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Aspecte termice negative datorate circulatiei neuniforme a
agentului termic in rezervoarele de acumulare

Negative thermal issues due to uneven heat circulation in storage tanks
Prof. dr. ing. Florin Iordache

Universitatea Tehnica de Constructii Bucuresti
Bulevardul Lacul Tei 122-124, Sector 2, Bucuresti, Romania
E-mail: fliord@yahoo.com

Rezumat: Lucrarea de fatd isi propune sa identifice efectele adverse asupra
performantei unitatilor de stocare termica, cauzate de fluxul de apd fard
incdlzire uniforma prin ele. Ea modeleaza procesele de transfer de caldura
in regim inconstant care au loc cu rezervoare de stocare a caldurii lichide si
determina corelatiile dintre performanta de stocare termica si
neuniformitatea miscarii debitului prin intermediul unitatii de stocare.
Rezultatele sunt prezentate grafic, astfel consecintele suferite de
performanta de stocare termica sa fie clare si usor de asociat cu cauzele lor
neuniformitatea de circulatie de catre unitatea de stocare.

Abstract: The present paper aims at identifying adverse effects on the
performance the thermal storage units, caused by non uniform heating
water flow through them. It shapes the processes of heat transfer in
unsteady regime that occur with heat storage tanks liquid and determine
correlations between thermal storage performance and the unevenness of
the movement of flow through the storage unit. The results are shown
graphically so the consequences suffered by the thermal storage
performance to be clear and easy to associate with their causes the
circulation unevenness by storage unit.

1. Introducere

Circulatia neuniforma a agentului termic prin colectoarele solare care formeaza
suprafata de captare, componenta principala a unei instalatii de preparare a apei calde
de consum, are consecinte negative asupra performantei energetice a instalatiei de
utilizare a energiei solare [2]. La fel, circulatia neuniforma a agentului termic prin
corpurile de incalzire ale unei instalatii de incalzire centrala are consecinte negative
asupra alimentarii cu caldura a consumatorului deservit de instalatia de incalzire
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centrala. In aceasta idee, in cadrul lucrarii de fata dorim sa prezentam consecintele
negative ale circulatiei neuniforme a agentului termic prin rezervoarele de acumulare,
fie asociate unei instalatii care utilizeaza energia solara fie asociate unei instalatii de
preparare a apei calde.

Obiectivul urmarit in cadrul lucrarii este faptul ca circulatia neuniforma
diminueaza rata de acumulare a energiei termice in ansamblul sistemului de stocare si
de aici diminueaza performantele energetice ale sistemului in care este inclusa
componenta de stocare termica.

2. Modelarea proceselor de acumulare termica

Dat fiind faptul ca acumulatoarele de apa calda considerate sunt de tip diurn
modelul matematic pe care il consideram are urmatoarele caracteristici aferente
zonelor cu circulatie uniforma:

- distributia temperaturi apei calde dintr-o zona este uniforma;

- pierderile de caldura prin anvelopa zonei se neglijeaza;

In aceste conditii bilantul termic, in regim nestationar aferent unei zone de
acumulare se poate scrie [1] :

G-pC-(t—H):V'pC-d—g (1)
dr

de unde :

do 1

e (f-t 2
dr CT ( ) ()
unde :

V- pc
Cr=5" 3)

Relatia (2) este o ecuatie diferentiala liniara de ordinal 1 neomogena prin
temperatura t, aferenta debitului de apa care intra in zona de stocare considerata. Se va
efectua analiza propusa in ipoteza alimentarii zonei de acumulare cu agent termic de
temperatura (t) constanta in timp. Cu aceasta ipoteza solutia ecuatiei diferentiale este:

0(s)=t-(1- o) e - @

T

In consecinta cresterea temperaturii apei din zona de stocare dupa o perioada
de timp 1, in care temperatura debitului de agent termic la intrare are valoarea
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constanta t, este :

A6, =6, - :{1—exp[—ciﬂ-(t—6’o) (5)

T
sau :

A6, :(1_Er)'(t_00)

E, =exp (_CLJ ©
-

Sa consideram acum ca unitatea de stocaj termic este compusa din doua
zone de volume diferite insa care insumate compun volumul total de acumulare V.
Fiecare din cele doua zone este circulat de cate un debit de agent termic, suma celor
doua debite compun debitul total de agent termic G. Rapoartele intre debitele de agent
termic si volumele zonelor pot fi diferite intre cele doua zone sau pot fi egale, caz in
care avem circulatie uniforma pe ansamblul volumului de stocare. In aceasta situatie
se analizeza situatia acumularii termice pe fiecare zona in parte si rezulta :

261, =(1-E1,)-(t- )

7
402, =(1-E2,)-(t-6p) 7
unde :
T
E1 =exp| ———
: p( Cﬂj
] ®)
E2 =exp| ——
: p[ CTZ}
si
V1-,0C
C =
TG, oo
Vs pe )
Cra=3
2 pC
cu:
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G1 +GZ =G
Daca notam :
rvi :V—1
\
rv2 =\%
G (11)
rg1=—
d G
Gy
rg2=—=%
J G
Atunci relatiile (9) devin :
Vq-pc  rvi
1-pC 19l
Voo pe V2 (12)
CT2 = = 'CT
Go-pC rg2
iar relatiile (8) :
E1 =exp _@.L _ rot/m
‘ rvl Cy T
(13)
E2_ =exp _EL _ Er92/rv2
’ rv2 Cr 4

Desigur ca situatiile in care cotele rg si rv coincid ca valoare reprezinta cazuri
in care circulatia zonelor de acumulare se face uniform iar situatiile in care cotele rg
si rv sunt diferite reprezinta cazuri in care circulatia prin acumulator este neuniforma.
O masura a dispersiei circulatiei (grad neuniformitate) prin unitatea de storcaj termic
este data de valoarea absoluta a diferentei : | rg-rv | .

Cantitatea de energie termica acumulata in unitatea de stocaj dupa o perioada

de timp, 7, in ipoteza unei circulatii uniforme a agentului termic prin toata unitatea de
stocaj este :

Q(r)=V - pe-46, =V - pc-(1-E, )-(t—6p) (14)
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Cantitatea maxima de energie termica ce va fi acumulata dupa un timp infinit
de lung va fi:

Qumax =V -pc-(t—-6p) (15)

De unde rezulta ca variatia in timp a raportului dintre cantitatea de energie
termica acumulata in unitatea de stocaj pana la un anumit moment de timp, T, si
cantitatea de energie maxima ce va fi acumulata este :

-

-(1-E,) (16)

Puterea termica livrata din unitatea de stocaj (considerata relativ la valoarea
temperaturii initiale a apei din unitatea de stocaj) este :

P(T):G-pC-AQT:G'PC'(1_ET)'(t_90) (17)

Puterea termica maxima care va putea fi livrata dupa un timp infinit de lung
este :

Pmax =G-pc-(t—6p) (18)

De unde rezulta ca variatia in timp a raportului dintre puterea termica livrata
din unitatea de stocaj la un anumit moment de timp, t, si puterea termica maxima ce
va fi livrata la timpul infinit, este :

FRUNIF = FI,D(T)

MAX

=(1-E;) (19)

In situatia in care exista o circulatie neuniforma realizata prin 2 zone cu
circulatie uniforma fiecare situatia se prezinta astfel :

- cantitatea de energie termica acumulata raportata la cantitatea maxima
care va fi acumulata in final este :

Q1(7)+Q2(7)

rQ =
Qmax

=1—(I’V1-E1T+I’V2-E2T) (20)

- puterea termica livrata raportata la puterea termica maxima care va fi livrata,
este :
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P1(7)+P2(r
P = () ( )=1—(rg1-E1T+rg2-E2r) (21)
Pvax
Evolutia in timp a gradului de acumulare si
livrare termica a unitatii de stocaj -
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Fig. 1

In fig. 1 curba albastra reprezinta evolutia in timp a gradului de acumulare
termica si a gradului de livrare termica din unitatea de stocaj in situatia in care gradul
de neuniformitate al circulatiei unitatii de stocaj este de 0, adica circulatia este perfect
uniforma. Curba rosie reprezinta evolutia in timp a gradului de acumulare termica iar
curba verde reprezinta evolutia in timp a gradului de livrare termica din unitatea de
stocaj in situatia in care gradul de neuniformitate al circulatie unitatii de stocaj este
0.8. Se observa ca gradul de acumulare are o evolutie foarte lenta in timp ce livrarea
de putere termica are o evolutie foarte rapida.

Daca gradul de neuniformitate al circulatiei unitatii de stocaj este mai scazut

de exempu 0.6 curba rosie si cea verde se mai apropie de cea albastra dupa cum se
observa in fig. 2.
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Evolutia in timp a gradului de acumulare si
livrare termica a unitatii de stocaj - grad
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Evolutia in timp a gradului de acumulare si
livrare termica a unitatii de stocaj - grad
neuniformitate = 0.4
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Evolutia in timp a gradului de acumulare si
livrare termica a unitatii de stocaj - grad
neuniformitate = 0.2
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Fig. 4

In fig. 3 si 4 se prezinta aceleasi curbe in situatia unor grade de neuniformitate a
circulatiei agentului termic prin unitatea de stocaj de 0.4 si 0.2. Se observa cum cu cat
neuniformitatea circulatiei scade cu atat performanta unitatii de stocaj creste. Se
defineste performanta unitatii de stocaj termic ca fiind raportul dintre gradul de
acumulare termica in situatia de neuniformate a circulatiei existente si gradul de
acumulare termica in situatia de uniformitate perfecta a circulatiei agentului termic
prin unitatea de stocaj. Performanta unitatii de stocaj este randamentul acesteia si
depinde de gradul de neuniformitate al circulatiei agentului termic prin unitatea de
stocaj :

1—(rv1-E1, +1v2-E2,)
1-E,

s = (22)

Din fig. 1...4 se observa cum, cu cat gradul de neuniformitate al circulatiei este
mai mare cu atat randamentul de acumulare scade si agentul termic se intoarce la sursa
cu o temperatura mai ridicata conducand si pe aceasta cale la scaderea performantelor
altor componente ale sistemului. Cu cat circulatia este mai uniforma cu atat creste
randamentul de acumulare si performatele sistemului in ansamblu (fig.5)
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Evolutia in timp a randamentului unitatii de
stocaj la diferite grade de neuniformitate a
circulatiei
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Fig. 5
3. Concluzii

Se defineste performanta unitatii de stocaj termic ca fiind raportul dintre gradul
de acumulare termica in situatia de neuniformate a circulatiei existente si gradul de
acumulare termica in situatia de uniformitate perfecta a circulatiei agentului termic
prin unitatea de stocaj. Performanta unitatii de stocaj este randamentul acesteia si
depinde de gradul de neuniformitate al circulatiei agentului termic prin unitatea de
stocaj.

Circulatia neuniforma prin unitatile de stocaj termic are consecinte negative
atat in ceea ce priveste gradul de acumulare termica in unitatea de stocaj cat si asupra
componentelor sistemului care primesc agent termic din unitatea de stocaj. Cu cat
gradul de neuniformitate este mai mare cu atat randamentul sistemului este mai scazut.

Se poate spune ca cu cat gradul de neuniformitate a circulatiei agentului
termic prin unitratea de stocaj este mai mare cu atat unitatea de stocaj termic se
comporta ca o unitate de stocaj termic cu volum mai scazut si deci care prin
exploatarea defectuasa contine o cota de volum de acumulare neutilizat.

Daca ne referim la un sistem complex de captare si utilizare a energiei solare
in care stocajul termic este doar o componenta alaturi de suprafata de captare a
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energiei solare se poate remarca faptul ca apar scaderi ale performantei energetice ale
sistemului complex atat datorita circulatiei neuniforme atat prin suprafata de captare
cat si prin sistemul de stocare. In plus datorita faptului ca din sistemul de stocare
circulat neuniform agentul termic se intoarce in suprafata de captare cu temperature
mai ridicate apar scaderi suplimentare ale rendamentului de captare. Se intelege de
aici necesitatea asigurarii unei circulatii cat mai uniforme a agentului termic in toate
componentele sistemului.

Lista de Notatii :

t - temperatura agentului termic la intrarea in unitatea de stocaj, °C;
0 - temperatura agentului din unitatea de stocaj termic, °C;

G - debitul total de agent termic care intra in unitatea de stocaj, m?/s;
V - volumul total al unitatii de stocaj, m?;

V1 - volumul zonei 1 a unitatii de stocaj, m?;

V2 - volumul zonei 2 a unitatii de stocaj, m?;

G1 - debitul de agent termic prin zona 1 a unitatii de stocaj, m?/s;
G2 - debitul de agent termic prin zona 2 a unitatii de stocaj, m*/s;

T - timpul, s;

CT - constanta de timp aferenta intregii unitati de stocaj, s;

CT1 - constanta de timp aferenta zonei 1 din unitatea de stocaj, s;
CT2 - constanta de timp aferenta zonei 2 din unitatea de stocaj, s;
p - densitatea agentului termic, kg/m?;

c - caldura specifica a agentului termic, J/kg.K;

Q - energia termica acumulata, J;

QMAX — energia termica maxima ce poate fi acumulata, J;

QI - energia termica acumulata in zona 1 a stocajului, J;

Q2 - energia termica acumulata in zona 2 a stocajului, J;

P - puterea termica livrata de unitatea de stocaj, W;

PMAX - puterea termica maxima ce ar putea fi livrata de unitatea de stocaj, W;
P1 - puterea termica livrata din zona 1 a unitatii de stocaj, W;

P2 - puterea termica livrata din zona 2 a unitatii de stocaj, W;

Nus - randamentul unitatii de stocaj, -;
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Monitorizarea starii unei parcari subterane si trecerea
acesteia la stadiul de parcare inteligenta

The monitoring status of an underground parking and the transition to the
stage of smart parking

Cristina Gabriela Saricin!, Marian Bizineche?

'Universitatea Polithnica din Bucuresti, Romania
Splaiul Independentei Nr.313
E-mail: cristina.saracin@upb.ro,

Universitatea Polithnica din Bucuresti, Romania
Splaiul Independentei Nr.313
E-mail: marian.bizineche@yahoo.com

Rezumat. — Lucrarea de faga prezinta modul de realizare al unei platforme necesare
monitorizarii starii unei parcari subterane. Nogiunea de parcare inteligenta apare tot mai
des datorita noilor tehnologii informatice. Aceasta lucrare raspunde urmgtoarelor
ceringe: cum se realizeaza dimensionarea unei parcari, cum se dimensioneaza instalayia
de iluminat, cum se monitorizeaza numarul de magini care sunt Tntr-o parcare si cum se
poate dezvolta aceasta platforma. Automatizarile realizate pe platforma au fost pentru:
sistemul de ventilagie, sistemul de bariere intrare/iesire si sistemul de stingere a
incendiilor.

Pentru realizarea practica a acestei platforme am ales automatele programabile
Easy 819 DC-RC si Easy 719 DC-RC.

Cuvinte cheie: monitorizare, dimensionare parcare, dimensionare instalatie de iluminat
automate programabile

Abstract. — This paper presents the embodiment of a platform used to monitoring the
condition of an underground parking. The concept of smart parking is increasingly
confronted by the new information technologies. This work meets the following
requirements: how to size the parking dimension, dimensioning of the lighting
installation, how to monitor the number of cars parked in a parking lot and how to
develop this platform.

The automation performed on the platform are made for: ventilation system, entry / exit
access barriers and firefighting system.

For the physical implementation of this platform, there were chosen Programmable Logic
Controllers such as Easy 819 DC-RC and Easy 719 DC-RC.

Cuvinte cheie: monitoring, parking sizing, sizing of lighting installation, programmable
logic controller.
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1. Introducere

Analizand cerintele din domeniul pietei acestea conduc la necesitatea parcarilor
inteligente. Notfiunea de parcare inteligentd se bazeaza pe informatii cu privire la
numarul de locuri libere, numarul de locuri ocupate, iluminat inteligent si economic si
nu in ultimul rand realizarea de statii de incarcare pentru alimentarea autoturismelor
electrice.

Platforma parcarii subterane este dotatd cu: 2 bariere (una pentru intrare, una
pentru iesire), senzori fotoelectrici, senzor pentru gaze inflamabile, senzori de miscare
si buton de incendiu. Platforma functioneaza in concordanta cu urmatoarele cerinte:

- dacd senzorul fotoelectric numarul 1 detecteaza o masinad, bariera de la intrare
se deschide si pe display se afiseazd un loc ocupat. Bariera se inchide automat
dupa 5 secunde;

- daca senzorul fotoelectric numarul 2 detecteaza o masina, bariera de la iesire
se deschide si pe display scade numarul de locuri ocupate. Bariera se inchide
automat dupa 5 secunde;

- daca sunt 43 de autovehicule in parcare (capacitatea maximd a parcarii),
bariera de la intrare nu se mai deschide si pe display se afiseaza mesajul
»FULL”. Dacda in parcare nu existd nici o masind se va afisa mesajul
~EMPTY”;

- 1n regim normal de functionare, dupd intrarea fiecarei masini in parcare,
aceasta trebuie ventilatd timp de 5 minute, pentru eliminarea gazelor de
esapament;

- instalatia de iluminat contine corpuri de iluminat utilizate permanent, corpuri
care sunt utilizate doar atunci cand se detecteaza miscare si corpuri care sunt
utilizate in situatiile de urgenta;

- in cazul 1n care se detecteazd concentratii mari de GPL sau alte gaze
inflamabile se porneste automat ventilatia;

- daca se actioneaza butonul de incendiu se vor porni stropitorile cu apa,
sistemul de ventilatie si sistemul de iluminat de urgenta.

Pentru realizarea practicdi a acestei automatizari am ales automatele
programabile Easy 819 DC-RC si o Easy 719 DC-RC, din urmatoarele considerente:
complexitatea aplicatiei, tipul intrarilor/iesirilor si a limbajului de programare utilizat.

2. Dimensionarea parcarii

Pentru dimensionarea parcarii s-a utilizat normativul pentru proiectarea si
execufia parcajelor pentru autoturisme, stabilindu-se urmatoarele:

- inaltimea libera de trecere este de 2,4 m;

- locurile de parcare pentru autoturismele cu sau fara cabina, cu dimeniunea de
5x2,5m (zona 1, zona 4 din fig.1);

- rampa pentru accesul in parcaje este de 12%;

- lagimea cailor de circulatie auto se alege de minim 5 m pentru unghiul de
parcare de 90° (zona 2 din fig.1);
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- trotuare cu lafimea libera de minim 2 m (zona 3, zona 5 din fig.1).
In functie de aceste criterii am realizat dispunerea locurilor pentru nivelul -1
conform reprezentarii urmatoare:

5400

30.00

500 @

250

F—5.00— 20.00

@
r @
®

Fig. 1. Dispunerea locurilor de parcare pentru nivelul -1.

Astfel la nivelul -1 s-au proiectat 12 locuri de parcare si doua trotuare pentru
acces pietonal.

Conform acelorasi dimensiuni am realizat si dispunerea locurilor de parcare
pentru nivelul -2. S-au proiectat 31 de locuri §i un trotuar pentru acces pietonal
reprezentare in fig.2. Zonele 1 si 3 reprezintd locurile de parcare, zona 2 reprezinta
zona circulatiei pietonale, respectiv zona 4 zona pentru circulatia auto.

54.00

—3.00—

®

2000

30.06

® 5.00

Fig. 2. Dispunerea locurilor de parcare pentru nivelul -2.

3. Dimensionarea instalatiei de iluminat pentru cele doua niveluri ale parcarii

Impunandu-se iluminarea medie pe planul util conform normativului de
realizare a parcarilor, se determind numarul de corpuri de iluminat care trebuiesc
instalate pentru a realiza iluminarea respectivdi. Conform normativului pentru
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proiectarea si execufia parcajelor pentru autoturisme se impun urmatoarele valori
pentru iluminarea medie artificiala:
- iluminarea medie pentru iluminatul normal:
0 pe caile de circulatie pietonale va fi de minim 75 Ix;

0 pe platformele de stationare, va fi de minim 20 Ix;
0 pe caile de circulatie auto, va fi de minim 50 Ix.

- iluminarea medie pentru iluminatul de siguranta de evacuare, va fi de minim
10 Ix.

Pentru realizarea unei ilumindri uniforme corpurile de iluminat cu LED
(RC462B produse de firma Philips) se vor monta direct pe tavan si simetric. Din datele
tehnice ale corpurilor de iluminat si din calculele efectuate rezulta numarul de corpuri
de iluminat pentru nivelul -1 si -2 al parcarii prezentate in tabelul 1. Dispunerea
corpurilor de iluminat pentru nivelul -1 al parcarii este prezentatda in fig. 3 si este
asemandtoare cu cea realizata si pentru nivelul -2.

Tabelul 1
Numarul de corpuri de iluminat utilizate.
Zona parcare Nivel -1 Nivel -2
1 2 3
2 22 3
3 2
4 1 15
5
TOTAL corpuri de iluminat 33 23
54.00
30.00
250
5.00f — 8-
- 10.00 T
4.50 —2.50—
= a T = =] =] =) a a =) a El
——500— | 20,00
450 E
Tk 8 8 = 8 2 a 2 5! 2! arel-dr
4.50 §.00 —Z.SDL]_I 4‘23
250
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e s TR e & T C ---63 -~ 2po
7.1

Fig. 3. Dispunerea corpurilor de iluminat pentru nivelul -1.
Dimensionarea instalatiei pentru iluminatul de urgenta se realizeaza la fel ca cea

pentru iluminatul normal, impunandu-se o iluminare medie de minim 10 Ix. In urma
calculelor rezultd un numar de 5 corpuri de iluminat, pentru fiecare nivel.
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4. Schemele electrice utilizate pentru automatele programabile

In fig. 4 este reprezentatd schema electrica realizatd pentru automatul
programabil Easy 819 DC-RC care actioneaza motoarele barierelor de intrare respectiv

iesire. Totodata acesta permite afisarea stirii parcarii in cazul parcare plind sau parcare
goala.

~ I ]
2 VAC -
e[| e Ll
e i
- '

=

|

~
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Fig. 4. Schema electrica de conexiune pentru Easy 819 DC-RC.

In fig. 5 este reprezentati schema electrici realizati pentru automatul
Easy 719 DC-RC.

Acest automat asigura:

- informatii legate de numarul de masini existente 1n parcare;

- ventilatia in cazul detectiei de gaze de esapament;

- deschiderea electrovalvei in cazul unui incendiu;

- iluminatul pietonal in cazul detectiei de miscare;

- iluminatul in situatii de urgenta.
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Fig. 5. Schema electrica de conexiune pentru Easy 719 DC-RC.
Tabelul 2
Legenda conexiunilor automatelor.
Automat Conexiunile intrarilor Conexiunile iesirilor
I1 - senzor intrare; Ql, Q2 - actionare motor 1;
Easy 819 DC-RC 12 - senzor iesire; Q3, Q4 - actionare motor 2;
Q5 - mesaj text ,,FULL”;
Q6 - mesaj text ,,EMPTY”;
I1 - senzor intrare; Q1, Q2 - iluminat pietonal,
12 - senzor iesire; Q3 - ventilator;
Easy 719 DC-RC 13, 14 - senzori de miscare; Q4 - counter up;
I5 - senzor gaze inflamabile; Q5 - counter down;
16 - buton incendiu. Q6 - releu, situatie de urgenta.
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5. Testarea platformei

Dupa punerea sub tensiune a platformei a urmat testarea acesteia, care a constat

- producerea unui defect asupra circuitului de alimentare a iluminatului normal
si verificarea comutdrii pe iluminatul de urgenta;

- activarea senzorilor fotoelectrici pentru verificarea functiondrii corecte a
procesului de contorizare a autovehiculelor;

- activarea senzorilor de miscare pentru observarea functiondrii sistemului de
iluminat pietonal;

- activarea butonului de incendiu si constatarea functionarii regimului de
urgenta;

- activarea senzorului pentru gaze inflamabile si verificarea functionarii
sistemului de ventilatie.

6. Concluzii

Blocajele rutiere, dificultatea de a ajunge la diverse locatii, reducerea vitezei
mijloacelor de transport public sunt cateva dintre semnalele ca parcarile reprezinta o
problema stringentd. In acest caz managementul parcirilor publice a devenit o
problemd importanta pentru autoritatile publice locale. Aceastd problema consideram
ca se poate rezolva partial prin utilizarea de mijloace moderne pentru contorizarea
numarului de locuri ocupate din cadrul parcarii.
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Platforma propusa permite contorizarea in momentul in care un autovehicul se
afla in tranzit in zona de intrare sau cea de iesire. Sistemul poate fi implementat la
majoritatea parcarilor subterane.

Pentru obtinerea unui consum mic de energie electrica iluminarea parcarii s-a
realizat cu corpuri de iluminat cu LED. Utilizarea corpurilor cu LED prezinta insa si
alte avantaje cum ar fi: durata de viatd indelungata (aproximativ 50000 ore); protectia
mediului (nu contine Mercur); emisia directionala a luminii; marime redusa.

Platforma poate fi dezvoltatd prin accesul la internet necesar pentru transferul
de date citre un server OPC. In acest caz se va putea verifica online gradul de ocupare
al parcarii s1 redirectiona soferii, in cazul in care parcarea este ocupatd, catre cea mai
apropiatd parcare cu locuri disponibile.

O a doua idee pentru dezvoltarea platformei constd in divizarea parcarii pe
sectoare si indicarea sectoarelor cu locuri de parcare vacante, astfel indicarea acestora
se va face pe un display text pozitionat la intrarea in parcare. Divizarea parcarii va
reduce considerabil timpul necesar pentru gasirea unui loc de parcare liber.

Totodata se poate realiza o iluminare inteligenta si anume cand parcarea este
goala sau cand nu se detecteazd migcare pe o perioadd prestabilita intensitatea led-
urilor sa se reduca la 50% si sa revina la capacitate maxima dupd intrarea primului
autovehicul sau cand se detecteaza miscare.

Referinte

[1] C. G. Saracin, ,,Instalatii electrice”, Editura Matrix ROM, 2009.
[2] D. Popescu, ,,Automate Programabile”. Editura Matrix Rom. Bucuresti 2005.
[3] C. G. Saracin, M. Saracin, V.V. Golea, ,,Sisteme de telemasurare”, Editura Matrix ROM, 2004.
[4] AP Easy 719 DC-RC ftp://ftp.moeller.net/.
[5] AP Easy 819 DC-RC ftp://ftp.moeller.net/.
[6] I. Margineanu ,,Automate Programabile” Editura Albastra. Cluj-Napoca 2005.
[7] Senzor PIR.http://machinedesign.com/news/sensor-sense-passive-infrared-motion-sensors.
[8] Catalog corpuri de iluminat. http://www.ecat.lighting.philips.ro/l/.
[9] Agenda electrica Moeller. http://www.agenda-electrica.ro/docs/sb1101ro.pdf.
[10];User Manual.
ftp://81.200.241.57/Electrical/Moeller%20Electric/EASY MFD_pribory%20pravleniya%20i%

20signalizacii/Instrukeii%20i%20texnicheskaya%20dokumentacii/Anglijskij/EASY %20i1%20M
FD/EASY800-GB.pdf.

238



Revista Romana de Inginerie Civila, Volumul 7 (2016), Numarul 3 © Matrix Rom

Analiza energetica - sistem sursa hibrid. Cogenerare cu
motoare cu ardere interna si pompe de caldura

Energy analysis - source hybrid system. Internal combustion engine
cogeneration and heat pumps

Prof. dr. ing. Florin Iordache!, ing. Radu Alexandru Baciu?

'Universitatea Tehnica de Constructii Bucuresti
Bulevardul Lacul Tei 122-124, Sector 2, Bucuresti, = Romania
E-mail: fliord@yahoo.com

Universitatea Tehnica de Constructii Bucuresti . i
Bulevardul Lacul Tei 122-124, Sector 2, Bucuresti, Romania

E-mail: baciu_radu_alexandru@yahoo.com

Rezumat: Lucrarea isi propune sd analizeze sursa de energie a unui sistem hibrid format
dintr-un grup de cogenerare si un grup de pompe de caldurd cu compresie. Cele doud
grupuri de producere a energiei termice lucreaza in paralel. Grupuri de pompe de caldura
folosesc energia electrica produsd de grupul de motoare cu ardere internd si este
consideratd a extrage energie din mediul lichid (ape subterane sau apd de suprafata
liberd). Evaluarea eficientei energetice a sistemului hibrid in ansamblu si performantele
sale. Analiza energeticd este eficientd pentru un grup de consumatori din cladiri
rezidentiale (incdlzirea spatiului si consumul de apd caldd), ludnd in considerare si clima
din diferite perioade. Rezultatele sunt prezentate grafic intr-un mod mai sugestiv pentru
intelegerea corecta a aspectelor constructive si functionale.

Cuvinte cheie: sursa hibrid, cogenerare

Abstract: This paper aims to analyze the energy source of a hybrid system consisting of
a group of cogeneration and a group of heat pumps with compression. The two
groups producing thermal power and working in parallel. Groups of heat pumps use
electricity produced by the group of internal combustion engines and is considered to
extract energy from liquid medium (groundwater or free surface water). Assessing the
energy efficiency of the hybrid system as a whole and its performance. Energy analysis
is effective for a consumer group capacity on type of residential buildings (space
heating and hot water consumption), taking into consideration the request of climate
different periods. The results are shown graphically in a manner more suggestive of
proper understanding of constructive and functional aspects.

Keywords: hybrid power, cogeneration
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1. Introducere

Lucrarea are ca obiectiv analiza energetica a unui sistem sursa hibrid compus dintr-
un grup de cogenerare si un grup de pompe termice cu compresie. Cele doua grupuri
producatoare de putere termica lucreaza in paralel. Grupul de pompe termice utilizeaza
energie electrica produsa de grupul de motoare cu ardere interna si se considera ca extrage
energie din mediu lichid (apa freatica sau apa cu suprafata libera la nivelul solului).

Se evalueaza eficienta energetica a sistemului hibrid in ansamblu si
randamentul acestuia. Analiza energetica efectiva se face pentru un consumator cu
capacitate data de tip grup de cladiri rezidentiale (incalzirea spatiilor si prepararea
apei calde de consum), luandu-se in considerarea solicitarea climatica diferentiata pe
perioade de timp diferite. Rezultatele obtinute sunt prezentate grafic de o maniera cat
mai sugestiva pentru intelegerea corecta a aspectelor constructive si functionale.

2. Analiza Energetica

Asa cum s-a mentionat in capitolul introductiv sistemul sursa hibrid este
compus dintr-un grup de cogenerare si un grup de pompe termice cu compresie.
Pompele de caldura functioneaza utilizand energie electrica produsa de grupul de
motoare termice si aspira energie termica din mediul ambiental lichid (apa freatica
sau apa cu suprafata libera la nivelul solului). Consumatorul alimentat cu energie
termica si electrica de la sistemul sursa hibrid este un grup de cladiri rezidentiale
(incalzirea spatiilor si prepararea apei calde de consum).

Pentru a usura intelegerea aspectelor energetice legate de functionarea sistemului
hbrid descris, in fig. 1 se prezinta schematic cele doua grupuri producatoare de energie
st grupul consumatorilor si fluxurile termice si electrice intre aceste grupuri.

Pc

MOTOARE CU ARDERE INTERNA

Pemrrc

POMPE DE CALDURA

CONSUMATORI

Fig. 1
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2.1.Aspecte teoretice
Puterea obtinuta prin arderea debitului de combustibil in grupul de motoare

termice cu ardere interna poate fi scrisa ca find compusa din suma dintre puterea
termica, puterea electrica si o putere pierduta in mediul exterior :

Fe = Fr_mt +Pe_mt +Pep-miT (1)
unde :
Pr_mt =7 -Fe 2

Pe_mt =7e -Fc

Puterea termica produsa de motoarele termice este utilizata direct la
consumator pentru incalzirea spatiilor si prepararea apei calde de consum.

Puterea electrica produsa de motoarele termice este partial utilizata direct de

utilizator si partial de catre grupul de pompe termice cu compresie, cuplate la
motoarele termice.

Pe_mT = Pe_mT-PC + PE_MT-C 3)
unde :

Pe_mt-pPc = fpc - Pe_mT
Pe_mT-c = fc ' Pe_mt 4)
fpc + fC =1

Sistemul de pompe de caldura cuplate cu motoarele termice, se considera ca
extrag putere termica din apa freatica cu temperatura medie anuala de 15 °C, si
livreaza putere termica catre un agent termic cu temperatura variabila intre 35 si 85
°C. In consecinta puterea termica livrata la condensator de pompele termice va fi [2]:

Pr_cp =COPRcp -Pe_mt-pc =COPcp - fpc - Pe_mt =COPRep - fpe -7 - Fe (5)
unde :
COPcp =7 _pc -CORSH (6)

iar :
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c 27315+6cp 27315+ At+1cp

COPCD = = (7)
bco —p  fcp—typ +2-4t
Rezulta :
273,1 5+ 4At+ tCD

COPep =7g_pc -

CD =7E-PC tep —typ + 2. At (8)
Puterea termica primita de catre consumator va fi :
Prc =PFr_mt +Pr—cp

27315+ A4t +t

Pr_c =mr-Pc+ne_pc- D fpc -ng - Re )

tCD —tvp +2-A4T

273,15+At +tCD
tCD —tvp +2-AT

Pr_c =[77T +NE_pC " - fpc 'UEJ' Pc

Puterea electrica primita de catre consumator este data de relatia (42) adica :
Pe_mr—c = fc-Pe—wr = fc-7e-Re (10)

In consecinta puterea totala livrata consumatorilor de catre sistemul hibrid
motoare termice cu pompe de caldura va fi :

Pcons =Pr—c +Pe_mT-C =
273,15+At+tCD
tCD —tvp +2-At

27315+ At +tcp
tCD —t\/p +2-4t

Puterea consumata (aferenta debitului de combustibil) de sistem este PC, iar
puterea totala utilizata de sistem se compune din puterea consumata si puterea termica

absorbita din mediu inconjurator (apa freatica) de catre grupul de pompe de caldura.
Puterea termica absorbita din mediu se poate stabili ca fiind :

:fC'77E'PC+[77T +1E_pC " 'fPC‘UEj'PC (11)

:{(1_fPC)'77E+77T +1E_pC - 'fPC'UE]PC

Pr_vp =COR/p - Pe_m1-pc =COR/p - fpc - Pe_mt =CORp - fpc -7 - R (12)

unde :

CORp =7e_pc - CORfp (13)
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iar :
c 27315+ 27315~ At +1
CORjp = A _ g (14)
bco —&p  fep—typ+2-4t
Rezulta :
27315— At +1t
COR/p =77E-pC - Ve

tCD_tVP +2- A4t (15)

si inlocuind in relatia (12) se obtine :

273 15—At+tvp

b =7e_ D - ! for -7 - P
Pr_vp =7e-pC g _typr2 A PCETC (16)
In consecinta puterea totala efectuiva intrata in sistemul sursa hibrid va fi :

273,15—At +tvp
tCD —tvp +2-4t

PS:PC+PT—VP:(1+77E—PC' 'fPC'UEJ'

a7

Se poate defini in consecinta eficienta sistemului sursa hibrid ca fiind raportul
dintre puterea totala livrata de sistem consumatorului si puterea consumata de acesta
(aferenta debitului de combustibil) :

COPSH _ PCF())NS _ fc g + 17 +1E_peC .273,15+At+tCD

- fpe - 18
X tep—tpr2 A FC e (18)

Si randamentul sistemului sursa hibrid ca fiind raportul dintre puterea totala
livrata consumatorului si puterea totala intrata in sistemul sursa hibrid :

e < 27315+ At +top
CIE E-PC~
_ Peons tcp —typ +2- 4t

RNDgy =—5= = . 27315-At+typ (19)
ME-PC tep —typ +2- At PC "7IE

fpc - 7E

In continuare este firesc sa punem problema dimensionarii capacitatii instalate
in grupul de motoare termice si in grupul de pompe de caldura vis a vis de
consumatorul considerat si care este caracterizat de anumite puteri termice si electrice
necesare in functie de temperatura exterioara. Astfel se va considera ca relatia (93)

243



Florin Tordache, Radu Alexandru Baciu

exprima puterea termica necesara consumatorului si relatia (10) puterea electrica
necesara consumatorului :

273,15+At+tCD
o=l e pe - fpe -7 |-P 9
Pr_c (UT TE-PC Y ipr2oat PC UE) c (%)
Pe_mt—c =(1-fpc)-7e -Pc (10)

Relatiile (9;) si (10) formeaza un sistem de 2 ecuatii cu 2 necunoscute acestea
fiind cota fpc de putere electrica furnizata catre grupul pompelor de caldura si
respectiv puterea la nivelul combustibilului de alimentare a motoarelor termice PC.

Raportand relatia (93) la relatia (10) se elimina necunoscuta Pc si se obtine o
ecuatie cu o necunoscuta aceasta fiind fpc. Astfel :

273,15+At+tCD f e
fpe - E
tep —typ +2- At mo__Prc
P
(1- fPC).’LE E-MT-C

T+ne_pc-

(20)

Raportul dintre randamentul electric si randamentul termic (77g / 77y ) la grupul

de motoare cu ardere interna, reprezinta factorul de cogenerare care caracterizeaza
grupul de motoare. Termenul din membrul drept al ecuatiei (20) reprezinta o valoare
calculabila care caracterizeaza consumatorul si care este functie de temperatura
exterioara. Rezolvarea ecuatiei (20) este simpla si va fi efectuata in cadrul studiului
de caz care va fi prezentat in continuare. Pentru determinarea capacitatii motoarelor
termice instalate se va apela la relatia (10) pusa sub forma :

Pe_mT-C
Pe = 21)
© (1 fpc ) me

In continuare se stabileste capacitatea grupului de pompe de caldura ce trebuie
instalata, pentru aceasta utilizand relatia (16) pusa sub forma :

273,15—At+t\/p' pr
tCD—tVP-I-Z'At 1—fpc

Prvp =7 _pcC Pe_mT—C (22)

2.2. Studiu de caz. Rezultate practice

Se va considera ca In relatiile (20), (21) si (22) sunt cativa parametrii care pot
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fi precizati, si anume:

nr — randamentul termic al motoarelor = 0,55;

ne — randamentul electric al motoarelor = 0,35;

Ne-pc — randamentul electric al pompelor de caldura = 0,70;

At — diferenta medie de temperatura la condensatorul si vaporizatorul pompelor
de caldura = 5°C;

typ — temperatura sursei reci = 15 °C;

tcp — temperatura sursei calde = temperatura agentului termic utilizat in
instalatia de incalzire a consumatorului si care are o valoare conforma graficului de
reglaj termic calitativ, deci functie de temperatura exterioara, asa cum va fi prezentat
in continuare, cand se vor preciza si puterea termica si electrica necesare
consumatorului in diferite conditii de temperatura exterioara;

La fel ca si in cazul lucrarii [1] se va considera un consumator format din 6
blocuri avand fiecare 48 de apartamente si deci insumand 288 de apartamente in
toatal. Descrierea mai detaliata a consumatorului se gaseste prezentata in [1] atat in
ceea ce priveste puterile termice necesare cat si in ceea ce priveste puterile electrice
necesare. Insa daca in lucrarea [1] s-a considerat ca parametrii nominali ai agentului
termic din instalatia de incalzire au fost 90/70 °C, de aceasta data parametrii nominali
considerati au fost 85/65 °C.

Tabel 1
te tep Pt-c Pe-c ji% Pc Pvp Pc+Pvp | Pt-ctPe-c
°C °C kW kW kW kW kW kW

-15 85 1584 144 0,665 1228,383 | 708,420 | 1936,596 1728,000
-10 77,38 1378 144 0,615 | 1068352 | 629,620 | 1697,793 1522,000
-5 69,53 1173 144 0,552 | 917,758 | 544,320 | 1461,925 1317,000
0 61,39 967 144 0,471 777,232 | 450,017 | 1227,121 1111,000
5 52,84 761 144 0,367 649,644 | 345,431 994,968 905,000
10 43,74 555 144 0,236 | 538,588 | 227,704 | 766,204 699,000
20 20 144 144 -0,038 396,257 -70,165 326,030 288,000

In tabelul 1 se prezinta in sinteza rezultatele obtinute, constand in capacitatile
necesare la diverse temperaturi exterioare pentru grupul de motoare termice si pentru
grupul de pompe de caldura, rezultate care vor fi in continuare prezentate grafic mai
detaliat.

In tabelul 2 se prezinta coeficientii de performanta rezultati pentru sistemul
hibrid si randamentele de lucru ale acestuia, rezultate care de asemenea vor fi
prezentate grafic mai detaliat.
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te tep COPg;; | RNDgy
°C °C
-15 85 1,407 0,892
-10 77,38 1,425 0,896
-5 69,53 1,435 0,901

0 61,39 1,430 0,905

5 52,84 1,393 0,910
10 43,74 1,298 0,912
20 20 0,727 0,883
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Fig. 2

Tabel 2

In fig. 2 se prezinta distributia considerate a numarului de zile aferente

perioadelor de temperaturi caracteristice date corespunzatoare tabelului 3.

Domeniu temp. ext. te zile
°C zi

-17.5...-12.5 -15 2
-12.5...-7.5 -10 11
-7.5...-2.5 -5 32
-2.5...2.5 0 60
2.5...7.5 5 53
7.5...12.5 10 24
>12.5 20 183
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In fig. 3 se prezinta valorile temperaturilor de intrare a agentului termic

in instalatia de

incalzire a grupului

consumatorilor functie de temperature

exterioara (conform reglajului termic calitativ considerat).

Puteri termice si electrice necesare la consumator
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Fig. 4

In fig. 4 se prezinta puterile termice si electrice necesare grupului de
consumatori functie de temperature exterioara.
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Cota f,. de putere electrica livrata grupului de pompe
de caldura
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Fig. 5

In fig. 5 se prezinta cota fpc de putere electrica livrata din partea grupului de
motoare termice catre grupul pompe de caldura. Se observa ca aceasta cota este din ce
in ce mali mare cu cat temperature exterioara scade si necesarul de putere
termica al grupului consumatorilor este mai mare.

Capacitatile grupurilor motoare termice si pompe de
caldura
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Fig. 6

In fig. 6 se prezinta capacitatile grupurilor de motoare termice si de pompe de
caldura care trebuie activate functie de solicitarea climatica si deci de necesarurile de
putere termica si electrica aferente grupului consumatorilor. Se observa ca au rezultat
capacitati de aproximativ 2 ori mai mari pentru grupul motoarelor termice decat
pentru grupul pompelor de caldura.
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Fig. 7

In fig. 7 se prezinta indicatorii de performanta energetica aferenti sistemului
hibrid, eficienta si randamentul acestuia definiti mai inainte in cadrul lucrarii. Se
observa ca eficienta este de cca 1,4 1ar randamentul de cca. 0.9.

3. Concluzii

Cuplarea unui grup de pompe de caldura cu un grup de motoare termice, in
situatia in care exista aceasta posibilitate reprezinta o solutie energetica buna prin
faptul ca ofera posibilitatea remodelarii raportului intre puterea termica si cea electrica
furnizata de sistemul sursa in asamblu si bine inteles datorita aportului suplimentar de
energie pe care grupul de pompe de caldura in aduc din mediul ambiental.

In functie de puterile termice si electrice necesare grupului de consumatori,
capacitatile activate ale grupurilor de motoare termice si de pompe de caldura vor lua
valori din ce in ce mai mari cu cat temperature exterioara scade si de ci cu cat
solicitarea climatica asupra consumatorilor deserviti este mai intensa.

Cota de putere electrica livrata de grupul de motoare termice catre grupul de
pompe de caldura creste cu cat necesarul de putere termica la grupul de consumatori
creste si in consecinta, avand in vedere ca si capacitatea activa a grupului de motoare
creste rezulta o crestere din ce in ce mai pronuntata a puterii electrice de alimentare a
grupului de pompe de caldura. In sezonul cald se remarca faptul ca nu este necesara
utilizarea pompelor de caldura. Daca insa s-ar fi tinut cont de necesarul de frig al
grupului consumatorilor atunci ar fi trebuit avute in vedere niste pompe de caldura
reversibile.
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Lista de Notatii

Pc — puterea termica aferenta debitului de combustibil de alimentare al
motoarelor termice, W;

Pr.vmt — puterea termica livrata de motoarele termice, W;

Pe.mt — puterea electrica livrata de motoarele termice, W;

Ppp-mt — puterea pierduta la nivelul motoarelor termice, W;

Pemrpc — puterea electrica livrata de motoarele termice catre pompele de
caldura, W;

Pe.m1.c — puterea electrica livrata de motoarele termice catre consumatorii
deserviti, W;

Pr.cp — puterea termica livrata de pompele de caldura la consumatorii deserviti, W;

Pryp— puterea termica absorbita de pompele de caldura din mediul ambiental, W;

Pcons — puterea totala livrata de sistemul sursa hibrid consumatorului, W;

Ps — puterea totala intrata in sistemul sursa hibrid, W;

Ocp — temperatura de condensare a agentului de lucru din pompele de caldura,

Ovp — temperatura de vaporizare a agentului de lucru din pompele de caldura,

tcp — temperatura sursei calde aferente pompelor de caldura, °C;

typ — temperatura sursei reci aferente pompelor de caldura, °C;

At — diferenta medie de temperatura la condensatorul si vaporizatorul pompelor
de caldura intre temperatura agentului din pompa de caldura si temperatura sursei
calde respectiv reci, °C;

Nt — randamentul termic al motoarelor, -;

ne — randamentul electric al motoarelor, -;

g-pc — randamentul electric al pompelor de caldura, -;

RNDsy — randamentul sistemului sursa hibrid, -;

fpc — cota de putere electrica livrata de motoarele termice catre pompele de
caldura, -;

fc — cota de putere electrica livrata de motoarele termice catre consumatorii
deserviti, -;

COP¢p — coeficientul de performanta la nivelul condensatoarelor pompelor de
caldura, -;

C . : . . :
COP D — coeficientul de performanta aferent ciclului Carnot asociat, la nivelul
condensatoarelor pompelor de caldura, -;
COPvyp — coeficientul de performanta la nivelul vaporizatoarelor pompelor de
caldura, -;

C - : . . .
COP VP — coeficientul de performanta aferent ciclului Carnot asociat, la nivelul
vaporizatoarelor pompelor de caldura, -;
COPsy — coeficientul de performanta al sistemului sursa hibrid, -;
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Experimental Study on Ammonia Finned Air-Coolers
Working under Frosting Conditions
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Abstract: This paper reports experimental data obtained for an ammonia air-cooling
evaporator working under conditions of frost formation. The experimental study was
carried out on a specially designed set-up that allowed measuring, control and
acquisition of data. Experiments were conducted for ammonia evaporation temperature
of -18 C and -10 C and cooling capacity from 7.6 kW to 18.3 kW, during steady state
operating conditions. The experimental investigation aimed to determine the effect of
frost formation and growth on thermal performances of the ammonia finned air-cooler, in
time, under different operating conditions. Influence of air dry bulb temperature, air
humidity ratio and evaporating temperature has been studied. Air side pressure drop, for
the same dry bulb temperature and different humidity air ratio has also been studied.
This experimental investigation on an ammonia air-cooling evaporator addresses the
current issue of energy savings by assisting improved design of this type of heat
exchangers in order to achieve higher thermal performances of evaporators and
refrigerating systems. By using ammonia as a refrigerant, this experimental investigation
addresses also current ecological issues linked to refrigerants. It is well known that apart
from its attractive thermo-physical properties, as compared to HFCs, ammonia is also an
environment friendly natural refrigerant, known for its zero ozone depleting potential and
zero global warming effect.

Key words: finned air-cooler, ammonia evaporator, frost formation, heat transfer.

Rezumat: Aceastd lucrare prezinta rezultatele experimentale obyinute in urma testarii
unui racitor de aer cu suprafaga aripata, care reprezinta vaporizatorul unei instalayii
frigorifice cu amoniac. Studiul experimental s-a desfasurat pe un stand special proiectat
pentru a asigura masurarea, controlul si achizisia de date. Experimentele s-au efectuat in
regim stagionar, pentru temperaturi de vaporizare ale amoniacului de -18°C i -10°C i
puteri de racire ale aerului cuprinse intre 7.6kW si 18.3 kW. S-a urmarit influensa
formarii si depunerii de bruma asupra performangelor termice ale racitorului de aer
aripat, in funcie de timp, in diferite condisii de funcsionare. Acestea din urma au fost
reprezentate de: temperatura aerului dupa termometrul uscat si conginutul de umiditate
al aerului la intrarea pe suprafafa de racire, ca si de temperatura de vaporizare a
amoniacului. De asemenea, s-a studiat variagia caderii de presiune pe partea aerului, In
diferite condi¢ii de functionare ale instalagiei. Acest studiu experimental vizeaza problema
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permanent actuala a economiei de energie, prin baza de date pe care o ofera activitarii
de proiectare, avand ca obiectiv cresterea performansei termice a vaporizatorului si a
instalasiei frigorifice. Tn plus, prezenta lucrare abordeaza aspecte legate de protectia
mediului Tnconjurator, prin aceea ca utilizeaza un agent frigorific natural. Amoniacul are
impact nul asupra stratului de ozon si asupra incalzirii globale si este bine cunoscut
pentru proprietarile sale termofizice superioare celor ale agenyilor frigorifici de tip HFC.

Cuvinte cheie: racitor de aer aripat, vaporizator cu amoniac, formare si depunere de
bruma, transfer de caldura.

1. Introduction

Air-cooling evaporators are refrigerant to-air heat exchangers widely used in industrial
and technological refrigeration, as well as commercial refrigeration for conservation of
perishable products. They consist of cooling coil and fan(s), so they are forced-
circulation air coolers. Their role is to remove heat and water vapor from the humid
air, immediately surrounding the refrigerated/ freezing/stored products. These heat
exchangers use tubes to carry refrigerant with fins applied to the tube exterior, in order
to increase the area available for heat and mass transfer. Refrigerant evaporates inside
the tubes as it absorbs heat from air flowing over the outside surface of the finned
tubes. When air-cooling evaporators operate with both coil surface temperatures and
entering air dew-point temperatures above the coil surface temperature, below 0°C,
which is the case in both refrigeration/freezing and cold storage of food product,
moisture from the air being cooled accumulates on the fins and tubes of the coil in the
form of frost. The growth of frost is a complex transient process in which both heat
and mass transfer occur simultaneously. The formation and growth of frost on the
finned-type evaporator leads to a decrease in its cooling capacity, [1], [2], [3], [4]. This
1s due to increased air-side pressure drop that causes airflow decrease through the coil
and to increased resistance to heat transfer between the air and the refrigerant caused
by the insulating effects of the frost, [5]. With decreased heat transfer, the evaporator
temperature drops, causing a decrease in efficiency. If frost is allowed to accumulate
further, even liquid flood back to the compressor can occur due to reduced evaporator
capacity.

Both experimental and numerical studies on heat and mass transfer processes that take
place in air-cooling evaporators under conditions of frost formation represent one sine
qua non step in assisting designers to make the right decisions related to fin spacing,
operating temperature of the coil, defrosting frequency, required defrosting time, in
order to achieve maximum efficiency from the evaporator and high refrigerating
system COPs.

2. Experimental set-up

The ammonia finned air-cooler under study was placed inside the horizontal section of
an closed insulated air loop of rectangular shape (500 x 500 mm) (Figure 1), made of
galvanized steel and equipped with multiple regulating and control devices for setting
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the entering air parameters (dry and wet bulb temperature, humidity ratio, flow rate)
and refrigerant parameters, within given ranges [6].
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Figure 1. Schematic diagram of the experimental set-up

Legend: LS - liquid separator; OS — oil separator; K- compressor; C — condenser; LC
— level control; TV — thermostatic valve; ATMG — air temperature measuring grid;
FM — ammonia flow meter; T — temperature sensor; PG pressure gauge.

The transparent top cover of the air loop enables visualization of frost formation and
growth on the finned tubes of the ammonia evaporator (Photo 1).

e

Photo 1. Finned air-cooler inside the air lbsp — plan view

The ammonia air-cooling evaporator under study uses a staggered tube bundle system

of 4 parallel coils, of 8 horizontal tubes each. The coils are made from steel tubing.
The outer diameter of the tubes is 25mm. Figure 2 shows the geometrical
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configuration of the coils and fins. Tube spacing is 70mm on equilateral centers. Fins
are made of aluminum and are spaced 5.25 mm apart. The fin thickness is 0.4 mm. As
it may be observed from Figure 2 fins are corrugated.
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Figure 2. Geometrical configuration of coils and fins

The evaporator is fed by gravity circulation from the vertical liquid separator of an
ammonia single stage mechanical vapor compression refrigeration system depicted in
Photo 2. Humid air of controlled inlet parameters is simultaneously directed over the
finned coil, flowing through the unit.

;" " i Im I —— u_‘:::“--’ e
Photo 2. Refrigeration system — overall view

3. Methodology

Experimental investigation has been carried out on the ammonia finned air-cooler
described above during steady state conditions. It was considered as such the regime
characterized by maximum =+5% variation of the measured parameters, along 10
consecutive readings, at 10 minutes apart. The goal of the experiments was to
determine the effect of frost formation and growth on thermal performances of the
ammonia finned air-cooler, under different operating conditions. Influence of air dry
bulb temperature, air humidity ratio and evaporating temperature has been studied. Air
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side pressure drop, for the same dry bulb temperature and different humidity air ratio
has also been studied.

Experiments were conducted under the following operating conditions:
- cooling capacity from 7.6 kW to 18.3 kW;
- dry bulb temperature of inlet air ranging from +10 °C to +20°C;
- humidity ratio of inlet air ranging from 5 g/kg to 9 g/kg;
- air velocity in the front section of the air cooler with dry surface: 3,3 m/s;
- ammonia evaporating temperature of -18°C and -10°C;
- maximum operation time: (70 ...135) min.

Experiments have been considered completed as frost thickness reached the maximum
acceptable values, in terms of economic operation costs, of 2.2 to 2.3mm, on each side
of the fin, of an overall fins spacing of 5.25 mm. It has thus been determined the
maximum operating time of refrigeration cycle before defrosting period.

Cooling capacity of the air-cooler with frost formation has been experimentally
determined in two different ways, namely: based on the energy balance of the
refrigeration system and based on the cooling capacity on the air side [7] and [8].

e Based on the refrigerant ener%y balance, the cooling capacity on the refrigerant
side, Qo , has been evaluated by:
Qor =Qc Py, [W] (D

where: Q.- condenser heat rejection rate, [W]; P - directly measured compressor
power input, [W].
Condenser heat rejection rate has also been evaluated by two different methods, namely:

by the measured ammonia flow rate and by the energy balance on cooling water side.
Based on condensate flow rate, condenser heat rejection rate, Q. , has been evaluated by:

Qo =10y -} ~17), [W] 2)
where: - m, - ammonia mass flow rate measured at condenser outlet, [kg/s];
- hl- superheated vapor enthalpy at condenser inlet, [J/kg];
- h?- subcooled condensate enthalpy at condenser outlet, [J/kg];
Based on the energy balance on cooling water side, Q. , has been evaluated by:
Qe = -pu -3 ~th ) [W] (3)
where: - m,, - directly measured cooling water flow rate at condenser inlet, [kg/s];
- cpw- specific heat at constant pressure of cooling water, at its average
temperature, [J/(kg K)];
- _ tl,- water temperature at condenser inlet, [°C];
- _ t2- water temperature at condenser outlet, [°C].

Experimental condenser heat rejection rate values have been considered reliable, if
they satisfied the following energy balance with a deviation of less than £5%:
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Qc = Qc,r = Qc,wa [W] (4)
e Based on measured air flow rate the air cooler cooling capacity, Q,,, has been
evaluated by:
_Ya ' Fa , W 5
QOa 3600 [ ] ( )
where:

-V, - air volumetric flow at the inlet of the finned air cooler, [m%/s];

- p,- air density at the inlet of the finned air cooler, [kg/m?];

- ah - enthalpy change of humid air; Ah=h,, —h,,, [J/kg];

- h,, - enthalpy of air entering the finned air cooler; h, = f(tldry;tlwet), [J/kgl;

ha, - enthalpy of air leaving the finned air cooler; h,, = f(tgry;tgvet ), [J/kg].
Based on both methods mentioned above, the cooling capacity of the finned air cooler
is given by: Qo =Qoa Qo [W] (6)

Experimental Q,values have been considered reliable and considered in further

calculations, if they satisfied the energy balance above within a deviation of + 7%.

Primary measurements in the experiments were:
- on air side: dry bulb temperature (t™, t:”,), wet bulb temperature (t" ,t*")
both at the inlet and outlet of the finned air-cooler, volumetric flow rate (Figure 1);
- on ammonia side: inlet and outlet temperature and pressure, liquid
volumetric flow rate (Figure 1);
- on water side: temperature inlet and outlet of the condenser and volumetric
flow rate (Figure 1).
Temperatures were measured using type K thermocouples with reading accuracy
within £+ 0.1°C. Air volumetric flow rate was measured with a hot wire anemometer
placed into air stream that provided a direct reading of air velocity with an accuracy of
2 to 5% of reading over the entire velocity range. Water volumetric flow rate was
measured with a Danfoss electronic flow meter that had a reading accuracy of £3%
and liquid ammonia volumetric flow rates were measured by Coriolis type flow meter
that had a reading accuracy of £3%. The compressor power input was measured with
three-phase active energy meter (3 x 380 / 220) that had a reading accuracy of + 0.005
kWh. All sensors were calibrated prior to testing.

4. Experimental results
4.1. Validation of measured heat transfer rate [6]

Figure 3 shows deviations of condenser heat rejection rate measured, as previously
detailed, by two different methods, namely using measured ammonia flow rate and
energy balance on cooling water side.
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Figure 3. Deviations of condenser heat rejection rate measured by two different methods

It may be observed from Figure 3 that deviation of measured condenser heat rejection
rate ranges from +14.4% to — 6.9%; there is a single experiment, in which the
deviation reaches, at some point, an unacceptable value of approx. -25%. This
particular experiment was excluded from further calculations. The error analysis
shows that 55% of the experimental data fall within an error band of 5%, admitted as
acceptable. As a consequence, just these measured condenser heat rejection rate
represent reliable data.

Figure 4 shows deviations of cooling capacity measured, as previously mentioned, by
two different methods, namely: based on the energy balance of the refrigeration
system and based on the cooling capacity on the air side.
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Figure 4. Deviations of finned-coil cooling capacity measured by two different methods

It may be noted from Figure 4 that deviation of measured finned-coil cooling capacity
for all experiments ranges from +13.7% to -10%. The error analysis shows that 64% of
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the experimental data fall within an error band of 7%, admitted as

acceptable. As a

consequence, just these measured cooling capacity values represent reliable data.

4.2. Effect of air dry bulb temperature [6]

Figure 5 shows the effect of entering air dry bulb temperature on finned-coil cooling

capacity. Experiments have been performed for the same evaporating

temperature of -

10°C and different humidity ratio of inlet air, namely 5 g/kg and 9 g/kg. Figure 5

illustrates the normal decrease trend of ammonia finned-coil cooling
with a decrease in entering air temperature. The explanation lies,

capacity in time,
on one hand, in

decreased mean temperature difference between air and ammonia, and on the other
hand, in increased surface temperature of the frost layer, as frost thickness grows in

time.
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Figure 5. Effect of air dry bulb temperature on finned-coil cooling capacity

It may be observed from Figure 5a that air dry bulb temperature drop of 10°C (from
+20°C to +10°C), for the same inlet air humidity ratio of approximately 5g/kg and the
same evaporating temperature of approximately —10°C leads to an average decrease in

cooling capacity of 43%. Air dry bulb temperature drop of 5°C

(from +20°C to

+15°C), for the same humidity ratio of inlet air of approximately 7g/kg and the same
evaporating temperature of approximately —10°C leads to an average decrease of

cooling capacity of 28% (see Figure 5b).

It is also evident from Figure 5 that the economic operating time of the ammonia air-

cooler decreases by 33% as the latent heat transfer potential of

the enetring air

increases from Sg/kg to 7g/kg, for the same air dry bulb temperature of +20°C and the

same evaporating temperature of approximately —10°C.

4.3. Effect of air humidity ratio [6]

Figure 6 shows the effect of entering air humidity ratio on finned-coil cooling

capacity. Experiments have been performed for the same evaporating

temperature of -

10°C, different humidity ratio of inlet air, namely 5g/kg, 7g/kg and 9g/kg and different

entering air dry bulb temperature of +20°C and +15°C.
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It may be observed from Figure 6 that finned-coil cooling capacity increases with an
increase in entering air humidity ratio, for the same entering air dry bulb temperature
and the same evaporating temperature. Cooling capacity increases on average by 13%
over the economic operating time with an increase in air humidity ratio from Sg/kg to
7g/kg, for a fixed entering air dry bulb temperature of +20°C (Figure 6a).
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Figure 6. Effect of air humidity ratio

Cooling capacity increases on average by only 4% over the economic operating time
with an increase in air humidity ratio from 5g/kg to 7g/kg, for a fixed entering air dry
bulb temperature of +15°C (Figure 6b). This normal trend of cooling capacity
increase is explained by an increase in latent heat transfer component.

It may also be noted that the maximum cooling capacity, for given entering air dry
bulb temperature of +20°C and evaporation temperature of -10°C corresponds to
maximum inlet air humidity ratio of 9g/kg.

It is also evident from Figure 6a that the economic operating time of the ammonia air-
cooler decreases by 48% as the latent heat transfer potential of the enetring air
increases from 5g/kg to 9g/kg, for the same air dry bulb temperature of +20°C and the
same evaporating temperature of approximately —10°C. The economic operating time
of the ammonia air-cooler decreases by only 33% as the latent heat transfer potential
of the enetring air increases from 5g/kg to 7g/kg, for the same air dry bulb temperature
of +15°C and the same evaporating temperature of-10°C (Figure 6b).

4.4. Effect of evaporating temperature [6]

Finned-coil cooling capacity is plotted against time for two different evaporating
temperatures of -10°C and -18°C in Figures 7a and 7b, respectively.

Experiments have been conducted for entering air dry bulb temperature of +20°C,
+15°C and +10°C and entering air humidity ratio of 5g/kg. Figure 7 shows that
regardless of the entering air dry bulb temperature level, along the common operating
time, the finned-coil cooling capacity has higher values for the lower evaporating
temperature (-18°C).
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At lower evaporating temperature, for the same temperature of the inlet air, the mean
temperature difference between air and ammonia increases, causing an increase in

cooling capacity on average by 4% over the common operating time, regardless of the
entering air temperature.

In addition, the evaporation temperature drop, from about -10°C to about -18°C, led to

a shorter operating time needed for frost to build-up in a layer of 2.2mm ... 2.3 mm
height, with about 41%.
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Figure 7. Effect of evaporating temperature

4.5. Air pressure drop [6]

Figure 8 illustrates comparative air pressure drop recorded at the end of the economic
operating time, for different air dry bulb temperatures (+ 20°C and +15°C), different

humidity ratio (5g/kg, 7g/kg, and 9g/kg) and the same evaporating temperature (-
10°C).

As Figure 8 shows air pressure drop increases by 49.4% over the common operating
time with an increase in air humidity ratio from Sg/kg to 9g/kg, for the same air dry
bulb temperature of +20°C and the same evaporating temperature (-10°C) ; the
increase in air pressure drop reaches only 23.2% over the common operating time as

air humidity ratio increases from 5g/kg to 7g/kg, for the same air dry bulb temperature
of +15°C.
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Figure 8. Effect of air pressure drop
5. CONCLUSIONS

In the present work heat transfer performances and air pressure drop of an ammonia
finned-coil air-cooler of given geometrical configuration have been investigated
experimentally, under different operating conditions. Experimental results led to the
following conclusions:

- ammonia finned-coil cooling capacity decreases in time with a decrease in entering air
temperature, for the same inlet air humidity ratio and the same evaporating temperature;

- ammonia finned-coil cooling capacity increases with entering air humidity ratio,
over the economic operating time, for the same entering air dry bulb temperature and
the same evaporating temperature; maximum cooling capacity, for given entering air
dry bulb temperature and evaporation temperature corresponds to maximum inlet air
humidity ratio;

- the economic operating time of the ammonia air-cooler decreases with an increase
in the latent heat transfer potential of the enetring air, for the same air dry bulb
temperature and the same evaporating temperature;

- regardless of the entering air dry bulb temperature level, along the common
operating time, the finned-coil cooling capacity has higher values for the lower
evaporating temperature;

- evaporation temperature drop led to a shorter operating time needed for frost to
build-up in a layer of 2.2mm + 2.3 mm height;

- operating time is not significantly influenced by inlet air temperature, but is
significantly reduced with an increase in air humidity ratio;

- air pressure drop increases over the common operating time with an increase in air
humidity ratio, for the same air dry bulb temperature and the same evaporating temperature.

262



Rodica Dumitrescu, Anica Ilie, Alina Girip, Madalina Teodora Nichita, Alina Filip

6. References
[1]. Kondepudi, N.S. , D.L. O’Neal. 1992. Performance of finned — tube heat exchangers under
frosting conditions: I. Simulation model. Rev. Int. Froid, vol.16, No.3, 1993.

[2] Kondepudi, S.N. and O’Neal, D. 1989. L. Effect of frost growth on the performance of louvered
finned tube heat exchangers. Rev. Int. Frio Vol. 12 May 151-158.

[3] Kondepudi, S.N. and O’Neal, D. L. 1987. The effects of frost growth on extended surface heat
exchanger performance : a review. ASHRAE Transactions 1987, Vol.93, Part 2 :258-274

[4] Kondepudi, S.N. and O’Neal, D. L. 1991. Frosting performance of tube fin heat exchangers with
wavy and corrugated fins. Experimental Thermal and Fluid Science, Vol.4, No.5, Sept. 1991.

[5] Ivanova, V.S. 1980. Aerodynamic characteristics of finned air-coolers with frost layer.
Refrigeration Engineering, No. 11.

[6] R. Dumitrescu. Heat and mass transfer in ammonia air coolers. Ph.D. Thesis 2001.

[7] Oskarsson, S. P., Krakow, K. I. & Lin, S. 1990. Evaporator models for operation with dry, wet and
frosted finned surfaces, Part 2: Evaporator Models and Verification. ASHRAE Transactions Vol. 96,
Part 1 (1990) 381-392

[8] Ivanova, V. S., 1977, Study finned heat exchangers in air side. Refrigeration Technology, 6: 32-38

263



Revista Romana de Inginerie Civila, Volumul 7 (2016), Numarul 3 © Matrix Rom

Aspects concerning the use of binary ice for comfort air-
conditioners

Midilina Teodora NICHITA ®, Rodica DUMITRESCU ®),

Florea CHIRIAC ©

@ Technical University of Civil Engineering Bucharest, 122-124, Blv. Lacul Tei, 020396, Bucharest,
Romania,

Fax: +40212526880; E-mail: teddy 1 7m@yahoo.com

® Technical University of Civil Engineering Bucharest, 122-124, Blv. Lacul Tei, 020396, Bucharest,
Romania,

Fax: +40212526880; E-mail: rdumitrescul 709@yahoo.com

© Technical University of Civil Engineering Bucharest, 122-124, Blv. Lacul Tei, 020396, Bucharest,
Romania,

Fax: +40212526880; E-mail: florea.chiriac@gmail.com

Abstract

This paper refers to the use of ice-slurry, as an intermediary phase changing cooling
fluid, in air-conditioning.

Ice-slurry is provided by a scraper-type generator that is part of a single stage
compression system working with R404A, as primary refrigerant. A mixture of ice-slurry,
water, and talin (10% mass concentration) represents the secondary cooling medium.
This was used in a heat exchanger of classical type, namely an air cooler, with aluminum
fins, of 0.1 mm thickness.

This paper reports experimental results of ice-slurry used as cooling fluid for air-
conditioning consumers of various cooling capacity demands. Experiments have been
carried out using two different ice mass fractions, namely approximately15% and 20%
ar;d two different air volumetric flow rates, namely Qair = 3000 m*®/ h and Qair = 2000
m*/h

The cooling capacity of the ice-slurry generator has been experimentally validated by
simultaneously determining the thermal capacity for the evaporator (as a function power
input to the compressor), for the air-cooler and air heaters.

Key words: ice-slurry, air-conditioning systems, heat exchanger.

1. Introduction

The advantages of ice-slurry, as a viable alternative to the classical air conditioning
solution, based on chiller prepared cooled water are well known and will not be
insisted upon, [1].

This experimental study used a mixture of ice-slurry, water, and talin (10% mass
concentration) and aimed to determine the cooling capacity of an ice-slurry fed air-
cooler, under different working conditions, namely: different inlet ice mass fractions
and different volumetric flow rate of ice slurry and cooled air.
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2. Experimental Stand

The experimental study on air cooling using ice-slurry as cooling medium has been
carried out on a laboratory stand. The layout of this stand is presented in Figure 1 and
Photol. As both of them show, the experimental stand consists of 3 major sections, [2]:

- ice-slurry generating system - of 7.5 kW refrigeration capacity, working with
R404A, [3]. The scraper-type generator feeds the ice-slurry storage tank, of 1 m’
volume. In order to prevent the ice particles agglomeration inside the tank, the binary
system (water solution and ice particles) is continuously recirculated by a pump, inside
the tank and through an exterior circuit. The ice mass fraction is controlled by an
automation system that operates on the principle of electrical resistance measurement.
The ice-slurry generating system is placed on a platform above the air cooler level;

- vertical closed air loop - made of insolating panels of 20mm thickness of sandwich
type, exteriorly covered with thin aluminum sheet. This air loop contains inside its
lower horizontal branch the studied air cooler or, in other words, the consumer of an
air conditioning system. Inside the same lower horizontal branch there is the air
handling unit whose role is to maintain at approximately constant values the air
parameters at the air cooler inlet. In order to do this, the air handling unit consists of an
air cooler, an air heater and a fan. The cooling/heating heat exchangers are fed with
cooled/warm water from the existing water management system of the laboratory, [4];
- air cooler subjected to testing. This is a finned copper coil of 0.4m length and an
inside diameter of 8 mm. The coil bank consists of 4 panels of 10 horizontal staggered
tubes. The rectangular plate fins are made of aluminum of 0.1 mm thickness and have
the overall dimensions of 0.65x0.25m. The inside surface area in contact with ice-
slurry/cooled water is of 0.40192 m? and the overall exterior surface area in contact
with the air is of 7.47 m?. The air cooler is fed with ice-slurry by a circulating pump.

Fig. 1 Layout of the experimental stand

Legend: CTA — Air Handling Unit; G — ice-slurry Generator; C — condenser; K — compressor; Pc — ice-
slurry Pump; Rg — ice-slurry tank; Rp — Liquid Refrigerant Receiver; VL — Expansion Valve; Pg -
secondary cooling medium pump ; Pr — Ice-slurry Recirculation Pump; BR — Air Cooler; DB — flow meter;
Cc — consumer circuit; Cg - ice slurry generation circuit; Cr — Recirculation circuit; Ca— air circuit
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Photol. Experimental stand showing the ice-slurry generation system on top, part of the air loop,
containing the fan coil inside its lower branch and the connection tubes

3. Methodology
The experimental research started with determining the refrigeration capacity of the
ice-slurry generator, under different consumer cooling loads. Experiments have been

carried out for 2 different air flow rates at the consumer, namely: Qi =3000 m3/h
and Qajr =2000 m3/h. To each of the above mentioned air flow rate value,
corresponded 4 different ice-slurry mass flow rates, as follows: Qjs =0350 m3 / h;
Qs =0330m3 / h; corresponding to Qujy =3000m® / h, and; Qs =0350m>/h;

Qis =0.330 m3/h, corresponding toQ,j, =2000 m3/h, respectively. In addition,
each of the above mentioned experiments was performed for 2 different values of the
ice mass fraction: f = 15%; and 20% approximately, [5].
In order to experimentally validate the refrigeration capacity of the ice-slurry
generator, ®;,, the following quantities have been also measured: the refrigeration
capacity of the evaporator, ®, (based on measured compressor power consumption,
Px), the cooling capacity of the ice-slurry fed air-cooler, @y;, , and the heating capacity
of the air heater inside the air handling unit, @, , [6].
The following balance equations have been used, [7], [8]:

Dis = D = Dyiy = Dy, [W] (1)

Do + B =D, [W] ()
where: @ - heat flow rate rejected by the condenser.
Calculations have been based on reliable measured data that is data corresponding to a
quasi-steady state operating regime. It was considered as such the regime characterized
by maximum =+5% variation of the measured parameters, along 10 consecutive
readings, at 10 minutes apart. Data used in calculation represent the averaged values of

the measured parameters. Another filter in considering data as reliable was represented
by the deviation in energy balances set up to 12%.

266



Madalina Teodora Nichita, Rodica Dumitrescu, Florea Chiriac

3.1. Compressor Power Consumption has been measured by a power analyzer type
Fluke 434. The values indicated by this device, under quasi-steady state experimental
conditions, are shown in the Figure below. Of all the displayed data, just the power
values, having kW as measuring unit, are relevant for this experiment and further
calculations.

Pouer & Energy Pouer &Energy
FULL & 3:34:51 @ mE-<E FuLL & 7:38:35 ¢ mE<F
L1 L2 L3 L1 L3
Kl 103 1.05 1.16 324 kel 104 108 1.16 328
KkUR 123 132 1.37 391 KUA 1.25 1.35 1.36 397
KVAR ¢ DB6 ¢ 079 : D72 ¢ 218 kUHH ¢ I:I EB ¢ 080 ¢ 072 ¢ 222
PF 084 0.80 0.85 083 080 0.85 083
Cosd 0.85 0.80 0.85 Eusﬁ EI 34 0.81 0.86
Arms 0.4 5.7 59 Arms 5.4 59 59
L1 L2 L3 L1 L2 L3
Urms 229.2 2096 2309 Urms 2301 2301 2307
04218211 15:21:00 230U 50Hz 38 WYE EHS0160 04219711 16:22:02 230U 50Hz 36 WYE EH50160

UDLTAGE HOLO
VOLTAGE e | o HOLD) - EHERGY  TREHD T

Fig. 2 Measured values of the compressor power consumption

As the above experimental data show, the measured compressor power consumption
was 3.24 kW for 15% ice mass fraction and 3.28 kW for 20% ice mass fraction.
The uncertainty analysis related to this measurement indicated a mean value of 2%.

3.2. Refrigeration Capacity of the Ice-Slurry Generator
In order to experimentally determine the refrigeration capacity of the ice-slurry
generator, @,, the single-stage vapor compression refrigeration cycle has been drawn

on the Pressure-Enthalpy Diagram, based on the following measured data, [9]:
evaporating temperature and pressure; condensing temperature and pressure;
compressor inlet superheated vapor temperature, (state point 17); discharged
superheated vapor temperature(state point 2); condenser outlet liquid temperature
(state point 3), [10].

7 ; ’\ LU
,///H ,,/ /g A

Fig. 3 Schematic of the experimental Smgle Stage Vapor Compressmn Refrigeration cycle

Table 1 lists the measured and computed thermodynamic properties of R404A of the
experimental refrigeration cycle.
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Table 1. Measured and computed thermodynamic properties of the experimental refrigeration cycle

State 1 1” 2 2 3 3 4
point

0 [°C] -18 -10.99 | 55.14 36 36 |32.76 | -18
p [bar] 3.2 3.2 16 16 16 16 3.2
h[kJ/kg] | 357.5 364 406 384 | 256 | 250 | 250

Based on the computed enthalpies in Table 1, the following quantities have been
determined:
- the refrigerant mass flow rate, Mr4044, as the ratio between the measured

compressor power consumption, Pk, and the vapor enthalpy change between
compressors suction and discharge, (hz - h1»), [11], [12]:
MRr404 A= Pk /(h2 - h1~) = 0.078095 kg/s  (3)
- the refrigeration capacity of the evaporator:
(DO = mR404A‘ (hl - h4) =8.39 kW (4)
The ice-slurry refrigeration capacity was further obtained by the equation (1): @j5=
8.39 kW

3.3. Cooling Capacity of the Ice-Slurry Fed Air-Cooler

The air volumetric flow rate, Vg, has been determined based on measured air
velocity inside the air loop. The cross section of the loop selected for velocity
measurements, placed at the air cooler outlet, complied with current standard
requirements regarding stabilized air flow. The air flow rate has been measured with
an Ahlborn hot wire anemometer, of 3% accuracy and was set to 3000 m3/h and 2000
m?/h.

Two cross sectional grids have been used in order to measure the air temperature at the
air cooler inlet and outlet, each of them with 5 measuring points. The temperature has
been thus calculated as an averaged value. As air temperature measuring devices type
K thermocouples, + 0.25°C accuracy have been used.

The cooling capacity of the air-cooler, on the air side, was obtained from the following
equation:

@air = mair' (hinlet - houtlet) (%)
where: hiniet, Noutlet - air enthalpy at the inlet/outlet of the air-cooler, respectively.

The cooling capacity of the air-cooler, on the ice-slurry side, was obtained from the
following equation:

Dig=f-mjg-r (6)
where: - f - ice mass fraction; - r — fusion latent heat of ice; r = 333000 J/kg.

The ice-slurry volumetric flow rate, Vis , has been measured using an ultrasound flow

meter, [13]. The ice-slurry temperatures at both inlet and outlet of the air-cooler have
also been measured and controlled. As a consequence it was possible to admit the
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hypothesis of just latent heat transfer between air and ice-slurry. Transparent tube
sections next to the ice-slurry inlet and outlet made possible, to some extent, a visual
assessment of the ice-slurry composition.

As mentioned above, the ice mass fraction was controlled by an automation system
that operates on the principle of electrical resistance measurement, [14], [15]. The
uncertainty analysis related to this measurement indicated a mean value of 4%.

3.4. Heating Capacity of the Air Heater
In order to experimentally determine the heating capacity of the air heater, on the

water side, @,,, the water volumetric flow rate, V,,, has been measured, along with

the inlet and outlet water temperatures. The heating capacity of the air heater was
obtained from the following equation:

Dy =My Cpw “(Ginlet —Goutlet ) (7)
where: Cpw— specific heat of water at constant pressure.
The water flow rate has been measured with an electronic flow meter (Danfoss type).

The measured data have been stored and centralized by two data acquisition systems,
namely: Almemo 2890-9 and Almemo 3290.

4. Experimental Results

Figures 4 and 5 show the increase of the cooling capacity of the consumer with the
increase of the inlet ice slurry flow rate, for the same ice mass fraction under different
air flow rates: 3000 m3/h and 2000 m?/h, respectively.

Cooling capacity vs. ice mass fraction
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Figure 4. Cooling capacity of the air cooler as a function of the ice mass fraction, for 3000 m’/h air
flow rate
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Figure 5. Cooling capacity of the air cooler as a function of the ice mass fraction for 2000 m*/h air
flow rate
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Figures 6 and 7 show an approximate linear increase of the consumer cooling capacity
with the increase of the air inlet temperature for both ice mass fractions under
approximately the same ice slurry temperature. The data in Figure 6 correspond to
3000 m*/h air flow rate and those in Figure 7 to 2000 m?/h air flow rate.

Cooling capacity vs. inlet air temperature
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Figure 6. Cooling capacity of the air cooler as a function of the inlet air temperature for 3000 m*/h air
flow rate
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Figure 7. Cooling capacity of the air cooler as a function of the inlet air temperature for 2000 m*/h air
flow rate

Figures 8 and 9 show that for the same inlet ice slurry flow rate the heating capacity of
the air heater increases with the inlet water temperature that is with the increase of the
temperature difference between the mean water temperature and the mean air
temperature. The trend is the same irrespective of the air flow rate. The data in Figure
8 correspond to 3000 m?/h air flow rate and those in Figure 9 to 2000 m*/h air flow

rate. At the same time, for the same water inlet temperature, the heating capacity
increases with the ice slurry flow rate.

Heating capacity vs. inlet water temperature
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Figure 8. Heating capacity of the air heater depending on the inlet water temperature for 3000 m*/h air
flow rate
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Heating capacity vs. inlet water temperature

—=— Qis=0.350m3Mh

a,
Qis=0330m3M
a

Heating capacity (kW)

16.50 18.08

Inlet water temperature (°C)

Figure 9. Heating capacity of the air heater depending on the inlet water temperature for 2000 m*/h air
flow rate

5. Conclusions
The experimental results showed that:

- for the same ice mass fraction the cooling capacity of the consumer increases with the
inlet ice slurry flow rate, by 6.2% at 3000 m*/h air flow rate and by 4.4% at 2000 m?/h;

- the COP of the experimental system is approximately 2.7;

- the ice slurry generator refrigeration capacity was experimentally validated by
simultaneously measured ice-slurry cooling capacity, air cooling capacity, water
heating capacity and compressor power consumption;

- the cooling capacity of the air cooler has also been experimentally validated. Its averaged
value is 5 kW and it depends on the ice slurry mass fraction: 5.05 kW for 15 % ice slurry
mass fraction and 5.16 kW for 20 % ice slurry mass fraction and 3000 m*/h air flow rate;
4.85 kW for 15% and 5.10 kW for 20 % ice slurry mass fraction and 2000 m*/h air flow
rate; the uncertainty analysis related to this measurement indicated a mean value of 8%;

- it was not possible to correlate the cooling capacity of the air cooler with the ice
slurry generator refrigeration capacity because of the limited heat transfer surface of
the air cooler.
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Rezumat: Sursa hibrid propusd pentru analiza in lucrare se referd la motoarele cu
combustie termicd pe bazd de cogenerare, cuplate cu pompe de caldurd. Motoarele
termice realizeaza primul pas prin incélzirea unui flux de caldurd, cresterea in continuare
a potentialului va fi realizat cu ajutorul pompelor de caldura.

Sistemul hibrid mentionat realizeaza atat energie termica cat si energie electricd necesara
pentru nevoile consumatorilor. Lucrarea prezinta o analiza a sistemului hibrid ca sursa de
putere In comparatie cu sursa de bazd a motoarelor termice. Performanta sistemului sursa
hibrid si capacitatea instalatd este determinatd pentru sistemul hibrid sursa. Analiza
energetica intreprinsa are ca scop identificarea performantei energetice a unui astfel de
sistem.

Cuvinte cheie: sursa hibrid, pompe de caldura

Abstract: The proposed hybrid source for analysis in the paper refers to cogeneration
based thermal combustion engines, coupled with heat pumps. Thermal engines performs
the first step by heating a heat flow, further raising the potential will be realized with heat
pumps.

Mentioned hybrid system achieved both heat and electricity required for consumer needs.
The paper presents an analysis of the system power hybrid source system compared to
their base source of heat engines. Define performance of the hybrid source system and
installed capacity is determined for the hybrid souces system. Energy analysis undertaken
aims to identify energy performance of such a system.

Keywords: source hybrid, heat pumps
1. Introducere

Sistemul sursa hibrid propus spre analiza in lucrarea se refera la cogenerare pe
baza de motoare termice cu ardere intena cuplate cu pompe de caldura. Motoarele
termice realizeaza prima treapta de incalzire a unui agent termica, in continuare
ridicarea potentialului urmand sa fie realizata cu pompele de caldura.

Consumatorii vizati a fi alimentati de un astfel de sistem sursa sunt consumatori
izolati care dispun cu dificultate de energie termica dintr-un sistem centralizat si chiar
de energie electrica. Sistemul hibrid mentionat realizeaza atat energiea termica cat si
energia electrica necesara consumatorilor pentru nevoile proprii.
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Energia electrica produsa de motoarele termice este utilizata partial pentru
functionarea pompelor de caldura cu compresie si partial pentru alimentarea directa a
consumatorilor deserviti de sistemul sursa hibrid.

Analiza energetica intreprinsa urmareste a identifica performantele energetice
ale unui astfel de sistem.

2. Descrierea sistemului.

Motoarele termice produc putere termica si putere electrica conform
randamentelor termic si electric corespunzatoare tipului de motoare alese si nivelului
de sarcina la care functioneaza. Puterea termica produsa de motoare este partial
utilizata la incalzirea unui agent termic intermediar pana la un nivel de temperatura de
asemenea intermediar. Restul de putere termica nedirectionata catre “sursa rece” a
pompelor de caldura este transmiza direct la consumatori pentru prepararea agentului
termic necesar acestora. Cota de putere termica transmisa catre ‘“‘sursa rece” a
pompelor de caldura reprezinta puterea termica extrasa de pompele termice, putere
termica al carei potential este ridicat de catre pompele de caldura dar si a care valoare
este amplificata totodata.

Puterea electrica produsa de catre motoarele termice este si ea partial transmisa
catre motoarele care actioneaza compresoarele pompelor de caldura si partial direct
catre consumatorii deserviti de sistemul sursa. Mai mult, in functie de regimul de
functionare poate ramane inca o cota de putere electrica pe care sistemul sursa o poate
livra unor consumatori adiacenti, nedeserviti de sistemul sursa. In fig. 1 se prezinta
schematic sistemul sursa hibrid compus din motoarele termice si din pompele de
caldura.

Pe

MOTOARE TERMICE H
Pror

Prurec

I:'E—h.ﬂ'l'—F‘t':

POMPE DE
CALDURA

Prure Prrc Pewmrc

CONSUMATORI

Fig. 1
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Intre puterile termice si puterile electrice produse de motoarele termice, intre
cotele de putere termica si putere electrica trimise catre pompele de caldura si in
continuare intre puterile termice si electrice transmise de sistemul hybrid in ansamblu
catre consumatori si necesarurile de putere aferente acestora exista o serie de corelatii
pe care in continuare vom cauta sa le prezentam pentru a putea stabili modul de
functionare al sistemului si a evalua performantele energetice ale acestuia.

3. Corelatii intre puterile termice si electrice implicate in functionarea
sistemului sursa hibrid.

Puterea debitului de combustibil consumat de motoarele termice se regaseste in

suma a 3 puteri termice : puterea termica, puterea electrica si o putere pierduta de
motoarele termice [1], [2]. Astfel :

Pc =Pr_mt + Pe—mt + Pep—mT (1)
unde :

Promt =7r-mt - Fe
Pe_mt =7E-MmT - Fc

2)

Atat puterea termica cat si puterea electrica se divid fiecare in 2 cote, una trimsa
catre pompele termice, iar cealalta trimisa direct catre grupul consumatorilor.

Astfel :

Pr_mr-pc =hpc - Fromt =hpc -7r—mt - Fe 3)
Pr_mt—c =(1=hpc)-Pr_mr =(1=hpc ) 777 _m7 - Re (4)
Pe_mt-pPC = frc - Pe—mt = fpc -7E-MT - Fe ()
Pe_mt-c =(1-fpc)-Pe—mt =(1- fpc ) 7E_MT - FC (6)

Cota de putere termica transmisa catre pompele de caldura (Pr.r.pc) este
preluata, la vaporizator, de agentul de lucru al masinilor frigorifice si amplificata prin
adaugarea cotei de putere electrica (Pg.ur.pc), fiind livrata la condensator sub forma de
putere termica (Pr.pc). Astfel puterea termica furnizata de pompele de caldura va fi:
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Pr_pc =PFr-vp +77e-pc - PE—MT-PC =

=Pr_mr-pC +7E-PC -PE-MT-PC =
7
=hpc v —m1 -Fe +7e-pc - Tpc - E-MT P = @)

=(hpc - 7r_mT +7E_PC - fPC *ME_MT ) Fe

Puterea termica totala transmisa de sistemul hibrid catre consumatori este suma
dintre puterea termica furnizata de pompele termice si puterea termica transmisa direct
de la motoarele termice. Astfel :

Pr_cons =PFr-mt-pc +Pr—pc =
=(1=hpc)-nrr—m1 - Pe +(hpc -11r—mT +77E-PC - fPC “ME—MT )-FC (8)
= (177 —mT +7E-PC - TPC “ME-MT ) FC

Din relatia (8) se observa ca puterea termica livrata de motoarele termice se
regaseste in totalitate in puterea termica totala transmisa de intreg sistemul hibrid
consumatorilor, cu toate ca a fost divizata in 2 cote. Puterea electrica transmisa de
sistemul hibrid consumatorilor ramane sa fie puterea electrica transmisa direct de la
motoarele termice la consumatori. Astfel :

Pe_cons = Pe—mt-c =(1-fpc ) - 7e—mT - Pe )

Pe de alta parte puterea termica primita de catre consumatori (Pr.cons), de la

sistemul hibrid, trebuie sa acopere necesarul de energie termica al consumatorilor, 1ar
puterea electrica primita de consumatori (Pg.cons), de la sistemul hibrid trebuie sa
acopere necesarul de energie electrica al consumatorilor. Impunand insa ca puterea
termica livrata de catre sistemul hibrid sa acopere necesarul curent de energie termica
al consumatorilor este foarte posibil ca puterea electrica livrata de catre sistemul hibrid
sa fie mai mica sau mai mare decat necesarul de putere electrica al consumatorilor.
Necesarul de puterea electrica al consumatorilor include atat puterea electrica necesara
iluminatului cat si puterea electrica necesara aparatelor electrocasnice aferente. In
cazul in care puterea electrica livrata de sistemul hibrid nu acopera necesarul de putere
electrica al consumatorului se va lua putere electrica din sistemul national iar in cazul
in care puterea electrica livrata de sistemul hibrid depaseste necesarul de putere
electrica al consumatorului se va transmite surplusul de putere electrica in sistemul
national. Altfel spus dimensionarea capacitatii sistemului hibrid se face pe
considerente termice.

Rezulta in consecinta puterea totala primita de consumatori ca fiind :
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Pcons = Pr—cons + Pe—cons =
= (77 _mT +7E—PC - fPC *ME_MT ) Pc +(1- fpc ) - 7E_MT - Re

=[77T—MT +ne—mt —(1-7e-pc ) frc 'ﬂE—MT]' Fc = (10)
g — Ne_

={1+—E ML _(1-ng_pc)- fpc 2= MT]UT—MT'PC:
T -MT T -MT

=[1+1ce —(1-ne—pc)- frc “fea |- mm—mt - R

Se poate defini randamentul sistemului hibrid ca fiind raportul dintre puterea
totala primita de consumatori si puterea debitului de combustibil :

Pcons
e

IMT —PC = =[1+1cc -(1-ng_pc)- fpc e |- mr—mr (1D

Cota din puterea termica produsa de motoarele termice transmisa catre pompele
termice se stabileste astfel incat sa rezulte o functionare armonioasa a pompelor de
caldura cu compresie. Pentru asta trebuie sa facem referire la legatura care exista intre
puterea termica la vaporizator si puterea electrica de alimentare la motoarele
compresoarelor [2].

Pr_vp =Pr_mr-pc =hpc -7t -Fc =
273,15—At+tvp
tCD_tVP +2- 4t

=CORsp - fpc - Pe—mT =77E-PC - fpc E-mT R

(12)
Prelucrand relatia (12) se obtine :

hPC 273,15—At+tvp HE-MT
fon  TE-PCT T 2 A
PC cD ~lp t<4- T —MT

(13)

273,15—At+t\/p )
tCD —tvp +2-A4t

=Ng_pC" Ice

Mai clar relatia (13) se poate scrie sub forma :

h C
ch =ne-pc "CORP Tce (14)
PC

Considerand ca dimensionarea instalatiei de incalzire centrala a grupului

consumatorilor s-a facut pentru temperaturile de calcul ale agentului termic de 85/65
°C si se respecta reglajul termic calitativ, rezulta ca pompa de caldura ar putea sa
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lucreze ca masina frigorifica in domeniul de valori COPVpC = 6 + 8. Valorile mai mici
sunt asociate temperaturilor mai scazute ale agentului termic din instalatia de incalzire
(deci sursa calda) iar valorile mai mari sunt asociate temperaturilor mai ridicate ale
agentului termic din instalatia de incalzire. In aceste conditii, considerand un indice de
cogenerare I'cg = 0,636 si un randament de utilizare a energiei electrice de catre grupul
de pompe de caldura ngpc = 0,7, rezulta pentru raportul intre cotele puterilor termica si
electrica transmise catre pompele de caldura - hpc/fpc, valori intre 2,8 si 3,5.

Cum puterea termica totala transmisa de la sistemul hibrid consumatorilor
deserviti acopera necesarul toatal de putere termica al acestora rezulta ca puterea
combustibilului care alimenteaza motoarele termice trebuie sa aiba valoarea minima :

I:)C min —

Dr +Pg _ D + D
mut—pc | 1+1ce —(1-7e-pc)- frc -Tcg | mromr  (15)

Raportul intre puterea electrica si puterea termica furnizate de sistemul hibrid
consumatorului are expresia :

Pe_cons _ (1-fpc) 7wt _ (1=frc) fee (16)
Pr_cons  r-mT +7e-pc - fPc - E-MT 1+ 7E_PC - fPC "TCG

Intr-un caz concret in care fpc = 0,3, rcg = 0,636 si 7e.pc = 0,7 rezulta ca :

Pe_cons =0,393-Pr_cons (17)

Daca motoarele termice lucreaza cu un indice de cogenerare de 0,636, sistemul
hibrid se poate spune ca lucreaza cu un indice de cogenerare de 0,40.

In continuare se va considera cazul concret al unui consumator alcatuit din
cladiri colective rezidentiale insumand un numar de 288 apartamente [1].
Consumatorul a fost ales astfel incat un motor termic de 500 kW lucrand la sarcina
partiala de 50% sa poata alimenta cu energie termica consumatorul pe timp de vara.
Considerand cazul concret al acestui consumator, si considerand prioritara realizarea
de catre sistemul hibrid a puterii termice aferente consumatorului, rezulta puterea
electrica produsa de catre sistemul sursa va avea intotdeauna, pe perioada sezonului
rece al anului, o productie de energie electrica excedentara fata de solicitarea efectiva a
consumatorilor. Suplusul de putere electrica va fi transmis in reteaua nationala.
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Tabel 1

te D+ Dy Pr Pg dPg Pc D++Dg | Murrc
oC kW kW kW kW kW kW kW -
-15 1584.00 144.00 1584.00 643.10 | 499.10 2039.39 1728.00 0.85
-10 1378.28 144.00 1378.28 559.58 | 415.58 1796.61 1522.28 0.85

-5 1172.57 144.00 1172.57 476.06 332.06 1553.82 1316.57 0.85

0 966.86 144.00 966.86 392.54 | 248.54 1311.04 1110.86 0.85

5 761.14 144.00 761.14 309.02 165.02 1068.25 905.14 0.85
10 555.43 144.00 555.43 225.50 81.50 825.47 699.43 0.85
20 144.00 144.00 144.00 58.46 -85.54 339.90 288.00 0.85

Singura situatie deosebita este situatia de vara cand trebuie preparata numai apa
calda de consum si cand nu este necesara functionarea pompelor de caldura dat fiind
faptul ca un motor termic la 500 kW este capabil sa acopere atat puterea termica cat si
puterea electrica necesara functionand la sarcina de 75%.

Necesaruri si productii de puteri termice si electrice
Sistem sursa - motoare termice + pompe de caldura
2500.00
2000.00
~ mFT
2
= 1500.00 -~ W FE
8
2 mPT
€ 1000.00 -
[ W PE
s
a 500.00 - w dPE
=]
& o000 mPC
W FT+FE
-500.00 -
Temperatura exterioara (°C)

Fig.2

In antepenultima coloana a tabelului 1 se prezinta puterea necesara la nivel de
combustibil de alimentare a motoarelor termice. Se observa ca la temperatura
exterioara cea mai scazuta este necesara instalarea unei puteri totale la nivel de
combustibil de 2040 kW. Randamentul sistemului hibrid este de 85% pe toata perioada
sezonului rece. Ce se poate spune in acest moment este faptul ca randamentul total al
sistemului hibrid este mai scazut decat randamentul total al sistemului constituit numai
de motoarele termice, randament care are valoarea de cca. 90%. Rezultatul este firesc
deoarece o parte (1-ng-pc = 0,5) din energia electrica utilizata de motoarele pompelor
termice este utilizata de catre compresorul pompelor termice pentru functionarea
acestora si numai restul de 50% este considerata ca energie utila efectiv.

In cazul in care alimentarea consumatorilor considerati s-ar face exclusiv pe
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baza motoarelor termice puterea totala rezultata a fi instalata este de 2592 kW, adica
cu cca. 550 kW mai mult sau cu cca. 27% mai mult decat in cazul sistemului hibrid

(tabel 3).

Tabel 2
te D+ D P Pg dPg Pc D+ D | Nurrc
°C kW kW kW kW kW kW kW -
-15 1584.00 144.0 1584.00 1008.00 864.00 2592.00 1728.00 0.67
-10 1378.28 144.0 1378.28 877.09 733.09 2255.37 1522.28 0.67
-5 1172.57 144.0 1172.57 746.18 602.18 1918.75 1316.57 0.69
0 966.86 144.0 966.86 615.27 471.27 1582.13 1110.86 0.70
5 761.14 144.0 761.14 484.36 340.36 1245.51 905.14 0.73
10 555.43 144.0 555.43 353.45 209.45 908.88 699.43 0.77
20 144.00 144.0 144.00 91.64 -52.36 235.64 288.00 1.22

Necesaruri si productii de puteri termice si
electrice
Sistem sursa - motoare termice

3000.00 wET
__ 2500.00
§__ 2000.00 WFE
g 1500.00 HPT
& 1000.00 ®PE
}E 500.00 u dPE
& 0,00

-500.00 15 10 0 5 10 20 PC

Temperatura exterioara (°C) W FT+FE

Fig.3

Randamentul sistemului de alimentare compus numai din motoare termice,
gandit la fel ca si in cazul sistemului hibrid, este variabil pe parcursul sezonului de
incalzire avand valori intre 67% si 80%, deci valori mai scazute decat in situatia
sistemului hibrid. Pe perioada de vara, in situatia sistemului alcatuit numai din motoare
termice, consumatorul poate fi deservit atat din punct de vedere termic cat si electric
cu un singur motor functionand la sarcina de 75%.

4. Concluzii

Utilizarea pompelor de caldura in cuplaj cu motarele termice conduce la un
sistem care schimba raportul dintre puterea electrica si termica fata de sistemul de baza
format din motoarele termice, Raportul nou creat prin sistemul hibrid este mai apropiat
de raportul puterilor necesare electrica si termica proprii consumatorilor de tip cladiri
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din domeniul rezidentrial sau tertiar si in acest fel poate fi considerat mai adecvat
deservirii acestor consumatori. Pe de alta parte, prin cuplajul cu pompele de caldura se
pierde o parte de energie pentru functionarea acestora, insa aceasta pierdere este relativ
mica.

O alta consecinta cxare rezulta din alcatuirea sistemului hibrid este faptul ca
puterea instalata in motoarele termice poate fi cu pana la 30% mai scazuta decat in
cazul utilizarii numai a sistemului de baza format din motoarele termice. Totusi nu
trebuie neglijat ca se investeste in pompele de caldura care insa functioneaza pe baza
energiei electrice produsa de motoarele termice.

Lista de Notatii

Pc — puterea termica aferenta debitului de combustibil de alimentare al
motoarelor termice, W;

Pr.vmr— puterea termica livrata de motoarele termice, W;

Pr.vr— puterea electrica livrata de motoarele termice, W,

Ppp.mr — puterea pierduta la nivelul motoarelor termice, W;

Pemtpc — puterea electrica livrata de motoarele termice catre pompele de
caldura, W;

Pemr.c — puterea electrica livrata de motoarele termice catre consumatorii
deserviti, W;

Pr.cp — puterea termica livrata de pompele de caldura la consumatorii deserviti,
Wi

Pr.yp — puterea termica absorbita de pompele de caldura din mediul ambiental,
Wi

@t — necesarul de putere termica la consumatori, kW;

@ — necesarul de putere electrica la consumatori, kW;

dPg — surplusul de putere electrica produsa de sistemul hibrid, kW;

Pcons — puterea totala livrata de sistemul sursa hibrid consumatorului, W;

tcp — temperatura sursei calde aferente pompelor de caldura, °C;

typ — temperatura sursei reci aferente pompelor de caldura, °C;

N — diferenta medie de temperatura la condensatorul si vaporizatorul pompelor
de caldura, °C;

Nt-mt — randamentul termic al motoarelor, -;

Ne-mt — randamentul electric al motoarelor, -;

Ne-pc — randamentul electric al pompelor de caldura, -;

Nmr-pc — randamentul sistemului sursa hibrid, -;

COPcp — coeficientul de performanta la nivelul condensatoarelor pompelor de
caldura, -;

C : : : . :
COP D — coeficientul de performanta aferent ciclului Carnot asociat, la nivelul
condensatoarelor pompelor de caldura, -;
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COPyp — coeficientul de performanta la nivelul vaporizatoarelor pompelor de
caldura, -;

COPVP _ coeficientul de performanta aferent ciclului Carnot asociat, la nivelul
vaporizatoarelor pompelor de caldura, -;

rce — factorul de cogenerare;

Pr.cons - puterea termica primita de consumatori de la sistemul hibrid, W;

PE_cons - puterea electrica primita de consumatori de la sistemul hibrid, W;

Pcons — puterea termica totala primita de consumatori;

hpc — cota din puterea termica livrata de motoarele termice transmisa catre
pompele de caldura, -;

fpc — cota din puterea electrica livrata de motoarele termice transmisa catre
pmpele de caldura, -;

Bibliografie

1. Florin Iordache, Radu Alexandru Baciu, Stefan Burchila — Analiza energetica
privind utilizarea unui sstem de cogenerare pentru alimentarea cu caldura a unui
ansamblu de blocuri din mediul urban - Revista romana de inginerie civila, vol. 6
(2015), nr. 2 — ed. Matrixrom Bucuresti, 2015;

2. Florin lordache, Mugurel Talpiga - Sistem sursa cu captatoare solare si
pompe de caldura — Revista romana de inginerie civila, vol. 6 (2015), nr. 3 — ed.
Matrixrom Bucuresti, 2015;

281



Revista Romana de Inginerie Civila, Volumul 7 (2016), Numarul 3 © Matrix Rom

Experimental Investigation on Frost Formation in
Ammonia Finned Air-Coolers
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Romania

Rezumat: Aceasta lucrare prezinta rezultatele experimentale obyinute la testarea unui
racitor de aer cu amoniac, n conditii de depunere de bruma pe suprafaga de transfer de
caldura. Obiectivul lucrarii este acela de a determina influenza unor factori cheie asupra
vitezei de formare si acumulare a brumei pe suprafasa rece, in diferite condisii de
funcrionare. S-au studiat: influensa temperaturii si conginutului de umiditate ale aerului
la intrarea pe suprafaza racitorului, precum si influenga temperaturii de vaporizare. De
asemena, s-a studiat variasia densitarii brumei formate in functie de temperatura si
conginutul de umiditate ale aerului la intrarea pe suprafafa racitorului. Studiul
experimental s-a efectuat pe un stand special proiectat pentru a asigura masurarea,
controlul si achizifia de date. Experimentele s-au efectuat in regim stagionar, pentru
temperaturi de vaporizare ale amoniacului de -18°C si -10°C si puteri de racire ale
aerului cuprinse intre 7.6kW si 18.3 kW. Rezultatele experimentale obyinute au fost
comparate cu date din literatura de specialitate si s-a constatat ca acestea sunt in
concordanya cu valori obginute de catre alyi cercetatori. Scopul acestei lucrari este acela
de a furniza o baza de date experimentale, care poate fi utilizata Tn activitatea de
proiectare a racitoarelor de aer aripate, care funcgioneaza cu amoniac si sunt utilizate in
aplicagii din domeniul alimentar, in vederea cresterii performangei termice a
vaporizatoarelor si a coeficientului de performansa al instalagiei frigorifice. Implicit,
acest studiu abordeaza problema permanent actuala a economiei de energie si a
protecyiei mediului Tnconjurator, prin aceea ca utilizeaza un agent frigorifc natural, si
anume amoniacul (ODP=0 si GWP = 0), bine cunoscut pentru proprietaile sale
termofizice superioare celor ale agenyilor frigorifici de tip HFC.

Cuvinte cheie: racitor de aer aripat, vaporizator cu amoniac, formare si depunere de
bruma, aer umed.

Abstract: This paper presents results of an experimental investigation conducted on an
ammonia air-cooling evaporator working under conditions of frost formation in order to
determine the effect of several key factors on the rate of frost formation and growth on
finned coil surfaces, under different operating conditions. The influence of inlet air dry
bulb temperature and air humidity ratio as well as evaporating temperature has been
studied. Frost density, for different dry bulb temperature and humidity air ratio has also
been studied. The experimental study was carried out on a specially designed set-up that
allowed measuring, control and acquisition of data. Experiments were conducted for
ammonia evaporation temperature of-18 < and -10 € and cooling capacity from 7.6 kW
to 18.3 kW, during steady state operating conditions. Experimental results have been
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further compared to data in the open literature by authors with similar experimental
investigations. The paper concluded that experimental results are in fairly good
agreement with other authors work and consequently reliable. The objective of this work
is to provide experimental data based on which improved design of ammonia finned
evaporator coils used in food freezing or storage as air-coolers may be developed, thus
leading to higher thermal performances of evaporators and higher coefficients of
performance of the refrigerating system. Implicitly this experimental investigation
addresses the permanent objective of energy savings. In addition, by using ammonia as a
refrigerant, this experimental investigation addresses also current ecological issues
linked to refrigerants. Ammonia is an environment friendly natural refrigerant, known for
its zero ozone depleting potential (ODP)I and zero global warming effect (GWP), whose
thermo-physical properties are attractive, as compared to HFCs.

Key words: finned air-cooler, ammonia evaporator, frost formation, moist air.

1. Introduction

When humid air contacts cold surfaces of finned-type heat exchangers used in
refrigerators or air-conditioners, frost forms and growths on both surfaces of coils and
fins, if the surface temperature is below the freezing temperature of water [1]. So
evaporators build up frost continuously when in use [2]. The frost that accumulates on
evaporator coils and between the fins interferes drastically with heat transfer and air
pressure drop in that it obstructs air passages, diminish the air flow rate over the coil
and may eventually block air circulation around the evaporator. It is very important,
therefore, that the evaporator surfaces must be defrosted once the limits of economic
functioning are exceeded. The lower the fin spacing, the greater care to operating time
is required. Once the air flow rate through the coil is reduced, this will further reduce
the evaporator temperature, leading to thicker frost formation. The frost in the
evaporator coil acts as insulation and diminishes heat-transfer. With decreased heat
transfer, the evaporator temperature drops, causing a further decrease in efficiency. If
allowed to accumulate further, even liquid flood back to the compressor can occur due
to reduced evaporator capacity.

Experimental and numerical studies on heat and mass transfer processes that take place
in finned air-cooling evaporators under conditions of frost formation represent major
contributions to design analysis of given geometrical configuration in terms of
adequate fin spacing, operating coil temperature, defrosting frequency, aiming to
achieve maximum efficiency for the evaporator and high refrigerating system COPs

[31, [4], [5].

2. Experimental set-up

The experimental set-up used to investigate the ammonia finned air-cooler is shown in
Figure 1 [6]. The air-cooler under study was placed inside the horizontal section of a
closed air loop of rectangular shape of 500 x 500 mm in cross section. The insulated
galvanized steel made air loop was equipped with multiple regulating and control
devices for setting the entering air parameters (dry and wet bulb temperature, humidity
ratio, flow rate) and refrigerant parameters, within given ranges, in order to ensure
steady state operating conditions.
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Figure 1. Schematic diagram of the experimental set-up
Legend: LS - liquid separator; OS — oil separator; K- compressor; C — condenser; LC — level control;
TV — thermostatic valve; ATMG — air temperature measuring grid; FM —ammonia flow meter; T —
temperature sensor; PG pressure gauge.

The transparent top cover of the air loop enables visualization of frost formation and
growth on the fins and coils of the ammonia finned evaporator coil (Photo 1).

Photo 1. Finned air-cooler inside the air loop — plan view

Geometrical configuration of the ammonia finned air-cooler is shown in Figure 2. As it
may be observed, the air-cooler under study uses a staggered tube bundle system of 4
parallel coils, of 8 horizontal tubes each. Coils are made from steel tubing and fins are
made of aluminum. The outer diameter of the tubes is 25 mm and the tube spacing is
70 mm on equilateral centers. Corrugated fins of 0.4 mm thickness are spaced 5.25
mm apart.
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Figure 2. Geometrical configuration of coils and fins

Photo 2 shows the insulated single stage mechanical vapor compression refrigeration
system used for the experimental investigation. The ammonia air-cooling evaporator is
fed by gravity circulation from the vertical liquid separator. Humid air of controlled
inlet parameters is simultaneously directed over the finned coil, flowing through the
unit.

. . ki |ﬁm{: I - ;\.;4::&-“ L MR
Photo 2. Refrigeration system — overall view

3. Methodology

Experimental investigation has been carried out on the ammonia finned air-cooler
described above during steady state operating conditions. It was considered as such the
regime characterized by maximum +5% variation of the measured parameters, along
10 consecutive readings, at 10 minutes apart. The goal of the experiments was to
determine the effect of several key factors on the rate of frost formation and growth on
the finned coil surface under study, under different operating conditions [6], [7], [8].
The influence of inlet air dry bulb temperature and air humidity ratio as well as
evaporating temperature has been studied. Frost density, for different dry bulb
temperature and humidity air ratio, has also been studied.

Experiments were conducted under the following operating conditions:

- cooling capacity from 7.6 kW to 18.3 kW;
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- dry bulb temperature of inlet air ranging from +10 °C to +20°C;

- humidity ratio of inlet air ranging from 5 g/kg to 9 g/kg;

- air velocity in the front section of the air cooler with dry surface: 3,3 m/s;

- ammonia evaporating temperature of-18°C and -10°C;

- maximum operation time: (70 ...135) min.
As presented in detail in [6], cooling capacity of the ammonia finned air-cooler with
frost formation has been experimentally determined in two different ways, namely:
based on the energy balance of the refrigeration system and based on the cooling
capacity on the air side, [6]. Only experimental Q,values that satisfied the energy
balance within a deviation of = 7% have been considered reliable and considered in
further calculations. Once the system reached steady state conditions, both frost mass
and height have been measured, after certain periods of time, considered as significant.
Experiments have been considered completed as frost thickness reached maximum
acceptable values, in terms of economic operating costs, namely 2.2 to 2.3mm on each
fin side, given an overall fin spacing of 5.25 mm. It has thus been determined the
maximum operating time of refrigeration cycle before defrosting is needed.
Mean density of the frost, pf' , has been calculated, by:

M,
"= , [kg/m? 1
Pi A.oT [kg/m"] (1)

where: - M -measured mass of frost accumulated on coils and fins, [kg]; 5 - mean

frost height, [m]; A — overall heat transfer area of the finned air-cooler.
Primary measurements in the experiments were:
- on air side: dry bulb temperature (t'”, t{”,), wet bulb temperature (t" ,t;* ), both

at the inlet and outlet of the finned air-cooler, volumetric flow rate (Figure 1);

- on ammonia side: inlet and outlet temperature and pressure, liquid volumetric
flow rate (Figure 1);

- on water side: temperature inlet and outlet of the condenser and volumetric flow
rate (Figure 1);

- mass of the frost.

Temperatures were measured using type K thermocouples with reading accuracy
within + 0.1°C. Air volumetric flow rate was measured with a hot wire anemometer
placed into air stream that provided a direct reading of air velocity with an accuracy of
2 to 5% of reading over the entire velocity range. Water volumetric flow rate was
measured with a Danfoss electronic flow meter that had a reading accuracy of £3%
and liquid ammonia volumetric flow rates were measured by Coriolis type flow meter
that had a reading accuracy of +3%. Mass of the frost was measured using a precision
balance with an accuracy of 3% of reading over the entire measuring range. All
sensors were calibrated prior to testing.
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4. Experimental results

4.1. Effect of air temperature on the rate of frost growth

Figure 3 shows the variation of frost thickness in time, for different air temperatures
and humidity ratios at the air-cooler inlet. Experiments have been performed for the
same evaporating temperature of -10°C, humidity ratio of inlet air of 5g/kg, 7g/kgand
9g/kgand three different air dry bulb temperatures of +20°C, +15°C and +10°C. It
may be observed from Figure 3 that the effect of entering air temperature on the rate of
frost growth is very low, since regardless of temperature, frost thickness of (2,2 ... 2,3)
mm is formed after approximately 135 minutes, given the air humidity ratio of =5
g/kg.

2,50
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g 050
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——tal=+10°C, xal=5g/kg. t01=-10°C ——tal=+20°C, xal=7g/kg, t01=-10°C
——tal=+15°C, xal=7g/kg. t01=-10°C ——tal=+20°C, xal=9g/kg. t01=-10°C

Figure 3. Effect of air temperature on the rate of frost growth
The same conclusion can be drawn from Figure 3, with respect to the air humidity
ratio of = 7 g/kg; however, in this case the economicoperating time needed to form the
same frost thickness of (2,2 ... 2,3) mm decreases to approximately 90 minutes.

4.2. Effect of air humidity ratio on the rate of frost growth

As already mentioned above, it is also obvious from Figure 3 the strong effect of
different entering air humidity ratio on frost thickness variation in time.

This normal trend of economicoperating time decrease with an increase in entering air
humidity ratio is comparatively depicted in Figure 3. Considering the same air
temperature of +20°C, the rate of frost accumulation to build the same (2,25 ... 2,275)
mm of fost thichness decreases by 33% with an increase in air humidity ratio from
S5g/kg to 7g/kg, and by 48% with an increase in air humidity ratio from 5g/kg to 9g/kg.

Considering the same air temperature of +15°C, the rate of frost accumulation to build
the same (2,25 ... 2,275) mm of fost thichness decreases by 33% withan increase in air
humidity ratio from 5g/kg to 7g/kg.

The experimental results shown in Figure 3 are fully consistent with those obtained by
Mao et al. (1992) [7], Lee et al. (1997) [8], Ismail (1999) [9].
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4.3. Effect of evaporating temperature on the rate of frost growth

Frost thickness is plotted against time for two different evaporating temperatures of -
10°C and -18°C in Figure 4. Experiments have been conducted for entering air dry
bulb temperature of +20°C, +15°C and +10°C and entering air humidity ratio of Sg/kg.
It may be noted from Figure 4 that the rate of frost growth increases on average by
41%with a decrease in evaporating temperature from-10°C to -18°C, so that the same
maximum frost thickness within the range of (2.3 ... 2.33) mm, is formed in
approximately 80 minutes, given the air humidity ratio of 5g/kg, regardless the air dry
bulb temperature at the ammonia finnedair-cooler inlet.

These results are consistent with those indicated by Tao et al. (1993a) [10].
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Figure 4.Effect of evaporating temperature on the rate of frost growth

4.4. Effect of air temperature and humidity ratio on average frost density

Figure 5 shows average frost density against time for air temperatures of +20°C,
+15°C and +10°C, air humidity ratios of 5g/kg and 7g/kg and the same evaporating
temperature of -10°C. It my be observed from Figure 5 that the average density of the
frostincreasesto(100 ... 125) kg/m?, after 135 minutes, given the air humidity ratioof
5g/kg and the evaporating temperature of -10°C.These resultsare consistent with those
obtained by Tao et al. (1993a), which indicate an average frost density of
approximately 110 kg/m?,after 120 minutes operating time, for-10°Ctemperature of the
evaporator surface, +20°C air temperature and 8.854 g/kg air humidity ratio.

For higher values of air humidity ratio (7g/kg) and the same evaporating temperature
of -10°C, the average maximum density of the frost reaches approximately 135kg/m?,
showing almost no influence from the air temperature. Density falls roughly in the
same range of values as the previous ones, but corresponds to a lower economic
operating time of 90 minutes, as compared to the 135 minutes discussed above.
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Since the key factor in frost formation and growth is the air humidity ratio, it may be
seen from Figure 5 that different values of air temperature do not significantly
influence the slope of the average frost density.
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Figure 5. Effect of air temperature and humidity ratio on average frost density

5. Conclusions

In the present work the effect of several key factors on the rate of frost formation and
growth on the finned coil surface of given geometrical configuration, under different
operating conditions, has been investigated experimentally. Frost density, for different
dry bulb temperature and humidity air ratio, has also been studied and experimental
results have been further compared to data in the open literature by authors with
similar experimental investigations. Experimental results led to the following
conclusions:

- the effect of entering air temperature on the rate of frost growth is very low, since
regardless of temperature, frost thickness of (2,2 ... 2,3) mm is formed after
approximately the same economicoperating time, for fixed air humidity ratio and
evaporating temperature;

- the key factor in frost formation and growth is the air humidity ratio; it causes the
strongest effect on frost thickness growth in time,for fixed evaporating temperature; as
a consequence, the economic operating time strongly decreases with an increase in in
air humidity ratio;these experimental results are fully consistent with those obtained by
Mao et al. (1992), Lee et al. (1997), Ismail (1999);

- the rate of frost growth strongly increaseswith a decrease in evaporating
temperature, for a fixed air humidity ratio, regardless the air dry bulb temperature at
the ammonia finned air-cooler inlet;these results are consistent with those indicated by
Tao et al. (1993a);
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- the average density of the frostranges from100kg/m’*to135kg/m?, depending on the
air humidity ratio, for a fixed evaporating temperature. These resultsare consistent with
those obtained by Tao et al. (1993a).
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Abstract

The gas-liquid two-phase flow is characterized by continuous and local change of surface
separation of phases and by their mutual interactions. Due to the instability of the flow,
heat transfer and mass, a precise analytical approach is difficult to achieve. Despite these
difficulties, efforts are underway to progress from the more frequent empirical studies to
reliable analytical models. This requires an accurate research of the processes involved
in the two phase flow and how they interact with one another. This paper aims to
determine the pressure drop for a two-phase flow in a horizontal pipe of a heating plant.
The author would like to to compare the results obtained by numerical simulation with
existing results in the domain. The mixture is air-water, at an environmental temperature
of 25°C.

Keywords - two-phase flow, air-water, pressure drop, horizontal pipe

1. Introduction. The importance of monitoring the pressure drop in pipes

When designing a thermo-hydraulic apparatus in which a two-phase flow takes
place, it is important to correctly determine the pressure drop for the measuring and
functioning of the aggregate in economical and technically adequate conditions.
Experimental research on pressure drop occupies a large part in the bibliography
referring to two-phase flows. Despite numerous researches in this domain, the pressure
drop in a two-phase flow can be measured, in most cases, with a precision of +50%,
and in extreme conditions, with £100%.

In the case of a two-phase flow in a pipe, the total pressure drop is calculated by
taking into account the next components, expressed in the form of pressure drops
(variations) [1]:

- The component that occurs due to friction, caused by phenomena taking place at
the pipe wall and the friction between phases.

- The component that occurs after the acceleration of the phases due to pressure
drop or change of phase.

- The component that occurs due to the difference in height of slanted or vertical
pipes.

Therefore, on the unit length, the pressure variation can be expressed through the
equation:
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2. Mathematical models used in the calculation of pressure drops in flows
through pipes

As differentiated from the single-phase flow, in the case of the two-phase flow the
pressure drop due to friction can not only be determined from momentum transfer at
the wall, but also from momentum transfer at the separation surface between the two
phases. The friction between the phases usually depends on the manner of flow and on
the flow motion (boundary-layer or turbulent) of the two phases.

There are a few empirical correlations for calculating the pressure drop due to
friction in internal two-phase flows [2]:

- The Friedel Correlation (1979) begins with a single-phase model and determines
a correction factor for adjusting the energy and momentum transfer in the two-phase
flow. The method is generally recommended when the viscosity ratio y,/u, is less than
1000.

- The Lockhart-Martinelli Correlation (Method) — one of the very first correlations
for pressure drop in two-phase flows, proposed by Martinelli and Nelson (1948) and
improved by Lockhart and Martinelli (1949).

- The Gronnerud Correlation — a large part of the modeling of the pressure drop in
a two-phase flow was based on neglecting the heat transfer between air and water. In
order to remedy this, Gronnerud (1979) developed a correlation based on data obtained
from the flow of refrigerants and by using an extra correction factor.

- The KRIEGEL method — he investigated the boundary-layer motion of gas and
liquid. He calculated the velocity profile in the sheath and in the core in the case of an
annular flow, with the hypothesis of a smooth surfaced sheath, and determined
pressure drop based on that data.

- The WALLIS Method — started from the drift model. The two phases flow
through two separated cylinders, the cross-sections of which are equal to the total
section of the pipe when amounted together. The pressure drop in each cylinder is the
real pressure drop of the two-phase flow and can be determined by starting from the
single-phase flow and using the average values of velocity.

- The CHAWLA Method — started from the representation of a separate flow of
the two phases in an horizontal pipe and calculated the ratio of the velocities of the two
phases with the equivalent hydraulic diameter for the cross-section occupied by gas.

Many bibliographical references recommend using the Lockhart-Martinelli
correlation (1949) [3]. This method was at first used only in the case of an annular
flow of an air-water mixture in a horizontal pipe. Later, it was extended to all domains
of flow, as well as to single-component systems and for other substances. Even though
there are more precise methods for other domains, this method lead to gratifying
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results for most research conducted up to now (£50% precision). Large deviations can
occur in the case of tubing with D > 0,1 m diameter, at high density flows and at large
pressures [4], [5]. Its advantage is its ease of use.

3.The Lockhart-Martinelli Model

This model postulates the equality of pressure drops between the two
simultaneously flowing phases. These are calculated by taking into account the
dimensionless ratio X between the fictive pressure drops for the two phases, which are
considered as independently flowing through the pipe.

Therefore, for the section i-e, pressure drop on length unit will be determined with

where:

the equation:
AP _ g AP
(ALL 0 [ALJ. ()
Ap

(Ej = pressure variation on length unit if we assume the liquid flows by itself;

@, = a dimensionless coefficient that depends on X and on the structure of the flow.

Further, a set of equations will be developed for the liquid phase. A similar set will
be needed for the gas phase, which will be obtained by changing the indices.
The static pressure created by the flow of the liquid, expressed according to the

friction factor, 1s
Ap p, |V}
T =4f| = 2
[ALL (dJ 2 @)
where:

d; = hydraulic diameter of the flow of the liquid, [m],
f, = friction factor
p; =density of the liquid phase, [kg/m?]
vy = average velocity of the liquid phase, [m/s]
For a more complicated transition section:

2

n - (3)

In a similar fashion, the 3 factor is used for gas. For circular sections o =3 = 1.
Therefore:

(ﬂ} _ 2¢,Q,, _
AL )., (4QM j (nj
7| azdls J— p|
mod, 1, 4
2 4
{2 iy v v

T[ (dojbn
= T o —
d,"p, d,

where:
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¢ , N = dimensionless coefficients for the liquid phase (tab.1)
Qu, =mass flow of the liquid, [kg/s]

u; =dynamic viscosity of the liquid, [Pa-s]

d,= pipe diameter, [m]

Pressure variation on length unit for liquid is:

(ﬂjzﬂ.prf: 2c,p, Qu
AL d " ’
T (e
ndo“l 4 (5)
4 27” n 2-n
2[] C|H|QM|
-\
d;"p,

From (4), (5) it results that:

RGO ®

From equations (6) and (1) is obtained

)
AL ),
A similar analysis results in corresponding equations for gas (by m, 3 resulting o ).
The occupation degree of the section with liquid is determined with the equation:

&_ o7 - an-z{dOJs'n (7)

df’ dé
rp =a—=1-p—= 8
Al dg dg ( )
From where it results that
d? d2
B=(-ra)5=rag—5 )
dg dg

From equations (6), (8) and (9) four variables are obtained g—' , Z—g, o, 3 that can be
0 0

expressed with the help of four experimental variables @;, @y, ry, rag.

From equations (1), (5) and (7) the following fraction results

i
x? = ~ALA

v
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(4 )" [ oQutmie, |_(d)"(di)" e (10)
nd, ) { ¢,Quingp, | (dy) (d, ) B

By using a new Reynolds number:

Re,, = m (11)
nd b,
It results that
Reg & Qu Py o (12)
ReInO Cg Qlilg pl

Therefore X = f(n,m,cy.c;) coefficients are determined through experimental research,
which have highlighted four flow structures, according to table 1.

Table 1. Martinelli’s multiplier, coefficients and indices for the calculation of X

Flow Reo;i Indices C Cq m n

structure [Ki]

L G L G

t t >200 | >200 |t t 0,046 | 0,046 | 0,2 | 0,2
0 0

t I >200 | <200 |t I 0,046 | 16 1 0,2
0 0

I t <200 | >200 || t 16 0,046 | 0,2 |1
0 0

I I <200 | <200 || I 16 16 1 1
0 0

t=turbulent, |= laminar

The algorithm for determining the pressure drop for the two-phase gas-liquid flow
1s:
a)Rey, Rey, fi, fy are calculated;
b) X is calculated;
c) by the flow regime and the value of X, ® results;
d) (ﬂj is calculated;
AL

l.g

€) (ﬁ] =(D'29(£j is calculated
AL, oAl

The variation curves ®=f(x) for the flow regimes mentioned in table 1 are
presented in figure 1.
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4. Numerical simulation of pressure drops in a two-phase air-water flow

On the basis of the algorithm presented in point 3 and the equations (1)-(10), a
numerical simulation program for pressure drops in a two-phase flow of fluids through
pipes was created. The program was written in FORTRAN. The logic scheme for the
calculation program is presented in fig. 2.

START

CITESTE:
VALORILE VITEZEI MASICE
VALORILE DENSITATIL o,
VAL, COEF, DIN. DE VASCOZITATE
TABEL PENTRU f

Vg, Yy

TABEL PENTRU 4 & @ .k,

.

CITESTE: L,D

CALCULEAZA: Qu, Cu,
[

Rey Rey,

Re, , > 2000

DA
Reg > 2000 CURGERE
T
Rep < 2000
Re,,; < 200 pa
g, < 2000 CURGERE
L-L
Rey,, > 2000 b
A
Rey, < 2000 CURGERE 1
T-L

Re;, <2000

Rey, > 2000 DA CURGERE
! T LT

IN FUNCTIE DE TIPUL DE CURGERE

ALEGE: ¢, mn |
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Fig. 2 The logic scheme of the program

Table 2. Values of mass velocities chosen for the numerical simulation

VM, v, [kg/(h m?)]

Case 1

336.72 329,89 989,66 3298.88 32988.8 329888 3208880
Case 2 3 3 ; } S .
3367.2 3,29:10 9,89-10° | 32,98-10 329,88-10 3298,88-10° | 32988.8-10
Case 3 4 . . . ) ;
33672 3,29-10 9,89-10" | 32,9810 329,88:10 3298,88-10" | 32988,8-10
Case 4 5 5 5 5 s S
336720 3,29-10 9,89-10° | 32,98-10 329,88-10 3298,88-10° | 32988.8-10

For verifying the functionality of the numerical simulation program, an air-water
mixture that is to be transported over a length of 152,4 m , through a pipe the diameter
of which can have the next values: d, = 0,078 m; 0,102 m; 0,154 m was used. The

mass flows of gas and liquid Qw, » Qu, are pairs chosen from the Baker diagram (cases
1, 2,3,4). Ap, and Apcy are calculated. The results obtained were transposed in the
diagrams in figures 3, 4, 5, 6, 7, 8.
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It can be observed that the calculation model Lockhart-Martinelli is valid for

\'
M fio2.10°].
Ym

5. Conclusions

The elaborate calculation program is based on the Lockhart-Martinelli method and
is easily usable for reproducing an entire range of practical calculation situations.
Referring to the Lockhart-Martinelli method it can be ascertained that the hypotheses

. . : . . v .
that are at its basis are verified in the fraction vﬂ between 102 and 10°, mainly
Mg

consisting of bubbly and liquid burst flows. For these types of flow, Ap ~ Apy.
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Rezumat. /n aceasta lucrare s-a urmdrit masurarea poludrii exterioare din campusul
Universitar al Facultatii de Inginerie a Instalatiilor Bucuresti. Unii dintre poluantii
studiati prezinta valori de concentratii apropiate de limitele maxime admise de
regelementdrile existente si pot cauza probleme de sandtate pentru studenti §i profesori.
Au fost realizate comparatii ale valorilor masurate pentru o zi insoritd §i pentru o zi
ploioasa, in vederea identificarii influentei parametrilor climatici. Masurarile sunt
realizate cu un autolaborator de ultima generatie, datele fiind prelevate si stocate la un
interval de 30 minute. Compusii masurati includ COV-uri, NOx, SO,, O;, CO si particule
de praf.

Cuvinte cheie: BTEX, poluare trafic, laborator mobil

Abstract. In this paper the aim eas to measure the outdoor air pollution in the University
Campus of the Faculty of Building Services. Some of the studied pollutants have values
close to the maximum limits, that can cause health problems for the students and
teachers. We compared the pollution levels in a rainy and sunny day to find out the
influence of weather parameters. All the measurements were made with a new and
modern autolaboratory, all the data being saved at 30 min interval. The measured
compounds include VOCs, NOx, SO,, O;, CO and dust particles.

Key words: BTEX, traffic pollution, mobile laboratory

1. Introducere

La nivel mondial, traficul auto care utilizeaza motoare pe benzina sau motorina,
prezinta emisii variate de poluanti in functie de tehnologia de ardere a combustibilului
primar. Printre cei mai importanti poluanti amintim : gazele anorganice CO, NO,, SO,,
compusii organici volatili (COV) si particulele de praf [1].

Compusii organici volatili contribuie in mod semnificativ la reactiile
fotochimice din atmosfera. Reactia acestora cu NO, in prezenta radiatiei solare
genereaza smogul fotochimic ce cuprinde radicalii liberi OH si ozonul (O5) [2].
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Compusii denumiti BTEX (benzen, toluen, etilbenzen, p-xilen si o-xilen) se
regasesc in benzina in proportie masica de 18%.

Benzenul este bine cunoscut ca fiind cancerigen [3] si responsabil de modificari
genetice, chiar dacd oamenii sunt expusi la doze scazute. In mod normal concentratia
acestuia nu este afectatd semnificativ de precipitatiile lichide (apa de ploaie), nefiind
solubil in apa. Toluenul este mai putin toxic, dar cauzeaza probleme ale ficatului si
rinichilor [4]. Uzual 1n atmosfera existd mai multi poluanti care pot genera efecte
sinergice, insd toluenul si benzenul pot afecta concomitent sistemul nervos central si
sunt intalniti frecvent Impreunad in atmosfera, avand sursa de poluare comuna.

Emisiile poluante din trafic sunt estimate a fi responsabile de mai mult de 50%
din totalul emisiilor de particule de praf (PM,, si PM,5), in zonele urbane din tarile
industrializate [5]. In Londra, mai mult de 80% din poluarea cu particule provine de la
traficul auto [1].

Poluarea exterioara din zonele urbane, cum este si Bucurestiul, poate fi redusa
simtitor in scopul introducerii aerului exterior la interiorul cladirilor in scopuri de
ventilare (aer considerat a-priori ”proaspat” sau “curat”), utilizand metode de epurare
cu filtre cu carbune activ. Compusii organici volatili pot fi retinuti pe acest material
filtrant prin fenomene de adsorbtie si condensare capilard, apoi aceste tipuri de filtre
sunt regenerate prin incalzire la temperaturi inalte. Ele pot fi amplasate la nivelul
centralelor de tratare a aerului sau in epuratoare mobile de aer, amplasate la interior.
[6,7].

S-a demonstrat cd expunerea la BTEX este ridicata pentru studentii din
campusurile universitare apropiate de zonele cu trafic auto intens, realizandu-se o
analiza de risc asupra sdnatatii acestora [8].

In ultimii ani, un numar insemnat de cercetitori au inceput sa utilizeze sisteme
mobile de monitorizare a traficului rutier, pentru studiul calitatii aerului exterior,
datoratd in principal traficului auto [9,10]. Astfel, cu aceste echipamente se pot
monitoriza atat compusii organici volatili de tip BTEX, cat si cei anorganici precum
CO, NOy, O3 s1 SO,, in mod continuu §i pe perioade indelungate.

Emisiile autovehiculelor sunt studiate in multe centre de cercetare, fie ca
vorbim de poluare cu substante anorganice [11,12], compusi organici volatili [13],
hidrocarburi aromatice policiclice [14] sau poluare cu particule [15].

2. Descrierea echipamentelor utilizate

Obiectivul principal al studiului este de a determina nivelul de poluare
atmosferica din campusul Facultatii de Inginerie a Instalatiilor, printr-o campanie de
masurare realizata pe durata mai multor zile. Autolaboratorul (figura 1) este dotat cu
mai multe echipamente care pot detecta concentratiile la imisie pentru compusii
prezentati in tabelul 1. Compusii organici volatili sunt masurati cu ajutorul unui
cromatograf de gaz, mobil, amplasat de asemenea 1n autolaborator. Toate datele sunt
stocate pe serverul intern, iar datele sunt transmise la distantd. Parametrii
meteorologici (temperatura, umiditate, radiatie solard, viteza si directie vant) sunt
masurafi si, de asemenea, pot fi utilizati pentru studiul influentei asupra poludrii
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atmosferice. Pentru studiul poludrii cu particule de tipul PM,, si PM, s existd doua
tipuri de echipamente: unul fix, amplasat in autolaborator, iar al doilea portabil, care
este de fapt un numarator de particule pe anumite intervale de marimi ale acestora.

Figura 1 : Imagine cu autolaboratorul mobil pentru masurarea imisiilor

Tabel 1
Caracteristicile echipamentelor din autolaboratorul mobil
s - Interval Limita Precizie
Poluant Nume Principiul de masurare N .
masurare detectie %
BTEX GC 5000 AMA GC/FID 0-50 pg/m? 0.03 ppb +1.0%
NO, APNA 370 Horiba Chemiluminiscenta 0-1.0 ppm 0.5 ppb +1.0%
0O; APOA 370 Horiba Absorbtie Ultraviolet 0-1.0 ppm 0.5 ppb +1.0%
CO APMA 370 Horiba Absorbtie IR 0-100 ppm 0.05 ppm +1.0%
SO, APSA 370 Horiba Fluorescenta UV 00.5 ppm 0.5 ppb +1.0%
PMy, F701-20 Verewa Absorbtie radiatie Beta 0-10 mg/m? 0.00lmg/m? +2.0%
PM, 5 Dust Monitor 11-E Radiatie laser 0.25-32 um 0.1 pg/m? +2.0 %

3. Rezultate obtinute

In continuare prezentim rezultatele campaniei experimentale derulate pe
parcursul a doud zile reprezentative pentru perioada investigata, si anume : ziua de
23.04.2016, consideratd « ziua nsoritd », respectiv ziua de 06.06.2016, considerata
« ziua ploioasd ». Pasul de timp de masura a fost considerat o jumatate de ora (30
minute). Reprezentdrile grafice din figurile 2 — 7 corespund urmétoarelor situatii :

Figura 2 : variatia zilnica a concentratiilor de ozon (O3) si oxizi de azot (NOy)

din ziua insorita ;

Figura 3 : compozitia si variatia zilnicd a concentratiei de COV din ziua

insorita ;

Figura 4 : variatia radiatiei solare si a concentratiei de ozon (O;) din ziua

insorita ;

302



Rézvan Popescu, Andrei Damian, Lelia Popescu

- Figura 5 : variatia zilnicd a concentratiilor de ozon (O3) si oxizi de azot (NOy)
din ziua ploioasa ;
- Figura 6: compozitia si variatia zilnicd a concentratiei de COV din ziua

ploioasa ;
- Figura 7: variatia radiatiei solare si a concentratiei de ozon (O;) din ziua

ploioasa
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Figura 2 : Variatia zilnica a concentratiilor de ozon (O3) si oxizi de azot (NOy) pentru o zi Insorita

COV [micro g/mc]

12

10

H o-Xylene

B mp-Xylene

® Toluene

M Ethylbenzene

M Benzene
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Interpretarea fenomenologicd a rezultatelor obtinute si reprezentate in aceste

figuri este urmatoarea :

1))

2)

3)

2)

3)

Pentru ziua insorita (figurile 2-4) :

Intensitatea radiatiei solare directe si difuze are o influentd directd asupra
cresterii concentratiei de O3 din atmosferd ; in conditiile in care statia de
masura a poluantilor a fost amplasatd pe fatada Est a cladirii analizate,
concentratiile maxime de O3 au fost inregistrate in prima parte a zilei de
masura (orele 9 — 14), atunci cand radiatia solard pe orientarea Est a fost
maxima.

Variatiile de concentratie diurne ale O3 si NOx sunt invers proportionale,
datorita prezentei reactiilor fotochimice din atmosfera intre O, si NO,, induse
de radiatia solara, care conduc la un “consum® de NOx odata cu producerea de
03.

Varfurile de concentratie diurnd ale COV si NOx se inregistreaza in intervalele
orare : 06-09 si 20-23, corespunzatoare traficului rutier celui mai intens, dupa
cum arata si statisticile Inspectoratului General al Politiei Rutiere pentru
municipiul Bucuresti. Dependenta este evidentd, tinand cont ca cei doi poluanti
mai sus amintiti sunt continuti Intr-un procent semnificativ in gazele de
esapament emise de autovehicule.

Pentru ziua ploioasa (figurile 5-7) :

Din aceleasi ratiuni pentru care concentratia de O3 a crescut in situatia zilei
insorite, se observa o crestere a acesteia si in cazul zilei ploioase (fig.7), Insa
defazajul intre maximul radiatiei solare inregistrate si maximul concentratiei de
O3 este greu sesizabil, explicatia putand fi legatd de efectul de « spalare a
atmosferei » de catre precipitatiile abundente din ziua investigatd. Aceste
precipitatii au efect combinat, In sensul in care ajutd la depunerea particulelor
de praf aeropurtate la nivelul solului, dar si la epurarea atmosferei de unele
specii gazoase, ale caror molecule se ataseaza picaturilor de apa ce cad in camp
gravitational

In cazul variatiei zilnice a concentratiilor de O3 si NOx, se observa aceeasi
dependenta invers proportionald din cazul anterior, cu observatia ca « varfurile
de concentratie » au scazut pentru ambii poluanti, din ratiunile explicate la
punctul 1) ; aceasta scidere este de la 105 micrograme/m’ la 85 micrograme/m’
(scadere relativa de 19%) in cazul NOx, respectiv de la 100 micrograme/m’ la
85 micrograme/m’ (scadere relativa de 15%) in cazul O3.

In mod asemanitor cazului anterior (zi insoritd), si in situatia zilei ploioase,
intervalele orare de aparitie a maximelor de concentratii pentru NOx se
inregistreazd in perioadele : 06-09 si 20-23, corespunzatoare intensificarii
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traficului rutier, in timp ce pentru COV se observd o decalare a maximelor
matinale ale concentratiilor, in zona: ora 10 — ora 12 (datoritd schimbarii
directiei si vitezei vantului), pastrandu-se acelasi interval (20-23) in perioada de
seara.

4. Concluzii

Studiul prezentat in articol a avut ca scop evidentierea comportamentului diurn
al unor poluanti gazosi prezenti Tn mod frecvent in aerul exterior al unei aglomerari
urbane, in conditii climatice diferite. Pentru realizarea acestui obiectiv, s-au facut
masurari experimentale pe perioade de 3 saptamani din sezonul de primavara-vara
2016, alegandu-se in final pentru comparatie doud zile reprezentative: o zi Insoritd
(23.04.2016) respectiv o zi ploioasd (06.06.2016). In urma acestei campanii
experimentale, au rezultat urmatoarele concluzii principale :

- Cresterea radiatiei solare diurne are influenta directd asupra cresterii
concentratiei de Os din aerul exterior ;

- Concentratiile diurne ale O; si NO, sunt invers proportionale ca variatie, acest
lucru datorandu-se faptului ca moleculele de oxigen (O,) si oxizi de azot (NOy)
se combina in atmosfera exterioara sub actiunea radiatiei solare, formandu+se
moleculele de ozon (O3) ;

- Maximele diurne uzuale de concentratie ale COV si NOx se inregistreazd in
intervalele orare : 06-09 (10-12) si 20-23, corespunzatoare traficului rutier celui
mai intens ;

- Precipitatiile conduc la scaderea maximelor de concentratie diurne ale tuturor
poluantilor investigati, cu un efect benefic de ’spalare a atmosferei” pe termen
scurt.

Mai multe investigatii experimentale de acest tip trebuie conduse si in alte zone
intens poluate ale oraselor mari, in scopul realizarii unor prognoze mai eficiente ale
gradului de poluare exterioara legate de traficul rutier.
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