in Fig. 15, the ratio of the heat transfer
value to the inflowing heat value at the same temperature
and flow rate values (45°C, 2.0-4.0 1/min) for the tests con-
ducted in closed and open circuits is presented. Under the
same conditions, this ratio is higher for the open circuit.

Oy shermal difference — 1- ( gr J x100 (30)

g

Pressure Losses

In order to find the pressure losses for increasing and
decreasing levels of branching of the dendritic branc-
hing-channel heat exchanger, pressure losses were mea-
sured at flow rates between 2.0-9.0 I/min. For measuring
purpose, pressure transmitters situated at fluid inlet and
collector outlet points of the dendritic branching-chan-
nel heat exchanger were used.

Asitis seen in Fig. 16, Reynolds number in the heat exc-
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hanger consisted of cylindrical section branching increased
by increasing volumetric flow rate, and it caused an increase
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Figure 12. Change of the heat transfer value by the volumetric flow rate
in the counterflow closed circuit

also in the pressure losses. The flow is laminar at the flow
rates below 4.0 I/min at all branching levels. In the laminar

flow region, Reynolds numbers range between 200-1950.

After the volumetric flow rate of 4.0 1/min, a transition from
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Figure 13. Change of the heat transfer value by the volumetric flow rate
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Figure 14. Change of the heat transfer value by the volumetric flow rate
in the counterflow open circuit

laminar flow to transient region occurs for branching level 0.

Asitis seen in the diagram, the pressure losses towards
increasing branching levels are higher than those towards
decreasing branching levels in case of the laminar flow. It
is seen that a transient flow occurs after 4.0 I/min value at
branching level 0 and the pressure and its losses are almost
equal for the flows toward both ways. At other branching
levels, the flow is laminar for both flow conditions. At
branching levels 1 and 2, the flow rate decreased further.
This result indicates that further branching is not important
in the flow channels with such dendritic branching (frac-
tal) channel structure. This situation shows that, in terms
of shedding light on the limited number of studies carried
out on this subject, and experimental result in this study is
consistent with the theoretical and experimental results in
the literature.

Log Mean Temperature Differences

In order to be able to experimentally calculate the total
heat transfer coefficient (U ) in a heat exchanger, the log
mean temperature (ATLM) difference method is used. In
the experiments carried out for the dendritic branching-
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Figure 15. Change of the ratio of the heat transfer value / inflowing heat
value by the volumetric flow rate in cases of closed and open circuits
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channel heat exchanger, changes between the volumetric
flow rates and the log mean temperature differences for
different operating conditions and different situations
are separately presented in the diagrams in Fig. 17-20.
When Fig. 17 and Fig. 18 are compared, the log mean tem-
perature difference is higher in the parallel flow closed
circuit when compared to the counter-flow closed circuit.

Change of Nusselt-Reynolds Numbers

The change of the Nusselt numbers calculated for the he-
ating and cooling sides at a maximum heating water inlet
temperature of 65°C under the operating conditions of
the parallel flow closed circuit by the Reynolds number is
given in Fig. 21. According to the Nu relation given above,
change of the Nusselt numbers for laminar flow at level
1 ad 2 of the dendritic branching-channel heat exchanger
by the Reynolds number under the operating conditions
of parallel flow closed circuit was calculated. Change of
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Figure 16. Change of the pressure losses towards increasing and dec-
reasing branching levels by the volumetric flow rate and the Reynold
number in the branches

the Nusselt number and the Reynolds numbers at level 0
is not shown in the diagram because the flow becomes
turbulent flow for the values over 4.0 I/min.

In Fig. 22, Change of the Nusselt numbers calculated
for the heating and cooling units at a maximum heating wa-
ter inlet temperature of 65°C under the operating conditions
of the counter-flow closed circuit by the Reynolds number is
given. As it is seen in all of the three diagrams, the Nusselt
numbers increased as the Reynold number increased.

Change of Total Heat Transfer Coefficient (U)

In the dendritic branching-channel heat exchanger, flow
in each channel thermally and hydrodynamically re-
develops at each branching level, and the boundary layer
forms again for each level. Channel lengths being too
short which do not allow the flow to fully develop ther-
mally and hydrodynamically, and this causes an increase
in h heat convection coefficient thus causing an increase
in the total heat transfer coefficient.
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Figure 17. Change of the log mean temperature difference by the vo-
lumetric flow rate between the heating and cooling units in the parallel
flow closed circuit

In Fig. 23-26, change of the total heat transfer coeffici-
ent U (W/m?.K) by the volumetric flow rate ( V) for the pa-
rallel flow and counterflow operating conditions in open
and closed circuits. It is seen in the diagrams given for the
parallel flow and counterflow operations in the closed cir-
cuit that as the volumetric flow rate increases, the total heat
transfer coefficient increases as well. Geometry of the dend-
ritic branching-channel heat exchanger, increasing plate
section towards increasing branching level, further occur-
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Figure 18. Change of the log mean temperature difference by the volu-
metric flow rate between the heating and cooling sides in the counter-
flow closed circuit
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rence of swirling flows, and also occurrence of jet flow at
both points under the parallel flow conditions at the point
where the distribution reservoirs are located cause the heat
transfer coefficient to be found higher in case of parallel
flow.

It is seen in the diagrams that the total heat transfer
coefficient takes similar values depending on the tempera-
ture at a heating water inlet temperature of 45°C and a vo-
lumetric flow rate ranging between 2.0-4.0 [/min under the
same operating conditions of the open circuit and closed
circuit during the tests. Likewise, it is seen as a result of the
tests that the most effective variable for change of the total
heat transfer coefficient is the volumetric flow rate and the

30
29 4| - 35°C
28 4| 0 375°C
5
57 ]| - 40°C
—f- 425°C ——"
26 4 o e —— T
—&- 45°C i T
25 4 —
//»I/ A
24 1 - Al e
LT
= 234 e
5 22 e - T -r
| SRS
21 4 —
>——"" R
20 BRI
19 4 G o
18
17 4
16
15 T . T . T
20 25 30 35 40

Volumetric Flow Rate (litre/minute)

Figure 20. Change of the log mean temperature difference by the volu-
metric flow rate in the counter-flow open circuit

temperature range does not have a significant impact. Itis a
known fact that changing the inlet temperature of the hea-
ting unit of the heat exchanger would cause a change in the
physical characteristics of the heating fluid. However, as a
result of the test data it is not as effective as the volumetric
flow rate value. It can be said according to the following four
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Figure 21. Change of the Nu-Re numbers at an inlet temperature of
65°C for the operating conditions of the parallel flow closed circuit

diagrams that the highest total heat transfer coefficient at
the same temperature and flow rates ranging between 2.0-
4.0 I/min for parallel flow and counterflow in cases of the
closed and open circuits is seen in the parallel flow closed

A. B. Colak et al. / Hittite ] Sci Eng, 2018, 5 (Special Issue: Selected Papers from the 21*t National Thermal Sciences and Technology Congress) 33-49



A. B. Colak et al. / Hittite ] Sci Eng, 2018, 5 (Special Issue: Selected Papers from the 21*t National Thermal Sciences and Technology Congress) 33-49

Heating Unit
36
—a— Branching Level1
2 —+¢— Branching Level 2
28
24
=
=z
20 4
18
12 e
s o
.’_*-&
-
8 L= - T T T T — T T
500 750 1000 1250 1500 1730 2000 2250 2500
Re (Branching Level 1)
200 400 500 200 1000 1200
Re (Branching Level 2)
(a)
Heating and Cooling Unit Branching Level 0
75
—&— Heating Unit Branching Level 0
LI B -9 Cooling Unit Branching Leve! 0 o 1]
65 ]
60 ]
5 ]
3
H
50 ]
45 J ]
40 ]
35 o ]
30

1000 1500 2000 2500 3000 3500 4000 4500 S000 5500 6000

Re (Branching Level 0)
(b)
Cooling Unit

400 800 800

1000 1200
Re (Branching Level 1)

1400

1800 1800 2000

200 300 400 500 800 700 300 900
Re (Branching Level 2)

(c)

Figure 22. Change of the Nu-Re numbers at an inlet temperature of
65°C for the operating conditions of the counterflow closed circuit

1000

circuit. It was observed that the total heat transfer coeffici-
ent U (Wi K) showed a greater change in the parallel flow
operation when compared to the counterflow operation at
the same temperature and in the same range of flow rate for
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closed and open circuits.
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Figure 23. Change of the total heat transfer coefficient by the volumet-
ric flow rate in the parallel flow closed circuit

Impact Analysis of Thermal Capacity Rates

In order to evaluate theoreticaland experimental rese-
arch and compare the impacts of thermal capacity rates
on effectiveness, tests were carried out for the thermal
capacity rates of Cr=1, Cr=0.25 and Cr=0.125 and a fluid
inlet temperature of 65°C in the heating unit.

For a thermal capacity rate of Cr=1, fluid flow rates of
the heating and cooling fluids are equal while entering into
the system.

For a thermal capacity value of Cr=0.25, while the he-
ating fluid ranges between 4.00 I/min — 8.00 1/min, the co-
oling fluid ranges between 1.00 1/min — 2.00 I/min. For a
thermal capacity value of Cr=0.125, the heating fluid has a
value of 8.00 I/min and the cooling fluid has a value of 1.00
1/min. Increasing the heating fluid inlet flow rate causes an
increase in the mean temperature of the heated part of the
middle plate and a further heat transfer to the fluid in the
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Figure 24. Change of the total heat transfer coefficient by the volumet-
ric flow rate in the counterflow closed circuit
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Figure 25. Change of the total heat transfer coefficient by the volumet-
ric flow rate in the parallel flow open circuit

cooling side. In Fig. 27, results of the test, which shows the
impacts of thermal capacity rates on effectiveness, are pre-
sented. As it is seen in the diagram, according to the e-NTU
method for different Cr values, it ranges between e=0.24-
0.58, NTU=0.3-0.81. In addition, a theoretical and expe-
rimental comparison was made according to the e-NTU
method for different Cr values, and it was seen that both
experimental and theoretical results are consistent with the
literature. As a result of the conducted tests, it was conc-
luded that increasing the thermal capacity rates causes an
increase in effectiveness (g).

ANSYS-FLUENT ANALYSES

In this study, the designed dendritic branching-chan-
nel heat exchanger was geometrically modelled in Solid
Works and numerically analyzed in ANSYS-Fluent 16.0
software package. While laminar model was applied in
the tests up to a fluid flow rate of 4.0 I/min, k-¢ turbulen-
ce model was applied in a higher flow rate than 4.0 [/min;
and they were thermally analysed by solving the energy
and Navier-Stokes equations. Upon the designed dendri-
tic branching-channel heat exchanger;
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Figure 26. Change of the total heat transfer coefficient by the volumet-
ric flow rate in the counterflow open circuit
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i)  Impacts of Temperature Change,

i)  Impacts of Flow Rate Change,

iii) Impacts of Operation Regime Change were exa-
mined in ANSYS-FLUENT.

It was seen that results obtained from the analyses per-
formed by using ANSYS-FLUENT software was consistent
with the test results. It was seen in the performed analyses
that, in accordance with the constructal theory, flow rate
of the fluid in sub-branches other than branching level
zero (k=0) was lower when compared to the pipes which
are coaxial with branching level zero. It was observed that
this situation caused a lower flow rate in sub-branches from
branching level one (k=1) and also further decrease of the
rate since branching level two (k=2) was affected by branc-
hing level one.

CONCLUSION

In dendritic branching-channel heat exchangers, it is
possible to achieve higher Nusselt numbers and to incre-
ase the heat transfer rate by carefully calculating channel
sections, channel geometries and channel dimensions.
Hydrodynamical and thermal re-development of the
Nusselt number and heat transfer value in each channel
and at each branching level is an important characteristic
of this geometry. In Fig. 11-14, change of the heat transfer
for parallel flow and counter-flow in the open and closed
circuits by the volumetric flow rate was given, and it was
observed that the heat transfer value increased with inc-
reasing volumetric flow rate.

In Fig. 15, change of the ratio of the heat transfer value
to the inflowing heat by the volumetric flow rate is given,
and since the mean temperature of the test zone in the ex-
periment system was lower in the open circuit, it was deter-
mined that this ratio was higher in the open circuit.
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Figure 27. Impacts of the thermal capacity rates on effectiveness
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Figure 28. Rate distributions in the heat exchanger for 2.0 1/min for the
flow towards increasing branching levels

In Fig. 16, change of the pressure losses towards increa-
sing and decreasing branching levels by the volumetric flow
rate and the Reynolds numbers in the branches is presented,
and it is seen that pressure losses increase with increasing
volumetric flow rates and Reynolds numbers in the branc-
hes. This result indicates that an increase in branching level
is not important in the flow channels with such dendritic

branching (fractal) channel structure.

Figure 29. Rate distributions in the heat exchanger for 9.0 1/min for the
flow towards increasing branching levels

In the diagrams in Fig. 17-20, change of the log mean
temperature difference by the volumetric flow rate for pa-
rallel flow and counter-flow operation in open and closed
circuits is given. In case of the closed circuit, the log mean
temperature difference gradually decreases in both flow re-
gimes as the volumetric flow rate increases. In case of the
open circuit, the log mean temperature difference gradually
increases in both flow regimes as the volumetric flow rate

Figure 30. Rate distributions in the heat exchanger for 2.0 l/min for the
flow towards decreasing branching levels
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Figure 31. Rate distributions in the heat exchanger for 9.0 1/min for the
flow towards decreasing branching levels

increases. The logmean temperature difference increases
with increasing inlet temperature.

In the diagrams in Fig. 21-22, changes of Nu-Re num-
bers for different inlet temperatures in the heating side un-
der parallel flow and counterflow operating conditions in
closed and open circuits at different levels. As it is seen in
the diagrams, Nusselt numbers increase with increasing
Reynolds numbers, depending on branching levels at var-
ying flow rates and temperatures. Likewise, it is graphically
showed that a greater increase is seen in the Nusselt number
at branching level one. The volumetric flow rate increasing
in the heating and cooling sides caused the Nusselt number
to increase in a decelerating manner; and thus, it caused the
heat convection coefficient, and therefore the heat transfer

Figure 32. Temperature distribution in the heating unit under the pa-
rallel flow closed circuit conditions for a heating fluid inlet temperature
of 65°C and a flow rate of 9.0 I/min

Figure 33. Temperature distribution in the cooling unit under the pa-
rallel flow closed circuit conditions for a heating fluid inlet temperature
of 65°C and a flow rate of 9.0 I/min



Changes of rate and temperature were analyzed for dif-
ferent flow rate and temperature values in ANSYS, and the
results are given as diagrams in Fig. 31-35.

Symbols

A Heat Transfer Surface Area (m?)

4, Level 0 Branching Heat Transfer Surface Area
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e 4, Level 1 Branching Heat Transfer Surface Area
Figure 34. Temperature distribution in the heating unit under the
counterflow closed circuit operating conditions for a heating fluid inlet .
4, Level 2 Branching Heat Transfer Surface Area

temperature of 65°C and a flow rate of 9.0 I/min

value Q(Watt), to increase in a decelerating manner with 4, Level k Channel Surface Area

the volumetric flow rate.
Change of the total heat transfer coefficient (U) by the
volumetric (7 ) flow rate according to the tests performed

C, Thermal Capacity Flow Rate of Hot Fluid (W/K)

for parallel flow and counterflow under the closed circuit C. Thermal Capacity Flow Rate of Cold Fluid (W/K)

operating conditions (45, 50, 55, 60 and 65°C) are given in
Figure 23-26 and under the open circuit operating conditi-
ons (35, 37.5, 40, 42.5 and 45°C) are given in Figure 33-34. It
is seen in the diagrams of the experimental results that the

C,.. Maximum Thermal Capacity Flow Rate (W/K)

C,;, Minimum Thermal Capacity Flow Rate (W/K)

‘min

total heat transfer coefficient increased by increasing volu- C. Ratio of Thermal Capacity Flow Rates

metric flow rate under both parallel flow and counterflow

conditions. In case of the parallel flow closed circuit, the D Pipe Diameter (m)

total heat transfer coefficient was higher when compared to

the counterflow. The same can be said for the open circuit Dy Level k Branch Hydraulic Diameter (m)

as well.
D, Hydraulic Diameter (m)

Since the tests were carried out under Cr=1 conditi- AP Pressure Difference (Pa)

ons of the dendritic branching-channel heat exchanger, vo-

lumetric flow rates for the fluids circulating in both units
are equal. At a thermal capacity flow rate of Cr=1, it was
seen that the maximum effectiveness coefficient value is
at €=0.30 level. When the thermal capacity flow rates were
changed to Cr=0.125 level, it was seen that €=0.58 and
NTU=0.81 in case of counterflow operation. In the diagram
in Figure 27, the increased inlet flow rate of the heating fluid
increased the mean temperature on the plate and this cau-
sed the effectiveness coefficient to rise.
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Figure 35. Temperature distribution in the cooling unit under the
counter-flow closed circuit operating conditions for a heating fluid inlet
temperature of 65°C and a flow rate of 9.0 I/min
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AT Temperature Difference (K)

& Effectiveness

k  Thermal Conductivity Coefficient (W/mK)
L, Level k Branch Length (m)

L Length (m)

LMTD Log Mean Temperature Difference (°C)
it Volumetric Flow Rate (kg/s)

nit,  Hot Fluid Flow Rate (kg/s)

71, Cold Fluid Flow Rate (kg/s)

MEMS  Micro Electromechanical Systems

N, Number of Channels

N Number of Branches
Nu  Nusselt Number

NTU Number of Transfer Units
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p Density
Q From Hot Fluid to Cold Fluid Heat Transfer Value
(W)

Osthermat agerence % difference between the Heat Entering

into the Experiment System and the Heat Received from the
System

O, Heat Received from the Experiment System (W)

0, Heat Entering into the Experiment System (W)

Opyes  Heat Loss (W)

Maximum Possible Heat Transfer from Hot Flu-

O

id to Cold Fluid (W/)

O,... Mean of the Heat Entering into the Experiment

System and the Heat Received from the System

Q... Heat Transferred through Convection (W)

0,, Total of Convection, Radiation and Lost Heat Va-
lues (W)

0.... Heat Transferred through Radiation (W)

Re  Reynolds Number

T Temperature (°C)

T,; Inlet Temperature of the Hot Fluid Entering into
the Heat Exchanger (K)
T,, Outlet Temperature of the Hot Fluid Coming out

of the Heat Exchanger (K)

T

o

Inlet Temperature of the Cold Fluid Entering into
the Heat Exchanger (K)

T., Outlet Temperature of the Cold Fluid Coming out

of the Heat Exchanger (K)

U Total Heat Transfer Coefficient (W/m2.K)

4 Dynamic Viscosity (Pa.s)

<

Viscosity

~

Velocity (m/s)
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