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PRIJEMNA ISPITIVANJA SISTEMA AUTOMATSKOG REGULISANJA BROJA OBRTAJA ROTORA PARNIH TURBINA
Dragoljub Zivkovié, Branislav Savic

NEKI REZULTATI RAZVOJA | PRETHODNOG ISPITIVANJA SOFTVERSKOG SISTEMA ZA DIJAGNOSTIKU RADA,
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TERMOELEKTRANI "NIKOLA TESLA" — OBRENOVAC

Pavle Stiepanovi¢, Dragan DrazZovic, NebojSa Kostovi¢, Nenad Milojkovi¢
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NA KOLUBARSKI LIGNIT

Jelenko B. Mani¢, Radmila D. Danici¢

UTICAJ TEMPERATURE RASHLADNE VODE NA ENERGETSKU EFIKASNOST PARNOG BLOKA
Slobodan Lakovié, Mirjana Lakovi¢, Mladen Stojiljkovi¢

UTICAJ PROTOKA RASHLADNE VODE NA PERFORMANSE KONDENZATORA TERMOENERGETSKOG
POSTROJENJA

Mirjana Lakovié, Slobodan Lakovic, Dejan Mitrovi¢

THERMODINAMICAL APPROACH IN POWER PLANT OPTIMIZATION-CASE STUDY TE-TO ZRENJANIN
Predrag Raskovié, Sreten Stoiljkovié, Miladin Cepic, Nenad Priljeva, Dragan Trtica
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1.15 PRIMENA ADITIVA PRI SAGOREVANJU MAZUTA U PARNIM KOTLOVIMA
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10:45-12:00 1.20 POSTROJENJE ZA DESALINIZACIJU SA KOMPRESIJOM PARE - MOGUCNOSTI POVECANJA EFIKASNOSTI
AT e PROCESA OSTVARIVANJEM KAPLJICASTE KONDENZACIJE
Nebojsa Lukic, Alfred Leipertz, Andreas Fréba, Liv Diezel
121 PRIMENA EJEKTORA U PROIZVODNJI KOMPRIMOVANOG GASA - VAZDUHA
Aleksandar Petrovic, Ljubomir Petrovic¢, Aleksandar Dedli¢
1.22  TEHNICKA REGULATIVA U GASNOM SEKTORU ZEMALJA JUGOISTOCNE EVROPE
Vojislav Vuletic
1.23  OPTIMIZACIJA SISTEMA ZA TECNI NAFTNI GAS NA VOZILIMA ZASTAVE
Milan Milovanovic, Stojan Petrovic, Milis Radisavljevi¢, Sasa Spasojevi¢
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1.3 ODREDIVANJE GUBITKA USLED SPOLJASNJEG HLAPENJA KOTLOVA UCK-50
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1.4 MERENJE KOEFICIJENTA PROLAZA TOPLOTE PROZORA
Velimir Stefanovic, Mirko Stojilikovié
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1.7 ODREDJIVANJE KOEFICIJENTA PRELAZENJA VLAGE KOD SUSENJA TERMO-DRVETA PREKO HEMIJSKOG
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Aleksandar Dedi¢, Nenad Cuprié, Dusko Salemovié
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UPOTREBA TERMOVIZIJE | ODREBIVANJE INFILTARACIONIH GUBITAKA KAO SREDSTAVA ZA OCENU
ENERGETS[(IH GUBITAKA U STAMBENIM ZGRADAMA ]

Dragoslav Sumarac, Maja Burovi¢-Petrovic, Stanko Cori¢

MERENJA TEMPERATURE, RELATIVNE VLAZNOSTI, TOPLOTNOG FLUKSA | POTROSENE TOPLOTNE ENERGIJE
Veljko Georgijevié, Milo§ Andelkovié

UTICAJ GRADNJE OBJEKATA NA 1ZBOR PARAMETARA SOBNOG TERMOSTATA

Pavle Kaludercic, Novak Prodanovi¢

POVECANJE EFIKASNOSTI SISTEMA CENTRALNOG GREJANJA REGULACIJOM | MERENJEM UTROSENE
TOPLOTNE ENERGIJE

Branislav Stojanovic, Jelena Janevski

SAVREMENE ENERGETSKI EFIKASNE PROZORSKE KONSTRUKCIJE

Dragan Gavrilovic, Velimir Stefanovié

ENERGYEFFICENCY IN THE BUILDING ENERGETICS - research case -

Tatiana V. Toma

MOGUCNOSTI REKUPERACIJE TOPLOTE PRI ZAGREVANJU BAZENA

Mirko M. Stajilikovic, Bratislav D. Blagojevic, Mladen M. Stojilikovié, Marko G. Ignjatovi¢
REKUPERATIVNI IZMENJIVACI TOPLOTE | ANALIZA POVECANJA ENERGETSKE EFIKASNOSTI U KLIMA-
VENTILACIONIM KOMORAMA

Dejan Petrovi¢, Gradimir llic
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RACIONALIZACIJA POTROSNJE ENERGIJE U FABRICI AUTO-GUMA TRAYAL KORPORACIJE U KRUSEVCU
Sladana Zivadinovié, Miroslav Savi¢

PRELIMIBARNI ENERGETSKI BILANS KOTLOVSKOG POSTROJENJA U FABRICI TIGAR MH-BABUSNICA
Miaden Stojiljkovic, Dejan Mitrovic, Goran Vuckovic, Danijela ToSi¢

GAZDOVANJE ENERGIJOM U FABRICI TIGAR MH U BABUSNICI

Goran Vuckovié, Mladen Stajilikovi¢, Dejan Mitrovié, Mica Vuki¢

ENERGETSKA EFIKASNOST U SISTEMIMA ZA DISTRIBUCIJU PARE | POVRACAJ KONDENZATA U AD PIVARA NIS
Dejan Mitrovic, Mladen Stojilikovic, Goran Vuckovic, Mirko Stojilikovic

FINE COAL PELLETIZING CONTRIBUTION TO ENERGY EFFICIENCY

Vojin Cokorilo, Dinko Knezevié, Viadimir Milisavijevié

ENERGY SAVINGS OF A WATER PUMP WITH VFD IN AIR CONDITIONING SYSTEMS

Vladimir I. Mijakovski, Kire J. Popovski

OZNACAVANE ENEGETSKE EFIKASNOSTI PUTNICKIH VOZILA U EVROPI

S. Petrovi¢, M. Tomi¢

KOMBINOVANI TRANSPORT U FUNKCIJI ENERGETSKE EFIKASNOSTI

Anica MiloSevic, DuSan Stamenkovic, Milos MiloSevic
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M. Baji¢, M. Despotovic
IV2  TOPLOTNA EFIKASNOST HIBRIDNOG | OBICNOG RAVNOG SOLARNOG PRIJEMNIKA U ZAVISNOSTI OD
NJIHOVIH KONSTRUKCIJSKIH PARAMETARA
M. Bojié, V. Sustercié, R. Jankovic
I3 PRIMER SOLARNOG PRIJEMNIKA ZA SREDNJETEMPERATURNU KONVERZIJU SUNCEVOG ZRACENJA U
TOPLOTU
Boban Nikolic, Velimir Stefanovi¢
IV4  RAZMATRANJE MOGUCNOSTI KORISCENJA SUNCEVE ENERGIJE NA PRIMERU TO “CERAK’
N. B. Miloradovi¢
IV5  PRIKAZ RESENJA POKRETNE UNIVERZALNE SOLARNE SUSARE ZA SUSENJE BIOLOSKIH METERIJALA
Radivoje M. Topié, Aleksandar Lj. Petrovié, Nenad Lj. Cupri¢
IV6  METODOLOGIJA PROCENE ENERGIJE VETRA NA MEZO/MIKRO LOKACIJAMA
Zarko Stevanovié, Predrag Zivkovié, Maja Studovié
V.7 OPTIMALNO PROJEKTOVANJA FARMI VJETROELEKTRANA
E. Zlomusica, M. Behmen, F. Catovié, K. Sehbajraktarevié
PREZENTACIJA SPONZORA
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IV9  MOGUCNOST KORISCENJA GEOTERMALNE ENERGIJE SOKOBANJE
Predrag Milanovic, Vojislav Tomi¢
IV.10  IDENTIFIKACIJA GEOMETRIJE | MASE OBRTNOG KOLA MALE HIDROTURBINE
Nikola L. Marici¢
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(TOKOVA)
Branislav Ignjatovié, Miroslav Beniek, Milos Nedeljkovié, Dejan llié, Dorde Cantrak, lvan Bozi¢
V.12 BIOMASS AS ENERGY SOURCE IN LOCAL CONDITIONS IN MACEDONIA
llija J. Petrovski, Risto V. Filkoski
PREZENTACIJA SPONZORA
12:00+12:15 Kafe pauza
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V.14 BIOGAS KAO ENERGETSKI IZVOR
Gordana Tica, Petar Gvero, Slavisa Jelisi¢, Dragoslava Stojiljkovi¢
IV.15  KRITICKA ANALIZA DOSADASNJIH RJESENJA PROBLEMA DRVNOG OTPADA | IZBOR OPTIMALNE
TEHNOLOGIJE ZA PRERADU OTPADNE DRVNE BIOMASE
M. Tica, V. Miltenovi¢, M. Djurdjevic
IV.16  PRELIMINARNI REZULTATI ISPITIVANJA EKSPERIMENTALNOG POSTROJENJA SNAGE 2 MW NA BALE
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R. Mladenovic, D. Dakic, A. Eric, M. Mladenovic, B. Repi¢, M. Paprika
IV.17  KORISCENJE BIOGASA NA FARMI
Sasa Igi¢, Milos Milankovié, Igor Sreji¢, Dragoslav Peri¢
IV.18  MISCANTHUS GIGANTEUS - OSNOVA NOVOG BIOENERGETSKOG GORIVA
G. Drazié, N. Mihailovié, Z. Dzeletovié, B. Stevanovi¢, J. Sinzar
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V MATEMATICKO MODELIRANJE | NUMERICKE SIMULACIJE

16:00-17:15 V.1 INTERQ{PERABILNOS"I',SOFTVERA ZA ODRZIVE ZGRADE
M. Boji¢, M. Todorovi¢
V.2 KONCEPCIJA RACUNARQKI PODRZANOG NADZORNO-UPRAVLJACKOG SISTEMA KOMPLEKSA ZA
ODVODNJAVANJE POVRSINSKOG KOPA UGLJA "DRMNOQ"
Slobodan Vujié, Toma Tanaskovié, Zarko Krsti¢, Lazar Cvetkovié, Aleksandar Petrovski, Igor Miljanovié
V.3 RAZVOJ PREDIKTORA ISPORUKE PRIRODNOG GASA U SISTEMU NIS-GAS
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V.4 PROGRAMSKA APLIKACIJA ZA ANALIZU INDUSTRIJSKIH KOMPRESORSKIH RASHLADNIH POSTROJENJA
D. Gvozdenac, M. Kljaji¢
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V.7 MATEMATICKI MODEL | NUMERICKA SIMULACIJA PROCESA PROIZVODNJE U FABRICI AUTO GUMA TRAJAL
KORPORACIJE U KRUSEVCU
Sladana Zivadinovié
V.8 PRIMENA MONTE-KARLO SIMULACIJE U ANALIZI POUZDANOSTI SISTEMA
Dragan Milci¢, Miroslav Mijajlovi¢
V.9 THE SYSTEM OF UNIVERSAL EQUATIONS OF UNSTEADY MHD INCOMPRESSIBLE FLUID FLOW WITH
VARIABLE ELECTRO CONDUCTIVITY ON HEATED MOVING POROUS PLATE
Zoran Boricié, Dragi$a Nikodijevié, Dragica Milenkovié, Zivojin Stamenkovié
V.10  PRIMENA MATLAB® OKRUZENJA ZA TERMICKI PRORACUN TOPLOVODNOG KOTLA ZA SAGOREVANJE
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B. Stojanovic, M. Protic, B. Blagojevi¢ , J. Janevski, M. Ignjatovi¢
V.11 NUMERICKA SIMULACIJA PROCESA U RAZLICITIM GEOMETRIJAMA KANALA ZA AEROSMESU SA
PLAZMENIM SISTEMOM POTPALE
M. A. Sijercic, S. V. BeloSevic, P. Lj. Stefanovi¢
V.12 NUMEBICKA SIMULACIJA RASPODELE UGLJENOG PRAHA DUZ KANALA AEROSMESE U ZAVISNOSTI OD
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Nikola V. Zivkovié, Goran S. Zivkovié, Predrag Lj. Stefanovic
V.13  PARAMETARSKA ANALIZA STRUJANJA VAZDUHA KROZ KANAL AEROSMESE GORIONICKOG PAKETA
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09:00-10:15 V.14 LES TURBULENTNOG STRUJANJA U KANALU
Zoran Pavlovié, Satoru Komori
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M. Pezo, Z. Stevanovié, V. Stevanovié
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VI5  ENERGETSKI | EKOLOSKI EFEKTI SUPSTITUCIJE KONVENCIONALNIH GORIVA BIOBRIKETIMA
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MECHANICAL VAPOR COMPRESSION DESALINATION PLANT —
EFFICIENCY INCREASING POSSIBILITIES OF PROCESS USING DROPWISE
CONDENSATION

Dr Nebojsa Luki¢, vanr.prof.
Masinski fakultet u Kragujevecu
Prof.Dr.-Ing Alfred Leipertz, Dr.-Ing Andreas Froba, Dipl.Ing. Liv Diezel
Department Engineering Thermodynamics, Friedrich-Alexander University,
Erlangen-Nirnberg, Germany

Abstract

Using ion-implanted metallic surfaces to provoke a dropwise condensation
improves a convective heat transfer coefficient significantly. Thermal desalination
process, especially mechanical vapor compression (MVC) could be more effective by
ion-implantation technology. This paper points on a possible heat transfer area
reduction using defined approach. In defined MVC plant simulation model
(mathematical model and realized software), a replacing filmwise by dropwise
condensation can improve both main convective heat transfer process (condensation
and evaporation) by arising a condensation heat transfer coefficient and also a heat
flux value (respectively). For assumed improvement factor of dropwise condensation,
comparing with filmwise condensation by the same MVC plant capacity, the
reduction of main heat exchanger area is within 40% and 45%.

1. Introduction

Despite a huge amount of water that we are surrounded, a drinking water
shortage becomes the world problem. Whence the biggest part of this amount is saline
water, one of logical solution is desalination. There are two main desalination
techniques: membrane and evaporation. In other words, we can use non-thermal or
thermal process to obtain drinking water. Membrane technique as reverse 0smosis
(RO) is generally a low energy and low price but also low product quality desalination
method.

Point of our interest is evaporation technique. Depends on desalination plant
capacity, availability of steam sources, electrical energy prices and specific demands,
different thermal process can be used. Those are mainly: Multi-Stage Flash distillation
(MSF), Multi Effect Distillation (MED), Thermal and Mechanical Vapor
Compression (TVC and MVC) [1]. Thermal techniques that require an external steam
source (MSF, MED, TVC) can be improved by cogeneration process [5]. Because an
evaporation of saline (sea) water is obligatory for defined techniques, a problem of
energy efficiency is dominant. In other words the condensation latent heat of product
water should be used to provoke evaporation of saline water in condition when the
temperature level of produced vapor is not enough to enable stabile evaporation of
saline water. Recovering energy ratio of mechanical vapor compression (MVC)
technique (vapor is pressurized by compressor) can be very high but a spent energy is
very expensive electrical energy. This is one stage desalination method for smaller
product capacities (up to 3000 m*/day). In MVC plants, rang of the specific energy
consumption is mostly 7-12 kWh/m?®. Higher energy efficiency means a smaller
evaporation-condensation side temperature difference and bigger demanded heat



transfer area. There is chance for scientists to achieve an optimum thermal
desalination scenario.

Many approaches to mentioned scenario are recorded. In [2], the realized
MVC desalination plants have given a good production results but because small
evaporation-condensation side temperature difference (dt=3-4°C) the used plate one-
phase and tube evaporation-condensation heat exchangers are huge (heat transfer area
of heec=2598 m?). In [3] the classic MVC model was considered by simple LMTD
calculation method for heat transfer phenomena. In Vapor compression plant (VC), a
dominant centrifugal compressor and its significant consumption of electrical energy
can be replaced by classic heat pump cycle [7], [4], [6], absorption heat pump cycle
[4], thermal vapor compression (TVC), using ejector and external steam source [4].

Farther, in heat pump cycle energy consumption can be reduced using solar
energy for working fluid evaporation (delimited from water cycle) [6]. All mentioned
desalination plant model or installation decrease specific energy consumption
(exception is TVC) very effective but problem is its limited production capacity often
on insufficient level. On other side a centrifugal compressor can be driven by wind
energy [8], [9] but beside small production capacity, a stabile plant functioning is
basic problem of this concept. The aim of all presented methods is energy efficiency
increasing by reduction of MVVC demanded driving electrical energy.

Other (our) approach is based on improvement of MVC plant heat transfer
coefficient. Plate heat exchanger (PHE) concept provides high heat transfer
coefficient (very low turbulent transition Re number) and relative small pressure drop
for any heat transfer scenario (one-phase, evaporation, condensation) [10]. On other
side filmwise condensation (FWC) can be converted to more effective dropwise
condensation (DWC) using ion implanted metallic surface. This means significant
multiplied condensation heat transfer coefficient depending on heat transfer
conditions [12], [13]. Probably, using on the same way treated metallic surface, it can
also improve evaporation heat transfer coefficient but it needs more investigation. In
[11] it was described the successful inhibition of scaling process in desalination plant
using ion implanted metallic surface but there same improvement of evaporation heat
transfer coefficient can be found. Further it will be presented the designed MVC
mathematical model (based on PHE and DWC) and the obtained results.

2. MVVC Mathematical model

2.1 The assumed desalination plant

The assumed mechanical vapor compression desalination plant (MVC) is
consisted of two one-phase plate heat exchangers (parallel connection) and one main
evaporation-condensation plate heat exchanger and other necessary equipments. The
schematic diagram of MV C one-phase he parallel connection is shown on figure 2.1



Figure 1.1 Schematic diagram of the MV C desalination plant
There are:

HEL - the brine heat exchanger,

HE2 - the product water heat exchanger,

HE - the main (evaporation-condensation) heat exchanger,
P1,P2,P3,P: - pumps,

VP - vacuum pump,

C - compressor,

mpw - product water mass flow rate (kg/s);

Msw - Sea water mass flow rate (kg/s);

Mbw - brine mass flow rate (kg/s);

Mpwr - recirculation brine mass flow rate (kg/s);

Msw1 - Sea water mass flow rate throughout HE1 (kg/s);
Msw2 - Sea water mass flow rate throughout HE2 (kg/s);

Mswi - Sea water mass flow rate throughout main heat exchanger (HE) (kg/s);

tsw - temperature of environmental sea water (°C);

te - evaporation temperature (°C);

tc - condensation temperature (°C);

tho1 - HE1 outlet temperature of brine (°C);

tpwo2 - HE2 outlet temperature of product water (°C);
tswor - HEX1 outlet temperature of sea water (°C);
tswo2 - HE2 outlet temperature of sea water (°C);

+ HEZ

prn!

mpw



tswi - HE inlet temperature of sea water (°C);
tswo12 - Outlet temperature of sea water after mixing HE1 and HE2 flows (°C).

During real functioning of MVC plant, instead the water evaporation temperature, te
(°C), the increased saline water evaporation temperature, tee (°C) exists. This
temperature is function of pure water evaporation temperature and salt percent Spioo
(%) or salt ratio sp (-), the=f(te,Sp100).

2 The one-phase plate heat exchanger mathematical model

According to the shown picture 1.1 (he parallel connection), mass and energy
equations, the one-phase parallel connection mathematical model can be expressed.
Convective heat transfer coefficients of one-phase plate heat exchangers HE1 and
HE2 are calculated according to [14]. Warm outlet flows of brine and product water
from HE1 and HE2 present the MVC plant heat losses:

Q|1 = mbw ) wa ’ (tbol - tsw) ! (231)
lezmpw.cw.(tpwoz_tsw) ) (232)
There are:

Qi1 - heat loss of heat exchanger HE1 (kKW);
Q12 - heat loss of heat exchanger HE2 (kW).

The MVC heat losses must be equal with MVC heat gain, the real compressor power,
Prc (KW):

P.-Q,*Q, ¢

and according to this equation, the one-phase heat transfer areas of HE1 and HE2
should be adjusted (changing of No1,Noz2,w1,W2,h1,h2) to real values.

3 The evaporation-condensation plate heat exchanger (HEn) mathematical model

The real compressor power is calculated as:

o (3.1)
ItchM; Prc=mpw'|tcr '

77ic
There are:
leer - compressor real technical work (kJ/kg);
hebsv - compressor inlet vapor enthalpy, superheated vapor enthalpy, hepsv=F(pe,tbe) at
water evaporation pressure pe (MPa)=f(te) and saline water evaporation temperature
the (te>te) (kJ/kg). This enthalpy is bigger than saturated vapor enthalpy at
temperature te.;
heisy - isentropic compressor outlet vapor enthalpy, superheated vapor enthalpy,
hcisv=f(Pc,Sebsv) at water condensation pressure pc (MPa)=f(t) and superheated vapor
entropy, Sebsv=F(Pe,tbe) (kJ/KQ);
MNic - Isentropic compressor efficiency (assumed value) (-).



The real compressor outlet vapor enthalpy is calculated as:

hcrsv = hebsv + Prc ' (32)

The compressor outlet vapor temperature teasv (°C)=f(pc,hersv) is function of
condensation pressure, pc and real compressor outlet vapor enthalpy, hcrsv. For
computer calculation of saturated and superheated vapor properties, the high precise
equations are used.

The specific compressor energy consumption (*MVC energy consumption), Esc
(kwh/m®) per m® of product water is calculated as:

_24P. ©3)
ESC QMVC |

There is:
Qwvc - capacity of MVC plant (m*/day).

The efficiency factor of MVC plant, Fe (-) is calculated as:

te (3.4)
Fe :r_ '
Itcr

There is:
I'e - water evaporation latent heat at evaporation pressure (kJ/kg).

Two stream cases are possible in HEm:
- parallel flow HEm;
- counter flow HEm.

The parallel flow HEn has three possible heat transfer zones (Fig. 3.1 and 3.2):
- vapor-brine heat transfer zone (HEnm inlet);

- vapor-evaporation heat transfer zone or brine-condensation heat transfer zone;
- evaporation-condensation heat transfer zone (main heat transfer area).

—* | Brine Evaporation zone

—— |1 Vapor:2 Condensation zone

Figure 3.1 Schematic diagram of parallel flow HEm, case Qubc>Qwae

— |1 Brinei 2 Evaporation zone

—— | Vapor Condensation zone

Figure 3.2 Schematic diagram of parallel flow HEm, case Qubc<Qwae
There Qube (KW) presents the heat power needed to achieve the saturated vapor state
(vapor cooling to start of condensation) and Qwae (KW) presents the heat power



needed to achieve the saturated brine liquid state (brine heating to start of
evaporation). The heat power Qubc and Qwee are calculated as:

Qwae= mswi 'wa'(tbe_tswi) ) (35)

vac:mpW'(hcrsv_hc) ' (36)

There is h¢ - saturated enthalpy at condensation temperature (kJ/kg).

The counter flow HEm has three possible heat transfer zones (Fig. 3.3):
- vapor-evaporation heat transfer zone (HEn inlet);

- brine-condensation heat transfer zone (HEm outlet);

- evaporation-condensation heat transfer zone (main heat transfer area).

— | Brine Evaporation zone

Condensation zone Vapor | «——

Figure 3.3 Schematic diagram of counter flow HEm

The real HEn inlet temperature of sea water, tswi is calculated using the heat power
equality of HEm evaporation and condensation side:

mswi ) wa. (tbe _tswi) + mpw. rte = mpw. (hcrsv - hc) + mpw' rtc =

3.7
tswi :tbe_mpw.(hcrsv_hc+ rtc_ rte)/(mswi .wa) ( )
There is re - water condensation latent heat at condensation pressure (kJ/kg).
According to the real temperature, tswi, the one-phase heat exchanger areas should be
adjusted.

The heat transfer equations in HEm are:

Qhem - Ahem U hem Atmm ;Qheml - Aheml U hem1 Atmml;Qhemg - Ahemz U hem2 * Atmmz (38)

There are:

Qnem - heat power of evaporation-condensation HEm area (kW);

Qrnemz - heat power of inlet HEm area (kW);

Qnem2 - heat power of outlet (or second inlet) HEm area (KW);

Anem - heat transfer area of evaporation-condensation HEn zone (m?);

Anem1 - heat transfer area of inlet HEm zone (m?);

Anem2 - heat transfer area of outlet (or second inlet) HEm zone (m?);

Unem - total heat transfer coefficient of evaporation-condensation HEm area (W/m?K);
Unem1 - total heat transfer coefficient of inlet HEn area (W/m2K);

Unem2 - total heat transfer coefficient of outlet (or second inlet) HEm area (W/m2K);
Atmm - mean logarithmic tem. difference of evaporation-condensation HEy, area (°C);
Atmm1 - mean logarithmic temperature difference of inlet HEn area (°C);

Atmm2 - mean logarithmic tem. difference of outlet (or second inlet) HEn area (°C).



According to figures 3.1-3.3 the mentioned heat powers are:

Qhem:mpw-rtc = parallel row:vaczQwae;
Qhemzmpw'rm‘(Qwae‘vac) — parallel row:vaCSQwae; (3.9)

Q. =m, r.,~Q,_ = counter flow,

Q. =Q = parallel flow=Q >Q ;
Qhemlevbc = parallel row:vaCgQwae; (3.10)

Q :Q — counter flow,
hem1 wae

Qhem2=vac—Qwae — parallel row:vaczQwae;
Q..=Q. -Q, =paralel flw=Q <Q ; (3.11)

Q. _=Q_  =counter flow,
hem2 vbc
According to equation (3.8) the mean logarithmic temperature differences are:

At,.=t.-t,, = for all three cases, (3.12)

(tcrsv_tsvvl) (tsv tbe

Atom = = parallel flow=Q >Q
In(tCrSV tSWl)
tsv tbe
At...- (toe —To) — . The) = parallel flow=Q <Q ; (3.13)
In(tCrS\/ tSWl)
t tWee
Atmml (t tSWI) (t tbe = counter fIOW
|n(t tSWI)

t tbe



_ (tsv _tbe) B (tc — tbe)

At = = parallel flow=0Q >Q ;
In(tsv _tbe) vbc wae
tc _tbe
At..,= L Pl P ¥ Y = parallel flow=Q _<Q ;. (3.14)
In(ttC __t'tWee)

(tcrsv B tbe) B (tc B tbe)
t _tbe
| crsv
n( tc _tbe )

= counter flow,

AtmmZ =

There are:

tsv - superheated vapor temperature at point of saline water evaporation temperature,
the achievement. Temperature tsy (°C)=f(pc,hsv) is function of condensation pressure, pc
and superheated vapor enthalpy at mentioned point, hsy(kJ/kg)=hcrsv-Qwae/Mpw, (°C);
twee - brine temperature at point of product water condensation temperature, tc
aChievement, twee:tswi"'vac/(wa' mswi) (OC)

According to equation (3.8) the total heat transfer coefficients are:

Uien= 1 é% . = all three cases, (3.15)

7+7m+7

Ife hmevp lm Ifc hmcon
U..= . él, — 2 both parallel flow cases;

7+7m+

hlmw ﬂm h2mv (316)
U heml — 1 5 1 . = counter flow,

7+7m+ -

hlmw ﬂ‘m Ifc ) hmcon

= L el fl > .
U hem2 1 5 1 = para ¢ OW:QVDC_Qwae’
+
Ie hmevp /Im hzmv
1

Uem = 5 . = parallel flw=Q <Q (3.17)

—4+ =0+

hlmw ﬂ/m Ifc hmcon

= 1 fl

U hem2 1 5 1 = counter oWw.

e e

Ife hmevp ﬂum hzmv
There are:

hmevp - €vaporation heat transfer coefficient in HEm (W/m?2K);



hmeon - condensation heat transfer coefficient in HEm (W/m?K);

himw - cOnvective heat transfer coefficient of brine in HEm (W/m2K);

h2mv - convective heat transfer coefficient of superheated vapor in HEm (W/m?K);
dm - thickness of HEn plate (m);

Am - thermal conductivity of HEr, plate (W/mK);

ife - improvement factor of dropwise evaporation (-);

ifc - improvement factor of dropwise condensation (-).

The choosing of appropriate equations for condensation and evaporation heat transfer
coefficient calculation in small channels as PHE flow area is very difficult problem.
For example, in [22] can be found that eleven correlations for conventional and
narrow-channel boiling predicted the data poorly, ranging form 250% average over-
prediction to 70% average under-prediction. In [15]-[19], [23], can be fount more
evaporation predictions of water and refrigerants in small pipe and PHE. Also, in [20],
[21], [24] can be found condensation predictions of water and refrigerants in small
pipe and PHE. According to assumed MVC mathematical model and presented
literature, in further text, the most appropriate evaporation and condensation equations
are assumed.

The condensation heat transfer coefficient in HEm, hmeon (W/m2K) is calculated
according to [24] as:

hmcon = W ' (318)

There are:

de2m - equivalent diameter of HEmw condensation side (m);
Numcon - condensation Nusselt number in HEm (-).

Am - thermal conductivity of HEn plate (W/mK);

The equivalent diameter of HEw condensation side, deom is calculated as:

deon= 2 b (3.19)
K,

There are:

bam - mean flow channel gap of HE condensation side (m);

um - plate enlargement factor of HEm (-).

The condensation Nusselt number in HEm, Numcon is calculated as:

NUbW=C ' Rqum' Prw ) (320)

There are:

C, m - constants (-) that depend on Bm (°), plate chevron angle of HEy as C=3.77;
m=0.43; when Bm=60° and C=0.325; m=0.62; when Bm=30° (two fixed plate chevron
angle option);

Reqam - hydraulic Reynolds number of HEw condensation side (-).



The hydraulic Reynolds number of HEm condensation side, Reqm is calculated as:

Gqum ) d e2m
Reen="_— - (3.21)

1.
There is:
Geqem - modified equivalent mass flux of HEn condensation side (kg/m?s).

The modified equivalent mass flux of HEm condensation side, Geqm IS calculated as:

Gqum = GZm |:l_ Xom + Xom - (%)k:| ' (322)

There are:

k - constant (-) that depends on Bm as k=0.14; when Bm=60° and k=0.4; when Bm=30°;
Gazm - mass flux of HEn condensation side (kg/m?2s);

Bm — plate chevron angle in HEm (°);

Xom - mean vapor quality of HEy condensation side, xom=0.5 (condensation starts at
x=1 and ends at x=0) (-);

pv - vapor density at corresponding (condensation) temperature (kg/m?3).

The mass flux of HEn condensation side, G2nm is calculated as:

GZm=N Mo (3.23)

Oén ’ Ax2m

There are:
Nom - number of HEm plates (-);
Asom - cross flow channel area of HEm condensation side (m?).

The cross flow channel area of HE, condensation side, Ax2m is calculated as:

Acn= b2m "W, - (3.24)

There is:
W - effective width of HEn plate (m).

The evaporation heat transfer coefficient in HEm, hmevp (W/m2K) is calculated
according to [23] as:

hmevp = Elm ’ hllm + Slm ) h pool * (325)

There are:

E1m, Sim - enhancement and suppression factors (-);

hi1m - evaporation convective heat transfer coefficient (W/m?2K);

hpoo! - €vaporation nucleate boiling heat transfer coefficient (W/m?2K).

The enhancement and suppression factor, Eim is calculated as:
E ., =1+24000- Bo;° +1.37- (L)O'86 :

ttim

(3.26)
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There are:
Boim - Boiling number of HEn evaporation side (-);
Xitim - Martinelli parameter of HEm evaporation side (-).

The boiling number of HEr evaporation side, Boim is calculated as:

- q,
BO.. - Gum'le

There are:

O1m - heat flux of HE evaporation side (W/m?);

Gim - mass flux of HEn evaporation side (kg/m?s). The mass flux, Gim is calculated
according to equation (3.23), using variables: Nom, Mswi and Axim, there the cross flow
channel area of HE, evaporation side, Axim (Mm?) is calculated according to equation
(3.24), using variables: bim and wm, there bim (M) is mean flow channel gap of HEn
evaporation side.

The Martinelli parameter of HEn evaporation side, Xiim is calculated as:

1 X 0.9 0.5 0.1

pv 77bw
i || ] (3.28)
XS (2 )

There are:

Xim - mean vapor quality of HEn condensation side (evaporation starts at x=0 and
ends at X=mpw/Mswi) (-);

v - vapor dynamic viscosity at corresponding (evaporation) temperature (Pa-s).

(3.27)

The enhancement and suppression factor, Sim is calculated as:
S, =(1+1.15e—6-E2, -Rel)". (3:29)

11m
There is:
Reiim - liquid Reynolds number of HEn evaporation side (-);

The liquid Reynolds number of HEx, evaporation side, Rejim is calculated as:

1- im im elm
Ry =) G G (3:30)

nbw
There is:
deim - equivalent diameter of HEr, evaporation side (m).

The equivalent diameter of HEn condensation side, deim is calculated according to
equation (3.19), using variables: bim and um, there bim (M) is mean flow channel gap
of HEm evaporation side.

The evaporation convective heat transfer coefficient, hiim is calculated as:

M. =0.023 -Renn Pros (Ao,/d o) - (3:31)

The evaporation nucleate boiling heat transfer coefficient, hyool is calculated as:

0.67

Ny =55 Pl (-10G30 ) M -0 632
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There are:

Prim - relative evaporation pressure, prim=pe/pc (-), there pc is critical water pressure,
pc=22.089 MPa;

M - molecular weight of water (kg/kmol), M=18. kg/kmol.

The presented evaporation equations are valid for 2000<Re;1m<12000 and
0.0002<B01m<0.002.

The one-phase convective heat transfer coefficients of brine and superheated vapor
are calculated according to equations (2.22-2.30).

In those equations for himw calculation should use followed values: bim, Wm,
Bm, um, Nom. The physical properties of brine, Abw, Prbw, npow are calculated at main
brine temperature as (thettswi)/2; physical properties of brine, nowan IS calculated at
main wall temperature as (toe+tswittersv*+tc)/4. Then using (2.23), deim is calculated,
using (2.30), Axum is calculated, using (2.28), Reimw, the Reynolds number of HEn
brine is calculated, using (2.24), Nuimw, the Nusselt number of HEqn brine is
calculated and finally using (2.22), himw, convective heat transfer coefficient of brine
in HEm is calculated.

Also in those equations for homy calculation should use followed values: bam,
Wm, Bm, tm, Nom. The physical properties of superheated vapor, Asy, Prsv, Msv are
calculated at main superheated vapor temperature as (tersvttc)/2; physical properties of
superheated vapor, nvwan IS calculated at main wall temperature as (toe+tswittersv+tc)/4.
Then using (2.23), deom is calculated, using (2.30), Axom is calculated, using (2.28),
Reamy, the Reynolds number of HEm superheated vapor is calculated, using (2.24),
Nuzmy, the Nusselt number of HEm superheated vapor is calculated and finally using
(2.22), homy, convective heat transfer coefficient of superheated vapor in HEnm is
calculated.

Because hmevp depends on heat flux, qim and heat flux depends on evaporation heat
transfer coefficient, hmevp, iteration procedure is needed. When equation (3.8) is
satisfied by the predicted heat flux value, the iteration procedure is finished. Then the
needed flow path length of HEm, hm (M) can be calculated as:

Qhem Qheml Qhemz
= + + = + + ,
Amtot Aﬁem Aheml Ahem2 U hem * Al U hemt * Al U hemz * Ao (333)
A,
hm _ tot _ 334
(N..-2)W, &%

There Anmtt is total HE heat transfer area (m?).

4 Results and discussion
4.1 The start values of MVVC mathematical model
Described MVC plant mathematical model was used to build MVC1 software. After

this step, the chosen MVC plant model and simulation conditions were assumed. In
further text, the used MV C characteristics and simulation conditions are described:

12



Constant simulation values

Sea water characteristics: salt percent, Spi0=3%; environmental temperature,
tSW:ZOOC.

General MVC plant characteristics: product/seawater ratio, a=0.3; recirculation brine
flow ratio, an=0; condensation temperature, t:=80°C.

Compressor characteristics: isentropic efficiency, 1ic=0.8.

One-phase heat exchangers (HE1 and HE2) characteristics: parallel connection HE1
and HEZ2; seawater mass flow rate, msw1 is approximately equal to brine mass flow
rate, mpw; seawater mass flow rate, msw2 is approximately equal to product water mass
flow rate, mpw (optimal effect of parallel HE connection); mean flow channel gap of
HE1= mean flow channel gap of HE2, bi= b2=2.5 mm; thickness of HE1 plate =
thickness of HE2 plate, d:= 62=0.6 mm; enlargement factor of HEl plate =
enlargement factor of HE2 plate, wi= n2=1.17; chevron angle of HE1 plate = chevron
angel of HE2 plate, 1= B> =60° thermal conductivity of HE1 plate = thermal
conductivity of HE2 plate, A1= A2 =20 W/mK (the material of plates is stainless steel).
Two-phase heat exchangers (HEm) characteristics: counter flow in HEw; mean flow
channel gap of HEm evaporation side = mean flow channel gap of HEm, condensation
side, bim= b2m=6 mm; thickness of HEn plate, 5m=0.6 mm; enlargement factor of HEm
plate, um=1.17; chevron angle of HEn plate, pm=60°; thermal conductivity of HEm
plate, Am= 20 W/mK (the material of plates is stainless steel ion-implanted or not); the
improvement factor of evaporation, ife=1 (filmwise condensation).

Variable simulation values

Same characteristic and conditions of MVC model have taken two to five different
values.

General MVC plant characteristics: evaporation temperature, te=76°C, 73°C, 70°C,
67°C and 64°C (condensation-evaporation temperature difference, tc-te=4°C, 7°C,
10°C, 13°C and 16°C); MVC plant capacity, Quvc=100 m*/day, 200 m*/day, 300
m/day.

One-phase heat exchangers (HE1 and HE2) characteristics: values of effective width
of plate and number of plates depend on chosen plant capacity (Qmvc) according to
scheme: for Quvc=100 m®/day: effective width of HE1 plate, w1=0.35 m; effective
width of HE2 plate, w>=0.3 m; number of HE1 plates, No1=71; number of HE2 plates,
No1=51; for Quvc=200 m*/day: w1=0.5 m; w2=0.4 m; No1=91; No1=51; for Qmvc=300
m®/day: w1=0.6 m; w>=0.4 m; No1=101; No1=71; All defined values were adjusted to a
minimum of Reynolds number for providing of turbulent flow in HE1 and HE2 (Repw,
Reswt, Repw, Resw2). Assumed limit value of Re numbers was 500 (exceptionally 450).
Two-phase heat exchangers (HEm) characteristics: values of effective width of plate
and number of plates depend on chosen plant capacity (Qmvc) according to scheme:
for Quvc=100 m®/day: effective width of HEn plate, wn=0.4 m; number of HEn
plates, Nom=71; for Qmvc=200 m*/day: wm=0.5 m; Nom=91; for Quvc=300 m?/day:
Wm=0.6 m; Nom=101; AIll defined values were adjusted to a evaporation liquid
Reynolds number and evaporation boiling number range for validation of calculation
data (see [23]) in evaporation side of HEmn (2000<Reim<12000 and
0.0002<B01m<0.002). Two values of improvement factor of condensation, ifc are
assumed: ifc=1 for stainless steel plates (filmwise condensation) and if;=5 for ion-
implanted stainless steel plates (dropwise condensation).
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4.2 Simulation results
Using values described in previous chapter, the planed simulation data were obtained.

One phase heat exchangers are very important part of MVC plant. Compressor power
should be spent only on providing a temperature difference needed for condensation-
evaporation heat transfer. If the HEn inlet temperature of sea water is lower than
calculated value (see equation (3.7)), compressor has to compensate this shortage by
additional power. This is not mission of compressor than one-phase heat exchangers.
Because the available temperature differences between brine, product water and sea
water (heat transfer driving force) are small the one-phase heat exchangers must have
a large heat transfer areas. Figure 1 shows the influence of temperature difference of
condensation-evaporation (c-e) side to total heat transfer area of MV C one-phase heat
exchangers. Simulation cases are carried out for three MVC plant capacities (100, 200
and 300 m®/day). Effect of condensation heat transfer improvement (ifc=5) does not
influence on one-phase heat exchangers functioning. The one-phase heat transfer
areas significantly decrease by temperature difference of condensation-evaporation (c-
e) side increasing but this trend also demands a compressor power increasing (an
electrical energy consumption increasing). Bigger MVC plant capacity means bigger
one-phase heat transfer areas.

700

<~ 600

500 \
400 5
—e— MVC 100 m3/day
—&— MVC 200 m3/day
—4&— MVC 300 m3/day
: \
200 \\\\\\
100 \\‘\’

Total heat transfer area of one-phase heat exchangers (m

T

2 4 6 8 10 12 14 16 18
Temperature difference condensation-evaporation side (°C)

Fig. 1 The influence of temperature difference of condensation-evaporation side to
total heat transfer area of MV C one-phase heat exchangers

Figure 2 shows the influence of temperature difference of condensation-
evaporation side to the compressor power demanded, Pr. and specific electrical energy
consumption of MVC plant, Es.. The usual and recommended Esc values are in range
between 7 kWh/m3 and 12 kWh/m?® ([26]). This means that MVC plant operative
range of c-e temperature difference, Atmm is placed between 4°C and 6°C,
approximately. Certainly, under specific conditions the bigger specific electrical
energy consumption can be acceptable ([27]). Usually, the electrical energy
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consumption are the biggest part of a MVC plant product water price. Good
functioning of MVC plant under small c-e temperature difference demands an
improvement of c-e heat transfer process.
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Fig. 2 The influence of temperature difference of condensation-evaporation side to the
compressor power demanded and specific electrical energy consumption of MVC
plant
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Fig. 3 The influence of temperature difference of condensation-evaporation side to the
heat transfer area of MVVC main heat exchanger for filmwise (ifc=1) and dropwise
(ifc=5) condensation
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Figure 3 shows the effects of condensation heat transfer improvement by ion-
implanted metallic (iim) surface on size of HEm heat transfer area. Using iim surface
and improvement factor of dropwise condensation, ifc=5 the significant reduction of
HEm heat transfer area is obtained for all three presented MVC plant capacity. For
if:=5 and Qmvc=300 m®/day simulation case the total HEm heat transfer area, Amot is
smaller even than Amet for ife=1 and Qmvc=200 m*/day simulation case. For smaller
capacity (Qmvc=100 m3/day) the decreasing effect of Amwt Using iim surface
(dropwise condensation) are smaller in absolute values of Amtt. Both curves for
Qmvc=100 m’/day are placed under curve for Qmvc=200 m®/day and dropwise
condensation (ifc=5).
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Fig. 4 The influence of temperature difference of condensation-evaporation side to the
temperature drops through MVVC main heat exchanger (evaporation, wall conduction
and condensation) for filmwise (ifc=1) and dropwise (ifc=5) condensation and MVC
plant capacity, Quvc=100 m*/day

Figures 4 and 5 show the influence of temperature difference of condensation-
evaporation side to the temperature drops through MVC main heat exchanger
(evaporation, wall-conduction and condensation) for filmwise (ifc=1) and dropwise
(if:=5) condensation and MVC plant capacity, Qmvc=100 m®/day; 300 m®/day,
respectively. Total temperature difference between condensation and evaporation side
in main heat exchanger (HEm) is divided on particular temperature drops: evaporation,
dTev, wall-conduction, dTc, and condensation dTcon. The sum of those drops always
has to be equal the total c-e temperature difference, Atmm. A bigger temperature drop
means a bigger thermal resistance. In case of filmwise condensation (ifc=1),
condensation process makes the biggest thermal resistance in HEn and on other side,
wall-conduction thermal resistance (stainless still) is insignificant. In case of dropwise
condensation (if;=5), the most significant temperature drop is placed on evaporation
side, while other two drops (dtch and dtcon) are merged for Quvc=100 m*/day or very
close for Quvc= 300 m®day. Evaporation temperature drop curves has different trend
than other because the evaporation heat transfer coefficient directly depends on heat
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flux value (see equation (3.25)-(3.32)). In fact, improvement of condensation process
in HEm has double effect. The dropwise condensation strongly influences on
evaporation process, arising the evaporation heat flux and evaporation heat transfer
coefficient. Especially for bigger MVC plant capacities, wall-conduction temperature
drop becomes more significant than condensation temperature drop and activities as
decreasing of HEm plate thickness or using more conductive plate material could be
very effective.
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Fig. 5 The influence of temperature difference of condensation-evaporation side to the
temperature drops through MVVC main heat exchanger (evaporation, wall conduction
and condensation) for filmwise (ifc=1) and dropwise (ifc=5) condensation and MVC
plant capacity, Quvc=300 m?/day

5. Conclusion

In MVC desalination plant a dropwise condensation can have a double
improvement effect on heat transfer process. For assumed improvement factor of
dropwise condensation, comparing with filmwise condensation by the same MVC
plant capacity, the reduction of main heat exchanger area is within 40% and 45%. Of
course, more investigations are needed to achieve additional information about an ion-
implanted metallic surface influence to condensation and evaporation process in small
channels (plate heat exchangers), under variable Re-numbers and vapor qualities.
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