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Abstract. Flowing fuids undergo boiling in many of casevihich we transfer heat to fuids moving tubes. When
use the terms boiler, steam generator, or evapovatausually refer to equipment that involves heahsfer within
tubes .the prediction of heat transfer coefficientthese systems is oten essential.

The object of this research is aimed to the assassoif the heat transfer coefficient in the vaperibes in
saturated regime by several models.

Two mechanisms appear in this regime: the nuclezting and the convection boiling; these two meikiams can
coexist or one can be dominant. Every model givesinteraction between the two mechanisms and g@etieir
variations according to the different thermohydiaiparam eters.

The finalized trial program concerns the previsidithe heat transfer coefficients; and the evatuatf the nature
of two phase flow in the vaporizer tubes.

The application on the vaporizer tubes of the dyindooiler of the thermal power station Sonelgaz rnaba,
Algeria and the comparison between the models gavevery important databank.
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1. Introduction heat transfer to liquid phase (Region A) at some
The transfer phenomena puting in play thepoint along the tube, the condition site can occur.
evaporation; ebullition is very answered in manylntially vapour formation takes place in the
domains of the energy [1]. He is sometimes of arpresence of subcooled liquid (Region B) and this
important capital in industrial problems. In heat transfer mechanism is known as subcooled
particular, the knowledge of the heat transfernucleate boiling. In this region the wall temperatu
coefficients in nucleate boiling, who depends onremains essentially constant a few degrees above
crucial manner of microscopic characteristics, ehesthe saturationtemperature.
characteristics are sometimes difficult to detelemin I__| =~
experimentally and the direct numeric simulation %] _:'m

appears then like an alternative permitting to have \ B e (e
access to this information. The main interest @ th A" i 1
research is to study the models of two phase flow \I ; s |
liguid/ivapour in saturated regime in the vaporiser ] | Dot L cutics
tubes, which constitute the surrounding wall of the [ : I '
dynamic boiler. This last participates in the elect .#I__,_ : '
energy production process; providing dry steam to 5 i +“-““"'
drag the group turboaltemateur. '*'\ j : y i

B 50 limdrwrd  Fosoel
2. Nucleate boiling in the vaporiser tubes . . I et L.

Consider again a tube heated uniformly over its 1 - i

length with a low heat flux and fed subcooled lajui ) a4 P, Brnd '
at its base at such a rate that the liquid is lptal Toani ™ F l[L‘ T -1
evaporated over the length of the tube, figure 1 EA ‘{;;’: PR
shows, in diagrammatic form. The various flow f - ok _f_' et
patterns encountered over the length of the tube, — Y Jf 5'-'? (T
together with the corresponding heat transfer = '\ P _f_”*‘ et
regions [2]. While the liquid is being heated up to el L

. b

the saturation temperature and the wall temperature -
remains below that necessary for nucleation, the Figure 1. The development of a two phase fow in
process of heat transfer is single phase convective vertical tube with a uniform wall heat flux
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But in the subsequent regimes of slug flow anddifferent models according to the manner of which
annular flow (D, E, and F) the heat transferthe interactions between mechanisms of heat
mechanism changes substantially. Nucleation isransfer are take in account and will fix the pairt
increasingly suppressed, and vaporization takesvery mechanism accordingto the different physical
place mainly at the free surface of the liquid fitm  parameters:
the tube wall. Most efforts to model flow boiling - |ntensification modelh = N My, ;
differentiate between nucleate boiling—controlled _ nown un
heat transfer and convective boiling heat trangfer. -~ ASymptotic model of n ordeh™ =y, + by, ;
those regimes where fully developed nucleate - Superposition modeh=hy, +hg,.
occurs (the later parts of C), the heat transfer We give here a correlation for every model, as
coefficient is essentially unaffected by the massaell as the analysisto propose by every author.
flow rate and the flow quality. In convective
boiling, vaporization occurs away from the wall, 3.1 Intensification model “Shah correlation”
with a liquid —phase convection process dominating  Shah proposed a method to calculate the heat
at the wall. In the annular regions E and F, heat itransfer coefficients, from the analysis of abo00 8
convected from the wall by liquid film and experimental data coming from 18 independent
vaporization occurs at the interface of the filmthM  sources [5]. The numbers are used:
the vapour in the core of the tube. Convective- Convection number
boiling can also dominate at low heat fluxes othi _ 08 05.
massgquality flow rates, where wall nucleate ?s - Co=(L-x/x) Eﬁpg/pf) ’ (1)
again suppressed vaporization then mainly ori Boiling number
entrained bubbles in the core of the tube. In B =_J
convective boiling, the heat transfer coefficiest i 0
essentially independent of the heat flux, but it is_ Froude number
strongly affected by the mass flow rate and quality 5
Building a model to capture these complicated and Fry :L; (3)
competing trends has presented a challenge to pr LBLDy
researchers for several decades [3, 4]. - The local liquid-phase forced convection

coefficient:
3. Study on the saturated regime GO, ffi-x) 08 N

Every regime of heat transfer possesses its |, — h A~ o4 f . 4
proper physical mechanism and the nucleate boiling " 0'023% My } ol BD_h ’ )
is the most practical. This zone being desirable in  He considered two distinct mechanisms:
the nuclear reactor, the dynamic boiler, in thenycleate boiling and convective  boiling
cooling technical, etc. the improvement of the heagharacterized respectively by the coefficients of
transfer in this case is essentially due to a locaheat transfeh,, andhg, But, it only considers the
effect of microconvection induced by the bubbles, more important of the two coefficients, the method
this one by the frequency of their birth, the irs® 5 35 a follows:
of their volume and their departure of the walBypl  Calculate the dimensionless paraméter

the role of agitators destroying the situated th#m _ for the vertical tubes, and for the horizontaesi
boundary layer to the contact of the wall. Thislay asFr, > 0.4

presents the main resistance to the passage of the N=C: (5)
heat of the wall to the liquid.

In the regions (C & D) exhibited appreciably
on the figure 1 the mechanism of heat transfer N = 038Fr;**[C, . (6)
changes. The nucleate boiling is presented more and Then forN > 1.0:

more, and the vaporization takes place mainly on _ 05.
the surface of the liquid film on the tube wall. €rh Bp >0.003 = hy,/hy = 23008y~ ()

S0 2

- for horizontaltubes whehr; < 0.4:

two mgchanisms can coexist or one can be B, <0003 = h,/h; =1+46[B2°; (8)
predominant. The total heat transfer coefficibnt 08
can be decomposed then in one term of nucleate heo/hy =1.8/ N™%,; 9
boiling h,;,; and a term of convective boilinfy,. h= ma)(h;b h b)

»nl

Webb & Guptes give the classification for the
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For 0.1 <N < 1.0 calculate the valugy, from AT 024 /Ap 75
equation (9) andh,, in the bubble suppression Sz( %AT ) Eﬁ /AT j : (17)
sat sat

regime as: [( )
APy, =i (AT, /T l/p,—1/p¢). (18)
f
and choose the larger valuehof 3.3. Quperposition model “Kandlikar correlation”
For N< 0.1 calculaté, from equation (9) and He has instead pursued correlation built from
hy, in the bubble suppression regime as: dimensional analysis and physical reasoning and
proceed with a dimensional analysis:

Py =F [B, @;XF(247[N‘°-15) (11) - we first note that the liquid and vapour phaseym
hy have different velocities. Thus,
and choose the larger valuehof - we avoid introducing a flow speed and insteay rel
The constanF is determined as follows: on the superficial mass flug, through the tube.
B, >0.0011 F=147; G=m/ Ay, |Kg/m23; (19)
B, <0.0011 F=1. - used Rg to calculatéhy,
. . = ; 20
3.2. Asymptotic model “Chen correlation” Reg, =GP /1y (20

He considered two mechanisms: nucleate boiling hy, = 0.02371-x)%8 ERe?fEPrP"‘E(P\ . Dh)

and convective boiling and that the pgntrlbutnnsfor a heat transfer coefficient, in vertical tubdes
made by the two mechanisms are additive. The tWo ac the following form

phenomena superpose themselves. Chen propose _ ,
the use a nucleate boiling suppression fastand a _h”” /hfo - f_n(BO’CO)’ _ (21_).
convective boiling intensification fact&t[6, 7]. The first dimensionless group is the boiling
h=hg, +hyp = F Oy +SThyp; (1)  number . e, )
To determinehy, the author part from the 0=4 e _ (22)
relation of Dattus-Beelter: The other group isthe convection number
—(— 08 05 23
hy, =0023ReXSPLIAE (13) Co=(t X/X)_ fpy/ei) - (23)
D When a convection number is lar@ > 0.65,

Mp - the thermal conductivity, and RePrp - the as for low quality, nucleate boiling dominates; in
numbers of Reynolds and Prandtl are the effectivethis rangehp/hg increases with the increase of B

values associated with the two-phase fluid. and is approximately independent @6. When the
08 convection number is smalle€o < 0.65, as at high
08 quality, the effect of the boiling number declines
= Rep _ Rep (14) andh+p/hg increase with the decreasifg.
Re; G[ﬂl— )ﬁ ' His method is to calculate dih;, from each of
X Hy the two following correlation and choose the large
The equation (13) can write itself then: value
A
hy, = F D.023 R PrO4E | (15 7 =0-x%x
Dh fo nbd ! (24a)
Writing the equation foh,, using the Forester [ ~02 07 ]
and Zuber analysis with the effective values of the x[06683C0 ™ ¥, +1058B," [Fp
superheat and the vapour pressure difference is p 08
resulting: r (- %)%® x
fo ; (24b)
)\2.79 ECO.A;S P (f).49 chd
hy =0.001220)— Ozgpﬁﬂm = X (16 x [L136Co*° [fy + 6672 (BS []FPL]
oy fg mg : “nod Means «nucleate boiling dominant»

% AT£124 mpgs (5 ‘b Means «convef:tive boiling dominant.» .

In these equations, the factor of orientatign;
is placed to the unit for the vertical tubes adng is
a fluid-surface parameter, were value is indicated
the table 1.

He then defines a suppression factBr,the
ratio of the mean superheaT, to the wall
superhealA Ty,
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Table 1. Fluid-surface param etgy for refrigerants
in copper or brass tubes

Fluid FpL Fluid FpL

Water 1.00 R-113 1.30
R-11 1.30 R-114 1.24
R-12 1.50 R-124 1.90

Equation (24) can be applicable forthe nucleate
boiling saturated regimes (C through F) with a mass
quality intherange 0 x<0.8[8, 9, 10].

4. Application on the tubes vaporizer of the
thermal power station Sonelgaz — Annaba,
Algeria

The experimental characteristics of the vertical
tubes of the dynamic boiler of the thermal power
station Sonalgaz — Annaba, were used to study the
comparison of the different models. The conditions

are given in the table 2, and the mass qualityhim t

tubes is 0.2. One had variedf 0.1 to 0.9 and the

heat flux g to see the variation of the
thermohydraulics parameters of every model.

Table 2. The characteristics tube of the dynamitebo
of the thermal power station Sonalgaz — Annabagirdg

. i Inlet -
Length Diameter: temperature: Flux =
| D=65mm; om. | (13;15;
of tube: . 340 °C; )
mass quality 70;100)
20m x=02 Inlet pressure:| \ \\ .o
' 145 bar
4. Results

4.1.Shah correlation

The figures 2, 3, 4, 5 show the variation the
Shah correlation parameters. The figure 2 show that
the convection number decrease with the increasing
of mass qualityx, while the Martinnelli number
obtain an increasing pace with the large value of
mass qualityx, figure 3, this number represents the
drop pressure in the two phase flows. The figure 4
present the pace of nucleate boiling coefficibpt
according to dimensionless numhsy h,,, growing
with the increasing oN. The figure 5 shows théaty,
takes large values for small numbersifand the
small values for larg®\l. The table 3 givesthe value
of nucleate boiling coefficienth,, and the
convective boiling coefficient hy, of Shah
correlation. For the variation of mass quality o1 0
to 0.9 and for the value of follow heat flux= (13;
15; 70) kW/m?2; according to the gotten results one
remark thath,, decrease slightly with the increase
of mass qualityx; and increase with the increasing
of heat fluxqg, althoughhy remains constant some
either the done variation.

=]
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Figure 2.Co vs. mass quality
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Figure 5.hy, vs. dimensionless numbkdr
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Table 3. The value of the heat transfer coefficEefthe Shah correlation

g = 13 kW/m2 the Shah correlati
X x=01] x=02] x=03] x=04] x=05] x=06]| x=0.7] x=08 ]| x=0.9
hnp X 10° 2.1494 | 1.4877( 1.1584 0.9360 0.7638 0.61§92 0.4904.369% | 0.2473
he x 10 1.0534( 1.6109( 2.044( 2.39783 2.6858 2.9124  3.0698.133B | 3.0243
g = 15 kW/m2 the Shah correlation
hna, x 10> | 2.3088 1.5980 1.2443 1.0054 0.8205 0.66p1 0.5p683969 | 0.2656
he x 10° 1.0534 | 1.6109 2.0444 2.3973 2.6858 2.91p4  3.0p98133B | 3.0243
g = 70 kW/m2 the Shah correlation
hppx 10° | 8.0716 | 9.1575 9.6464 9.790L 9.6684 9.30B0 8.6f717214 | 6.2238
he x 10 1.0534 | 1.6109 2.0440 2.397B 2.6858 2.91p4 3.0p98133B | 3.0243
g = 100 kW/m2the Shah correlation
hnp x 10° | 0.9647 1.0945 1.153¢ 1.170IL 1.1556 1.1119 1.0B71922® | 0.7439
he x 10 1.0534 | 1.6109 2.044(4 2.397B 2.6898 2.91p4 3.0p98133H | 3.0243

4.2.Chen correlation
The figure 6, 7, 8, 9 shows the variation of

the Chen correlation parameters. The figure 6
present the variation of the local two phase
Reynolds number Rgaccording to liquid phase

increasing of Rg as well ashy, also increases

Reynolds number Re Re, increase with the

2 x 10’

1]"

Hetp
o

Retp=fiRef)

5’)‘ 10

with the increase of Résee figure 7). The figure
8 shows that the coefficiemty, increases with the

increase of suppression fact@, itself factor
decrease with the increase of Réfigure 9).

gl hch=fRef)

Ref

Figure 6.RgpVs. Rg

BOO |

Figure 8.hy vs. S
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Retp

i} i}

12

o

Figure 9. Suppression factsr
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The table 4 present the value of nucleate boilingckW/mz2; according to the gotten results one remark
coefficient h, and the convective boiling that: h,, takes the small values and constants some
coefficient hy, of the Chen correlation for the either the variation ofg and x, and hyg, remains

variation of mass quality of 0.1 to 0.9 and for thenearly constant and takes the large values.
value of following heat fluxg = (13; 15; 70; 100)

Table 4. The valuof the heat transfer coefficient of the Chen catiel

g = 13 kW/m2 the Chen correlation
X x=01] x=02| x=03 x=04 | x=05] x=06 x=0.7 x=0.8 x=0.9
hop 67.3121] 77.25591 90.317| 108.1632 133.874173.7968 243.3053 390.8705 878.5307
he x10 | 5.1246 | 4.6639| 4.191p 3.7056 3.2081 2.68p0 2.1301 .542p 0.8923
g = 15 kW/m2 the Chen correlation
hop 67.3121) 77.2559| 90.317| 108.1632 133.874173.7968 243.3053 390.8705 878.5307
he x10 | 5.1239| 4.6631| 4.190F 3.704% 3.2017 2.67B3 2.1277 .5388 0.8835
g = 70 kW/mz2 the Chen correlation
(g1 67.3121) 77.2559 90.317| 108.1632 133.874173.7968 243.3053 390.8705 878.5307
he x10 | 5.1246 | 4.6639] 4.191p 3.705( 3.2081 2.68p0 2.1301 .542p 0.8923
g = 100 kW/m2the Chen correlation
hn, x 10° | 67.3121] 77.2559) 90.317 108.1632 133.874173.7968 243.3053 390.8705 878.5307
he x10 | 5.1246 [ 4.6639 4.191p 3.7056 3.2081 2.68p0 2.1301 .542p 0.8923

4.3. Kandlikar correlation

increases. The convective boiling coefficien,

The figure 10, 11, 12, 13, 14, 15 shows theincrease with the increase fand with the increase
variation of the Kandlikar correlation parameters.of heat flux; these results confront with the plrasi
The figure 10 presentsthe variationhgf according reasoning and the existing literatures on an
to mass quality for the aforementioned conditions; international scale.
for x between 0.1 and 0.2 the coefficiehty e
increases quickly, this result justifies the spbith
of the bubbles in the regions (C and D) in therfegu
1, beyondk = 0.2,h,, decreases with the increase of
X. Result to justify as bus in the regions supeoibr
the D region, the nucleate boiling depart and the
vaporization take place. The figure 11 shows that
the coefficienthy, takes small values for small mass
quality x, and it increases with the increasexpfor
small convection numbers the coefficieht, is
large (figure 12) what justifies the good qualityda
the dominant of the convective boiling for
(Co < 0.65); and nucleate boiling dominant for
(Co > 0.65) as observe in figure 13 and the figure
14. The figure 15 presents that the convection
number decrease with the increase of mass quality
X. The table 5 shows the value of nucleate boiling
coefficient h,, and the coefficient of convective
boiling hy of the Kandlikar correlation for the
variation of mass qualitx. Of 0.1to 0.9 and for the
value of follow heat flux q = (13; 15; 70; 100) e
kW/mz2, according to the gotten results one notices
that: the nucleate boiling coefficieit,, takes high
value for small mass quality and increase with the
increase ofg in this range "small value of mass T T e T
quality x); with the increase ok (beyondx = 0.2)

h,, commence to decrease even though the heat flux

87 0z

mass quakty «

Figure 10.hy, vs. Mass quality

e

¥ i
il
=

s quality ¢

Figure 11.hy, vs. mass qualityx
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Table 5. The value of the heat transfer coefficefthe Kandlikar correlation

g = 13 kW/m2 the Kandlikar correlati
X x=01] x=02]| x=03| x=04| x=05| x=06 [ x=07| x=08 [ x=0.9
hpp % 107 7.7050 | 7.9351| 7.745] 7.3277 6.7416 6.0089 5.1073.0147 | 2.6161
hg x 10 0.7274 1 1.1694| 1.5399 1.8644  2.1525 2.40p7  2.6p42.793 | 2.8733
g = 15 kW/m2 the Kandlikar correlation
hpp % 107 7.7455 | 7.9720( 7.7783 7.357D 6.7669 6.0251 5.1p41.0268 | 2.6231
hg x 10 0.7299 | 1.1717 1.5419 1.866p 2.1540 2.40[80 2.6R53.794 | 2.8737
g = 70 kW/m2 the Kandlikar correlation
hnp X 107 8.5699 | 8.7222| 8.452§ 7.953p 7.2820 6.4560 5.4664.2748 | 2.7652
he x 10 0.7819 | 1.2190| 1.5844 1.903B 2.186¢5 2.4352 2.6469.809B | 2.8827
g = 100 kW/m2the Kandlikar correlation
hpp x 107 8.9242 | 9.0447| 8.7423 8.209p 7.5034 6.64/{12 5.6136.3807 | 2.8263
hg x 10 0.8043 | 1.2393 1.6024 1.919p 2.2005 2.4469 2.6561.8165 | 2.8865
5. Conclusion manner; the increase of one of the two generates
According to the results gotten by the the decrease ofthe other.

comparison of several correlation in the two phase€. The Kandlikar correlation present the more

flow; one distinguishes that: logical results, because the coefficient of heat

1. The two existing phenomena in the saturated transfer reassemble the two numbers (boiling
regime "the nucleate boiling and the convective number and convection number); as it gives the
boiling" develop themselves in an inverse nature flow regime in the tube. FOEq < 0.65)
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high quality, and for Co > 0.65) it is the low
guality); as well as the coefficient of heat traarsf
increases with the increase of heat flux, itse#tth
is just

3. the two coefficientsh, andhy,) of the Kandlikar
correlation

Indices

cb: convective boiling
f: fluid

g: gas

fg: fluid/gas

includes the same dimensionlessnb: nucleate boiling

groups and to choose one of the two truths valudP: two phase (liquid phase/vapor phase)

of transfer coefficienth don't suppress the

parameters of basis used in the comprehension dReferences

the phenomenon mechanisms.

4. The Chen correlation and the Shah correlation

show that the heat flux is independent of heat

transfer coefficient, athough the studies and the?-

experiences made since the antique show that th

increase of heat flux provokesthe increase of hea,}3 Dorochenko. V.A.. Tebbal

transfer coefficient.

5. To choosé = maxt,,, hg) in the correlation of
Chen or Shah, made lose quite a Ilot of
information and parameters used in the process o
the beginning.

Nomenclatures

Co: convection number

C,: the Shah correlation convection number
p. specific heat, J/kg K

D: diameterm, fy orientation factor

F: intensification facture ofthe convective
Fr: Froude number

g: gravitational acceleration, m/s?

G: specific mass, Kg/m?2s

h: heat transfer coefficient, W/m2 °C

hs: heat transfer coefficient liquid phase
M: molecular weight, kg/kmol

g: heat flux, W/m2

i: latent heat, J/Kg

S: suppression facture of the nucleate boiling
Nu: Nusselt number

P: pressure, bar

Pr: Prandtl number

Re: Reynolds number

T: temperature, °C

AT: temperature difference, °C

Ap: pressure difference, bar

Greek symbols

p: density, kg/n

A: thermal conductivity, W/m°C
w: dynamic viscosity, N-s/fm

o: surface tension, N/m

Y: Intensification facture

y: Martinnellinumber

x=[t-x14* oy 10 )** g 1 )
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