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Abstract The experimental analysis of passive heat transfEnsification in the case of plate heat
exchanger has been carried out. The metallic polayesr was created on the heat transfer surface of
analyzed unit. The experiment was accomplishedvn dtages. In the first stage the commercial staml
steel gasketed plate heat exchanger was investigatéle in the second one — the identical heaharger

but with the modified heat transfer surface. Theeai comparison of thermal and flow characteristics
between both devices was possible due to the amsumaf equivalent conditions during the experiment.
Equivalent conditions mean the same volumetric ftates and the same media temperatures at theofnlet
heat exchangers in the corresponding measuremees.sexperimental data were collected for the Ising
phase convective heat transfer in the water-ethanafiguration. The heat transfer coefficients were
determined using the Wilson plot method. The ressliowed the advantages of such heat exchanger
construction in some flow ranges and for some §uid

Keywords: Porous microlyaer, Roughness increase, Heat #anmstensification, Plate heat exchanger,
Pressure drop, Wilson plot method

Nomenclature

A - surface (M)

C - constant of linear regression
b - corrugation depth (m)

Dy - hydraulic diameter (m)

f - friction factor €)

g - gravitational constant (nfls
G - mass flux (kg/(rfs))

| - sampling length (m)

L - distance, width (m)

m - mass flow rate (kg/s)

P - pressure (Pa)

q - heat flux (W/m)

Q - rate of heat (W)

R - roughness parameterng)

Re - Reynolds number)

T -temperature°C)

Uo - overall heat transfer coefficient (W/K))
V - volumetric flow rate (m's)

Greek |etters:
a - heat transfer coefficient (W/@))
£ - chevron angle®)
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A - difference value

A -thermal conductivity (W/(mK))
M - viscosity (Pas)

p -density (kg/m)

@ - enlargement factor

Subscripts:

a - average arithmetical roughness
c -cold (ethanol)

exp - experiment

f - frictional

h - hot (water)

in -inlet
out - outlet
p - port

1Ch- one channel

1. Introduction

Nowadays we can observe a tendency to miniatisiza every field of life, but especially in
technical applications. At the same time, in theaaof energy technology very important are the
problems of removal of high heat fluxes. This ie teason why the new challenges require high
efficiency of system components, especially higifficient and small volume heat exchangers. It is
known that in the recuperator the heat transfefficoents on both sides of partition are the most
significant factors influencing the heat transferface and they determine its compactness. Because
the overall heat transfer coefficient depends @nlolwver of the heat transfer coefficients values, a
special care should be given to the heat transbeditons on the “weaker” side in the heat
exchanger.

Plate heat exchangers have been widely used irempengineering, chemical processes and
many other industrial applications due to their dy@ffectiveness and compactness. Nevertheless
there are still investigations aiming at even meffecient and smaller size ones. They are going to
be obtained by the heat transfer intensificatiot tans new kind of plate heat exchangers could be
prospectively applied for example in the heat recp\systems. Passive heat transfer enhancement
can be obtained by changing the plate structurealaat by changing the properties of utilized
fluids. The first method will be discussed furtherthe present paper. The second method can be
realized for example by application of nanofluidg, [but it is beyond the scope of these
investigations.

General overview of heat transfer (in the flowgzges) augmentation by passive methods can
be found in literature (Gupta and Uniyal [2]), vehiBtone [3] concentrated on the heat transfer
intensification in compact heat exchangers. Hegniesl the methods of augmentation assessment
by various parameters, followed by the overviewheit exchangers geometries including many
kinds of fins, wavy and corrugated channels, emnf@rehensive overview of recent advances in
plate heat exchangers is presented by Abu-KhadeRgsearch connected with corrugated plate
heat exchangers is undertaken in many directianmaly be concentrated on the heat transfer
coefficient and formulation of heat transfer caateln (Khan et al. [5]), on the pressure drop and
friction factor correlation (Arseneyeva et al. [69) both of them (Dovic et al. [7]). It can be @on
experimentally or numerically as presented by Islgim and Parmaksizoglu [8,9]. In many cases
the researchers are looking for optimal geometaysing heat transfer increase and possibly small
pressure drop. To all mentioned above papers caadded a paper describing experimental
investigation by Naik and Matawala [10], which ig@neral idea is very similar to this paper. They
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examine single phase chevron type gasketed platedxehanger with oil-water heat transfer in
dependence on flow rate, geometry, temperatureittoms] etc. and compare the results with
published correlations. There is one main diffeeewith the present study — the surface roughness
was not considered.

Therefore, although a large number of the platd bgchangers investigations were reported in
the professional literature, rather limited data fmits with high performance microsizes,
enhancement structures were available. Among thartd de found works by Furberg et al. [11].
Their aim was to enhance pool boiling heat tranefeR134a by over one order of magnitude in
comparison with a plain machined copper surfaceeyTbresented an experimental study of the
plate heat exchanger evaporator performance withvathout this novel enhancement structure
applied to the refrigerant channel.

Mduller-Steinhagen [12] described and analyzeda Brchanger with a vacuum plasma sprayed
250 um thick layer of spherically shaped Incond) farticles on to a plate and frame heat surface.
The particles of 105-170 um diameter enhanceddhedp heat transfer coefficient of R134a by up
to 100%.

The influence of artificial roughness shape ort treasfer enhancement in the case of plate heat
exchanger was published by Garcia et al. [13]. Thesestigated influence of three various
roughness shapes (corrugated tubes, dimpled tuizksvime coils) on heat transfer and pressure
drop in the laminar, transition and turbulent floegions. In their case the roughness influence on
the pressure drop exceeded the influence on reeafér and they explained it by changing of the
flow character from laminar to transition and thenturbulent. They recommended the Reynolds
number regions for which analyzed by them geoneetriere the most suitable.

The experience connected with the passive heasfelaenhancement in the case of plate heat
exchangers was also presented by Wajs and Mikierejd#]. Authors proposed a new technique of
increasing the surface roughness, through abrddasting with the utilization of glass micro-
beads. Granulation size of the beads was approgiyna00-400um. Such technique is relatively
cheap and still produces the enhancement effeay Tonducted the series of experiments for
water-water case comparing the commercially aviglaleat exchanger with the modified surface
heat exchanger. The thermal analysis showed tleatotierall heat transfer coefficient for the
highest value of hot water mass flux was highertf@ commercial heat exchanger than for the
modified one. On the other hand, for the lowesugaif hot water mass flux the opposite tendency
was found. Within these limits (the highest and keest values of mass flux) there was the
transient range, as named by the authors, wherevétrall heat transfer coefficient for some values
of heat flux was higher for the commercial heathexwger, for the other — higher for the modified
heat exchanger. This tendency was observed byuthera for the first time but was also found for
the different inlet temperature conditions of hexathangers.

In this paper the experimental analysis of pashieat transfer intensification in the case of
model plate heat exchanger has been presented dtar-ethanol configuration. The passive
intensification was obtained by a modification ebhtransfer surface, which was this time covered
by a metallic porous microlayer. As previously, thgperiment was done in two stages, for two heat
exchangers, that is the commercial stainless gtesieted one and the identical heat exchanger but
with the modified heat transfer surface. Experirakmtata were collected for the single-phase
convective heat transfer in the water-ethanol guméition. The heat transfer coefficients were
determined using the Wilson plot method.

2. Plate heat exchanger (PHE)

The model of corrugated plate heat exchanger (Rifféjed at the commercial market was the
subject of presented investigations. In the comsiiéeat exchanger the heat is transferred in one
pass. The PHE model was made of stainless steeh@&iding to AISI standard and consisted of
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three plates, with thickness of each one of 0.5 mhe surface roughness of working plate was
equal to 0.46um (parameterR;)) and 3.36um (parameterR,), respectively. Definition of the
parameters will be explained later. The total langft the heat exchanger was 450 mm, while the
overall heat transfer area was equal to 0.039Time distance between the plates was kept constant
and the EPDM seal was fixed in the “hang on” systBermissible working pressure was equal to
1.6 MPa. The schematic view of heat exchanger apeesented in Fig. 1. The geometric details
of tested corrugated plate are listed in Table 1.
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Fig. 1. Photography and schematic view of the original leeahanger plate with characteristic
parameters

To meet the needs of experiment in the seconc stegyporous layer was created on the heat
transfer surface. The special metal finishing wagliad to increase the surface roughness. As an
abrasive agent the broken alundum with p@® average grain size was used. The alundum grains
were carried by the stream of compressed air utieepressure of 0.6 MPa. This metal finishing
increased the surface roughness about three tmasnparison with the original plate.

The roughness changes of heat exchanger pla@csusfere examined by the Ship Design and
Research Center in Gdansk [15]. The measurements dome with the Surftest 211 (Mitutoyo).
After the calibration procedure done with applicatof the roughness’ standard 178-601, delivered
by Mitutoyo company, the flat parts of heat exclenglates were examined. The sampling length
was 0.25 mm. The results are presented in Tablg2tie following notation: “Before” — primary
surface state, “After” — surface after the metaishing. ParameteR, is an average arithmetical
roughness in the range of sampling lenbt(Fig.2). ParameteR, is an arithmetic average of
absolute height of five the highest roughness’ peakd height of five the deepest valleys in the
range of sampling lengih(Fig. 3).
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Table 1 Characteristic dimensions of chevron plate usdtie studies

chevron anglef (°) 60
corrugation depthy (mm) 3
corrugation pitchP. (mm) 8
plate thicknesg, (mm) 0.5
plate width,L,, (mm) 98
vertical distance between ports centeggmm) 381
horizontal distance between ports centefgmm) 70
port to port lengthlr (mm) 353
effective aread () 0.039
projected surface areéy, (m?) 0.0346
enlargement factog 1.127
port diameterD, (mm) 28

Table 2 Results of surface roughness measurement

sample measured parameteraverage valueum]
Before Ra 0.46
R, 3.34
After Ra 1.43
R, 11.02
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Fig. 2. Formula and graphical representation of paraniter

Y

o
=S
>

’V\%Y\ 7\;\ j\ﬂ_: 7\

=
s

YVEI

1( 3 5
Ry S[Z‘J"pz‘ + Z|}"wj
i=1 =1
Fig. 3. Formula and graphical representation of paraniter

3. Experiment

The test facility, shown in Fig. 4, enabled therthal-hydraulic investigations of convection
between the hot water and ethanol. Water was thgngemedium, while ethanol - the coolant.

-5-
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Fig. 4. Scheme of experimental facility

The water stream was at first directed to the retamand then to the electrical heater to obtain
required parameters at the inlet of heat exchangéwe heater was controlled by the
autotransformer, which allowed a smooth changeeatdr power and in consequence the precise
water temperature settings.

The ethanol was circulating in a closed loop epgegowith the thermostatic bath, which heated
it to a certain level before entering the heat exgjer. For the needs of experiment an additional
heat exchanger, supplied with the tap water (cofl inserted to the thermostatic bath. It enabled
the removal of thermal energy from ethanol, whatieed the steady state of the analysis.

Additionally, both sides (water and ethanol) wegeiipped with the filters to ensure a purity of
the media and to prevent fouling. As it is knowouling can introduce a significant influence on
the heat transfer performance [16].

During experiments the mass flow rate of hot watas varied in the range from 50 to 125 litres
per hour (Iph), while the ethanol mass flow ratéhie range from 35 to 160 Iph. Two levels of hot
water temperature, supplying the heat exchangae tested namely 8C and 60C, whereas the
ethanol temperature was kept constant in each mexaeut series and it was equal to 302G.5

The pressure drop was measured by the differgmtéssure transducer (Huba Control sensor)
with accuracy of 1% of the full scale. Thermocogpdé J-type were used to measure temperature in
four locations i.e. at the inlet and outlet of heathanger cold side and at the inlet and outlet of
heat exchanger hot side.

During experiments the following parameters wersasured: the hot fluid temperature at the
inlet (Th.in) and at the outlefT{ o) of heat exchanger, the cold fluid temperaturthatinlet {Tc.in)
and at the outlefT¢.q) of heat exchanger, pressure drop connected watliltids flow APey) and
volumetric/mass flow rate of working fluids. On thasis of measurement results the heat fipx (
the Logarithmic Mean Temperature Differene®M{TD) in the heat exchanger and the overall heat
transfer coefficiently) were calculated. The overall heat transfer coffit was determined from
the Peclet law based on the heat transfer ared eq0#39 i and average value of the rate of heat
transferred through the wall in a given measurerseriées.

4. Heat transfer coefficient

Experimental investigations of heat exchangers s#etermination of mean heat transfer
coefficients on both sides of the wall separatiegttexchanging fluids. Usually the procedure is to
obtain direct temperature measurements on thetraetfer wall. However, if the heat exchanger
has a complex geometry then accurate measuremérgarface temperature faces significant
difficulties. To attach the thermocouples at heatsfer surface, the heat exchanger has to besat fi
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disassembled and then reassembled. Special attesttiould be paid to the proper sealing and
leakage prevention. The procedure is thereforeotediand not always successful. Some of
difficulties can be alleviated if the Wilson ploethod (Wilson [17]) is applied. The method is very
simple and can be applied to the analysis of vartgpes of heat exchangers (Fernandez-Seara et
al. [18]). In effect the mean values of heat transfoefficient can be obtained. A simple and
efficient version of the Wilson plot method, simita the original one, was applied in the course of
present study of heat transfer coefficient. Thginél Wilson plot method, as well as its subsequent
modifications, requires only determination of theexall thermal resistance in the heat exchanger.
From this method an accurate energy balance, aséie measurement of fluids exchanging heat
and their mean temperatures at the inlet and dutlet the heat exchanger are obtained.

The rate of heat in the heat exchanger can bemesin the form:

Q =Uy [LMTD [A = riy, Ahy, = m.Ah, (1)

where LMTD denotes Logarithmic Mean Temperaturefdd@nce,A — heat transfer surface.The
overall heat transfer coefficient can be descried

-1
1 o0 1
Up=| —+T+ = 2
Ry @

where a, and a. are heat transfer coefficients for respective nilasg rates,o is the thickness of
wall separating two fluids, whereagdts thermal conductivity.
The log-mean temperature difference can be detednirom a relation for the counter-current

heat exchanger as:
T, out )_ (Th_out \_ Tc_in )

oD = T T
In (Th_in _Tc_out) (3)

Th_out =T

c_in

Assuming that the heat transfer is primarily goeer by the flow velocities of both fluids, the
simple relations for determination of heat transieefficient as a function of fluid velocity can be
written.

For m,=const and my=var thereis:

a,=const, a, =C,w, 4)
For m,=const and m_.=var thereis:

a, =const, a, =C.w, (5)
where w, and w, are the respective flow velocities of hot and céldds, n is the exponent

depending on the flow character, for example incige of turbulent flow inside tubes0.8.
For the heating medium the following relation denformulated:

e
or:
Lo=c,cw @
U,
where:
Cy=+2 ®

for a series wheren = const. Assuming new variables, i.&=w," and y=1/U, a linear

relation is obtained:
y=Cs+ChX 9)
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For cooling side analogical relations can be dekive

The heat transfer coefficient calculations by Whigplot method were conducted for the plate
thickness of 0.5 mm. The plate material (stainksgl) has the thermal conductivityequal to 15
W/(mK). The function described by formula (9) waktfed in Fig. 5 for the modified and
commercial heat exchangers, respectively. Botlslmepresent the case, when the cooling fluid had
a constant volume flow rate with a variable oneHeating fluid. The inlet temperature of heating
medium was equal to 80, while that of cooling one was %D. The constants in equation (9) have
been determined and feature the following val@s33%10° and C;=25x10° (for modified heat
exchanger) an@,=26x10° andC3=30.6x10° (for commercial one).

1,0x10”* —r—rer———r—vT"rr—T—"V—T—"—7—"—1

1 2 modified

= commercial

9,0x10™ 4 A .
1y 7

8,0x10™ 1

=)

1/U_ [m*K/W]

7,0x10™ 4

4
6,0x10 1) y =0.000033 x + 0,000250

2) y = 0.000026 x + 0,000306 |

5,0x10™

8 10 12 14 16 18 20 22

Fig. 5. Experimental points and the corresponding linegression,V.= 125 Iph

It should be mentioned that each function preskmtéig. 5 was used to calculate just one point
representing the heat transfer coefficient of cgpinedium. All calculated values of heat transfer
coefficient for both media are shown in Figs. 6 @ndhese figures were constructed on the basis
of numerous linear functions similar to those pnése in Fig. 5.

The heat transfer coefficient values obtainedlierhot and cold passages are shown in Figs. 6
and 7. Their values are plotted versus Reynoldsbeunfior one chevron channel (as usually
presented in the papers). During tests the intep&gature of hot water and ethanol (cooling fluid)
was kept constant (see the legend of figures).

The Reynolds number for one flow channel was catedl with application of the formula:

D
Reg, =" (10)
where hydraulic diameteDy, has been defined in the same way as in simialies:
_2b
Dy ) (11)

In EQ. (11)b is the corrugation depth ams the enlargement factor.
The enlargement fact@rwas calculated in accordance with [5] as a ratijpanticular plate areas:

A
=— 12
¢ A (12)

whereA is the effective corrugated area of plate, whefggsts projected surface.
The projected surface area is related to geometiaacteristics of the plate and was determined
as follows:

Ap =L, Ly (13)
wherelL,, is the plate width andl, is the port to port length calculated by subtragtthe port
diameter from vertical distance between ports e¢sr{tdso called active length of heat exchanger):

-8-
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L, =L, D, (14)

The viscosity of both fluids was calculated usiRgfprop 9.0 [19] software for the average
temperature of hot passagg.+Thouw)/2 and cold passagd (ntTcow)/2 in the heat exchanger,
respectively. The one channel mass flGx;h, was determined using the following definition:

m
bL,
In Eqg. (15) m is the fluid mass flow ratdy is the plate corrugation depth, wherégss the plate
width.

As results from the analysis of Fig. 6 in the caBeommercial and modified surfaces, at the
same conditions, the higher values of heat trartsfefficient were found on the ethanol side, than
on the water side. When the inlet temperature démaas set to 8C (Fig. 7), the improved heat
transfer on the porous layer caused further coreidie increase of the heat transfer coefficient on
ethanol side. For example at the Reynolds numbgaléq 600, the heat transfer coefficient on the
water side is 18% higher for the case of commermiatiule, while on the ethanol side it is 15%
higher for the modified one. Summarising, etharndha same Reynolds number shows better heat
transfer characteristics than water. With incregsive maximum temperature difference in the heat
exchanger that heat transfer characteristic is begter.

(15)

Gien =

5000 v T v T v T v T
4000 4 /,/' e
— 1t /'/‘/
—~~ n
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~_ 30004 & _* -
E ¥ m” e
= u} /*/’
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1Ch

Fig. 6. Comparison of heat transfer coefficients versesRbeynolds number for the case of water —
ethanol configurationTy.i, = 60°C
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Fig. 7. Comparison of heat transfer coefficients versesRbeynolds number for the case of water —
ethanol configurationTy.i, = 8C°C
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The explanation of above discussed results caddpe in the basis of the roughness, fluid
properties and flow structure. The surface tenstam be connected with wettability and
temperature which additionally influences the Ptandmber. The latter number contributes to
differentiation between the hydrodynamic and thérbwundary layers. Wettability indicates the
ability of a liquid to maintain contact with a sblsurface [20]. Usually it is considered in theecas
of the presence of three phases. However in spiggse flow, there can be distinguished the
hydrophobic and hydrophilic surfaces as well as #pparent slip flow [20]. Although the
hydrophobic and hydrophilic surfaces are not tlseiesin the considered case, but an apparent slip
flow can be considered in the light of the flowttaehment [21]. Let’s consider a detachment of the
flow on the single rough structure, then it impisgen the next structure. In such case we can
observe appearance of the reverse flow in the sgegl between them. For particular flow
conditions the main stream will flow at the top tbe roughness, that is why it can be called
“apparent slip flow”, since it would be in sometdisce from the wall. The depth of main stream
penetration would be varying. It should be emphesithat such phenomenon is not caused by the
presence of non-condensable gases. The speciakaaraken to prevent air presence in the system
during the experiment.

Since water is characterized by high values dbasertension, it can be assumed that on the heat
exchanger water side the real heat transfer aneligced by the size of non-penetrable roughness.
That could probably explain why water exhibits lowalues of heat transfer coefficient in relation
to ethanol. The properties of water and ethanolisted in Table 3.

Increasing difference between the heat transfefficeents of the modified and commercial heat
exchangers (see Fig. 6) can be also interpretddeobasis of Prandtl number and the thickness of
boundary layers. At 6C the water Prandtl number was equal to 2.98. lamsethat the
hydrodynamic boundary layer was thicker than therrtfal one. Increasing Reynolds number
causes reduction of boundary layer thickness, thiere¢he transport processes are enhanced, what
can be observed in Figs. 6 and 7. However in tke cArough surface, due to “apparent slip flow”
thinning of boundary layers were less effective #mely were still not sufficiently turbulent. The
situation has changed with the water temperatuweease, which can be found in Fig. 7. For the
water side the difference between the heat traskeificients of the modified and commercial heat
exchangers decreased. At higher temperature ther watface tension and the Prandtl number are
smaller, that is why the roughness became more riaupo The negative influence of the “slip
flow” was reduced and also the boundary layersacbel more effectively disturbed.

Considering the ethanol side of modified and conerakheat exchangers the tendency of data
presented in Figs. 6 and 7 is in contrary to théewaase. Ethanol has almost 3.5 times lower
surface tension than water at’GQ(Table 3). Due to that it penetrated easily theghness and the
“apparent slip flow” didn’t occur. That is why theeat transfer coefficient was higher for the
modified heat exchanger. This advantage was redogdide increase of Reynolds number (Fig. 6).
At 30°C the ethanol Prandtl number is equal to abouftifeans that the hydrodynamic boundary
layer was much thicker than the thermal one. It alas true in comparison to the case of water.
Therefore destabilization of the hydrodynamic bamdayer could not be sufficient for higher
increase of heat transfer coefficient. Moreover phebability of “slip flow” appeared, since the
main stream could pass at some distance from tnghress bottom, where the reverse flow could
be expected. This disadvantage disappeared ortveagly reduced at higher temperature (Fig. 7).
Decreasing values of the surface tension and taeddrnumber, equivalent to disappearance of
“apparent slip velocity” and at the same time taluetion of boundary layers size, caused
significant increase of heat transfer coefficiemttloe ethanol side.

5. Thermal characteristics

-10 -
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The exemplary comparison of studied heat excharthermal characteristics are shown in Figs.
8-9. Direct comparison of the thermal and flow eleéeristics between both devices was possible
due to an assurance of equivalent conditions duhagxperiment. Equivalent conditions mean the
same volumetric flow rates and the same media teatyes at the inlet of heat exchangers in the

corresponding measurement series.

Table 3. Thermophysical properties of water and ethanol

medium water ethanol
temperaturéC 30 60 80 30 40 50
surface tension mN/m 71.19 66.24 62.67 21.14 19.87 18.65
Prandtl number 541 298 2.22 15.85 14.01 12.45

The effect of water mass flux and imposed heat fio the overall heat transfer coefficient in
the studied plate heat exchangers are presentéd)i8 and Fig. 9. The presented graphs were
constructed at the following conditions: temperataf hot water at the heat exchanger inlet was
60°C, while temperature of ethanol at the heat exchaimet was 30C, the mass flux of hot water
(Gr) was kept constant and its value is indicatedartiqular figures. The Reynolds number value
represents variable ethanol mass flow rate.

1400 ——r———————————r———
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--A-- modified G, = 42 kg/(m’s
1200+ h g/(m’s) -
|
o ./A L
— 10004 / o 4
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= '
—° 6004 p -
| o
4004 Thin=60"C J
Tein=30°C ]
200

— 77
0O 100 200 300 400 500 600 700 800
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ich

Fig. 8. Overall heat transfer coefficient versus the eth&eynolds number in the wateethanol
configuration, the water mass fl@, = 42 kg/(nfs)
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Fig. 9. Overall heat transfer coefficient versus the eth&eynolds number in the wateethanol

configuration, the water mass fl@,= 105 kg/(nfs)
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The results in Figures 8 and 9 can be divided twi parts: namely the low Reynolds number
region (up to about 300) and the higher Reynoldsiber region (over 300). This division is
coming from the fact, that in the low Reynolds n@mbegion the overall heat transfer coefficient
was higher for the case of modified heat exchatigger for the commercial one of about 2 to 10%.
The difference was calculated based on the follgwWiormula in assumption that the value for
commercial heat exchanger is the reference one:

U 0_commercial U 0_modified

AU, = [100% (16)
UO_commerciaI
On the other hand, in the higher Reynolds numégion the commercial heat exchanger was
characterized by higher values of the overall ixeaisfer coefficient (by about 6% to 10%) than the
modified one. Such tendency was observed for bades of mass flux, equal to 42 and 105
kg/(mPs). Calculated values of overall heat transfer fazieht for both heat exchangers are

presented in Table 4.

Table 4. The overall heat transfer coefficient differebetween the modified and commercial heat

exchanger

heat exchanger commercial modified
UW/m°K] Re UgW/m’K] Re  AU%]
Water mass flux 1155 692 1044 687 9.6
Gn = 42 kg/(nfs) 1080 557 968 552 10.3
914 419 851 416 6.9
723 278 688 276 4.8
456 160 488 160 7

Water mass flux

Gpr=105 kg/(rﬁs) 1712 725 1580 721 7.7
1552 583 1436 577 7.5
1351 438 1324 437 2
1026 290 1046 289 2
698 169 769 169 10.2

Similar results were obtained for the measuremenes, in which temperature of hot water at the
heat exchanger inlet was equal t¢@&nd temperature of ethanol at the heat exchantgrwas
equal to 30C.

6. Hydraulic characteristics

Generally, the total pressure drapP¢) consists of four factors namely the frictionatnte
(APy), elevation term/APg), pressure losses at the test section inlet atidtquorts APy), and the
acceleration term/AP,). The last term would be included in the analgsily if the phase change of
particular fluid could be observed. Therefore ie ttase of reported study, the acceleration term
was omitted because there was no phase changegrawgational component was not taken into
account due to the horizontal position of heat argers. To evaluate the friction factor associated
with the water flows, the frictional pressure di@gd;) was calculated by subtracting the pressure
losses at the ports of heat exchanger from the unedsotal pressure drop:

AP; =AR,,, - AP, (17)

exp

The pressure drop at the inlet and outlet portseat exchanger was empirically suggested by
Shah and Sekulic [22]. This is approximately 1rbets the head due to the flow expansion at the
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inlet:

GZ
AP, =15
wherep is the density of fluid, an@,, is the mass flux inside the port, defined as:
G = 4m (19)

In Eq. (19)Dy is the port diameter.
The friction factor is described by formula:

2G,, L

whereL, is the active length of heat exchanger.
The flow characteristics are presented in Fig. fb® Water side) and Fig. 11 (for ethanol side). It
should be mentioned that the inlet pressure foematd ethanol was 150 kPa.

The flow characteristics show that for very lowwil rates the overall pressure drop was higher
for the modified heat exchanger than for the contiaépne. However this tendency was opposite
for higher values of flow rates.

(20)
p

30— - —
®— commercial

1| -—-A-- modified 1
254 / e

SN
A
54 A 4
at T,,=60°C
4 P -in
‘;‘

O L] L] L] L] L]

0 100 200 300 400 500 600

V [Iph]

Fig. 10. Water side flow characteristics

v T v
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6 --A-- modified

T,,=30°C

0 T T T T v T v T d
0 40 80 120 160 200
V [Iph]

Fig. 11 Ethanol side flow characteristics
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The smaller values of pressure drop on the heahamger water side could be partially
explained with appearance of “apparent slip flowhich might contribute to reduction of shear
stresses. The influence of increasing Reynolds meunshould be similar for the modified and
commercial heat exchangers, that is why it wadadan into account in the interpretation of results
Considering the ethanol side, two clearly visibdgions could be determined: (a) low Reynolds
number, where pressure drop was higher for the fieddheat exchanger and (b) higher Reynolds
number — for which the pressure losses were lower the modified heat exchanger. The
explanation could be connected with the surfacsiéenand wetting ability of ethanol. It looks like
the porous layer caused higher pressure losseausedhe ethanol penetrated “deeper” into the
pores due to the smaller surface tension. Howewva@easing Reynolds number caused reduction of
boundary layer thickness, what lead to the redoctibpressure losses. The “apparent slip flow”
seemed also to contribute to decreasing shearsefe®©f course, the Authors are aware that
analyzed phenomena were not simple at all and thadeto be the roughness influence on the
hydrodynamic boundary layer, causing its unsteadinelnsteady boundary layer could be also a
reason of smaller friction factor. This explanatisrdone to show how complex phenomena were
occurring in the system and to said that they shttulbe generalized with only the geometry
influence. The fluid properties and flow structuaee as important as the geometry itself. All
mentioned parameters would have an impact on tha fiesult, which might be enhanced or
reduced.

8 v T v T v T v T v —
—m— commercial
A --A--modified

0'400'800'12IOO'16IOO'20IOO'2400
I:\>e1(2h
Fig. 12.Friction factor profile for water

10 d T d T d T

v T v
—m— commercial
—-A-- modified

64 A\ 4

44 ~. -

0 v T v T v T v T T
0 100 200 300 400 500

Fig. 13.Friction factor profile for ethanol
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The apparent tendency in Figs. 10 and 11 correlspdom the friction factor presented as a
function of the Reynolds number in Fig. 12 and Fi§. With increasing Reynolds number the
friction factor of modified surface decreased amalfy became smaller than for the commercial
plate. At the Reynolds number equal to 93, the fiemtliheat exchanger has 133% higher friction
factor than the commercial one, while at the Regmatumber equal to 430 smaller than the
commercial one of about 9%. For both fluids (weaed ethanol) the partially linear region of
friction factor dependence on the Reynolds numbem be found, what the most probably
corresponds to the transition region of the flonccérding to Hesselgreaves [23] the range of
transition from turbulent to laminar flow correspisnto the value of Re between 100 and 200. That
means that in Fig. 12, in case of water, all dagafer the turbulent flow regime, whereas in Fig. 1
the transition and turbulent flow regimes are pnése

7. Uncertainty analysis

The uncertainty analysis of presented experimemeastigations was done in systematic
manner. Taking into account low number of measurgmeepetition, but also high repeatability of
data, the statistic uncertainties were not coneilerThe analysis presented in this paper,
concentrated on the systematic error analysis. @halysis was based on the principle of
uncertainties propagation described by the forrf2dd

2 2 2
Ay = iAxl + 1sz + iAx:g +... (21)
0%q 0Xo 0X3

where 4x is the maximal uncertainty of measuring instrumehte uncertainty of analyzed
functions depended on the particular variables mairdies. In presented case the uncertainties
were connected with direct measurements, indiratitutations and withdrawal from the tables
(thermo-physical properties). The applied uncetimsnof various devices used in experiment were
described in the section discussing the experinhéaatdity and procedure.

The results of uncertainties are summarized in & &blThe relative uncertainty was calculated on
the basis of the following equation:

oy = &y [100% (22)
y
Table 5 Summary of the uncertainty analysis
Parameter Relative value [%]
volumetric flow rate 0.92-1.13
mass flux 1.40-1.63
temperature 1.00-1.15
overall heat transfer coefficient 2.52-3.76
convective heat transfer coefficient 3.92-5.19
pressure 0.90-1.06
differential pressure 1.50-1.84
friction factor 4.91-6.23

Reynolds number 7.30-11.45
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8. Summary

The experimental analysis of heat transfer enhapaoéfor plate heat exchanger was described.
The results of heat transfer for the exchanger witldified surface were always compared with the
results of the commercial one. Analysis of watéraebl system gave very interesting data — the
heat transfer coefficient on the ethanol side tbigher values for the modified heat exchanger in
all studied cases, but the water side it was hifdrethe commercial one. That is due to the faat th
the surface tension of ethanol was about four tisrasller than the surface tension of water.
Moreover the interaction of roughness with the bgynamical and thermal boundary layers was
taken into account. The Prandtl number for ethaved about three times higher than the one for
water, what described the relation between padrdobundary layers for both media. There should
be mentioned one very important parameter relaigtid flow character, namely the flow regime:
laminar, transitional or turbulent. The analyzedthe system phenomena were complex and it
should be emphasized that the fluid properties #nedflow structure are as important as the
geometry itself. All mentioned parameters would éawn impact on the final result (heat transfer
coefficient, pressure losses, friction factor), @hmight be enhanced or reduced by the interaction
of the parameters.
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HIGHLIGHTS:

» Implementation of increased surface roughness into the plate heat exchanger

»  Comparison between modified and commercially available plate heat exchanger
* Tested layer combined with ethanol gave higher heat transfer coefficient

» Ethanol high flow rates caused decrease of pressure drop

* Modified surface layer is suitable for fluids with low value of surface tension
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