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LATENT HEAT TRANSPORT IN FORCED BOILING FLOW 
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Abstract-This paper presents theoretical models describing the mechanisms of heat transfer for nucleate 
forced boiling and for boiling in the fluid core, i.e. without nucleation at the heat exchange surface. The models 
result from experimental studies of the hysteresis effect of heat transfer carried out by other workers as well as 
by the author. In particular, the author’s experiment provided data to support the hypothesis that the increase 
in the heat transfer coefficient from the wall to the flowing fluid is essentially due to vapor bubbles acting as 
thermal sinks within the thermal boundary sublayer. The above conclusion does not agree with the view that 
bubbles formed within the thin liquid film for bubble or slug flow regimes affect the forced convection 

mechanism, which is in the main the only cause of heat transport intensification. 

NOMENCLATURE 

c, 

r: 
k 

r’, 
T, 

4. 
W, 
2, 

X, 

specific heat ; 
inner diameter of pipe ; 
friction coefficient ; 
fraction of the heat flux absorbed by the 
bubbles within thermal sublayer; 
radius coordinate; 
temperature; 
heat flux; 
velocity; 
coordinate in the direction of the flow ; 
quality, i.e. dynamic dryness fraction, 
nY/ti. 

Greek symbols 

heat transfer coefficient ; 
boundary sublayer thickness ; 
turbulent diffusivity (‘eddy viscosity’); 
void fraction ; 
density ; 
absolute viscosity; 
thermal conductivity; 
shearing stress, time; 
surface tension ; 
mass flux rate, wp ; 
total amount of heat flux supplied to the 
pipe. 

Other symbols 

Re, Reynolds number ; 
Pr, Prandtl number. 

Subscripts 

;, 

C, 
f, 
h, 
P? 

f-, 

accelerational term; 
boundary sublayer ; 
core of flow ; 
frictional ; 
hydraulic, hydrostatic ; 
isobaric condition ; 
radial ; 

S, saturation condition, surface ; 
T, thermal ; 
TP, TPF, two-phase; 

w, condition at the wall. 

Superscripts 

N 
liquid condition ; 
vapor condition. 

1. INTRODUCTION 

ALTHOUGH the mechanisms of heat transfer from a 
heated wall to a flowing fluid are not completely 
understood, it is well known that the processes within 
boundary layers control heat transfer in forced- 
convection boiling. The question is whether the bubbles 

generated on the surface are able to make the flow more 
turbulent, as does the roughness of the wall. In this case 
both the momentum exchange rate and the energy or 
heat exchange rate increase simultaneously near the 
wall. In other words, the frictional pressure drop and 
the heat transfer coefficient are supposed to change 
simultaneously, in accordance with the analogy 
between heat and momentum transfer [S]. In the light 
of this, the question arises as to the magnitude of the 
contribution made by nucleation at a heated wall to the 
increase in skin friction and heat transfer. A survey of 
the literature [l-3] leads to the conclusion that most 
previous works aimed at predicting either the 
superheat necessary to sustain nucleate boiling or the 
influence of surface conditions (i.e. surface roughness 

and trapped gas) on the incipient boiling superheats. 
There exists no study which makes use of the hysteresis 
effect as an explanation for the role of small bubbles 
located within the boundary layer. Whether they act as 
heat sinks or cause a more turbulent flow, they yield an 
increase in both skin friction and heat transfer 
coefficient. The objective of this work is to create two 
models which would be capable of answering this 
question. Both experimental and theoretical studies 
have been undertaken. 



2. EXPERIMENTAL 

2.1. Appuratus 

An experiment has been carried out to obtain 
information on the influence of nucleate bubbles 
located at the heated wall on skin friction and heat 
transfer. The forced convection loop used in this study 
is shown in Fig. 1. The test sections, preheater, and the 
main loop are built of stainless steel tubing 16 mm O.D. 

and 13 mm I.D. The loop is designed to operate with 
Freon 21 at a maximum pressure of 0.6 MPa. Two 
identical test sections 0.5 m long are used, one being 
vertical and the other horizontal. They are equipped 

with transparent tubes at the ends. The temperature 
difference between the wall and the fluid is measured 
with the aid of three pairs of ironconstantan 
thermocouples. The temperature difference between 

the outlet and inlet of the test sections and the absolute 
temperature of Freon 21 are measured with identical 

thermocouples. The system pressures are measured 
with the aid of a Bourdon gauges. The pressure drops 
are measured with the aid of strain gauge transducers. 
The heat flux is measured as a product of voltage and 
current, i.e. indirectly by the electrical power input to 
the test sections and to the superheater. A pump is used 
to circulate the fluid in the loop through a control valve 
connected to a flow meter. From the flow meter, the 
liquid is passed through the preheater consisting of a 

coiled, vertical pipe. The power to the preheater and the 
test section can be regulated from zero to maximum. as 

required. In this way it is possible to obtain two-phase 
how at the exit of the preheater. The two-phase stream 
is then passed through a 2.5 m longadiabaticchannel to 

the vertical test section, and next to the horizontal one, 
where it is heated further. The two-phase mixture is 
subsequently condensed and subcooled before entering 
the pump for recirculation. 

2.2. Prowdurr 

In a typical run, bubble how is developed before the 

inlet to the test sections. Steady conditions are obtained 
by holding constant the inlet temperature, flow rate. 
heat Flux supplied to preheater and static pressure. 
while increasing in small steps the heat flux received by 
either the vertical or the horizontal test section, 
Sufficient time is allowed between each step to ensure 
that all temperatures reach steady-state conditions. In 
all runs a gradual increase is observed in the 

temperature differences between the heated wall and 
fluid in the test sections until a change of heat transfer 
mechanism takes place. This change occurs with a 
sudden drop in the temperature difference, or. strictly 
speaking, in the wall temperature. At the same time the 
pressure and fluid temperature drops measured 
between the two ends of the test section remain 
practically unchanged, except during transient con- 
ditions After the point of sudden change has been 
reached, a gradual increase continues in the 
temperature difference as the heat llux increases, but at 
a different rate. Next the heat flux is reduced gradually 
in small increments. The hysteresis effect becomes 
apparent (Fig. 2). after the completion of a cycle 01 
increasing followed by decreasing heat flux. All runs arc 

carried out for the same two-phase flow pattern, namely 
bubble flow. The complete cycle of heat transfer is 

FIG. I Schematic diagram of heat transfer loop with Freon 2 I 
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FIG. 2. Experimental curves of the hysteresis effect [4]. 

shown schematically in Fig. 3. This shows the two 
different kinds of boiling. Boiling according to line 
ADB is characterized by the fact that vaporization is 
confined to the core of the flow and at a distance from 
the boundary sublayer. In this case the total amount of 
heat transferred from the wall to the fluid is transferred 
by means of forced convection. We shall use the term 
forced-convection boiling, or for brevity f.c.b., for this 
distinct regime of boiling. The branch of the cycle curve 
in Fig. 3, denoted by ECD describes fully-developed 
boiling with bubbles generated on the heated surface 
and growing within a sublayer. This regime of boiling is 
called nucleate boiling, or n.b. for brevity. The 
phenomenon that corresponds to a sudden drop in 
temperature is referred to as the “zero” boiling crisis. 

3. PHYSICAL MODELS 

One of the most important observations which 
results from our experiments is that the pressure drops 

t ‘i’ = CONST 

T5=CONST 

FIG. 3. The cycle of heat transfer. 

measured along the test sections are almost the same 
regardless ofwhether n.b. or f.c.b. occurs before or after 
the “zero” boiling crisis. On the other hand, the mass 
flow rate, inlet temperatures, and inlet quality, as well as 
the void fraction, remain constant. It seems justified to 
say that the distribution of the void fraction along the 
test sections for the two different kinds of boiling under 
the above conditions is the same. Hence we conclude 
that the bubbles generated on the wall do not affect the 
boundary sublayer. In other words, they do not act as a 
stirring device which increases the intensity of 
turbulence within the boundary layer next to the 
heating surface. Thus there is only one reason for the 
dramatic decrease in the heating surface temperature, 
namely the major role played by the transport of latent 
heat in nucleate heat transfer. This seems that bubbles 
located within the boundary layer might have to be 
treated as heat sinks. This observation coincides with 
the conclusion reached by Bankoff [6] on theoretical 
grounds. 

On the basis ofthe experimental data, an attempt was 
made to describe each kind of boiling separately. The 
aim of these descriptions is to explain the “zero” boiling 
crisis by means of simplified theoretical models. Two 
models have been devised, one each for f.c.b. and n.b. 
We will discuss under what conditions they can explain 
thejump in heated wall temperature, assuming that the 
jump is caused by a change from f.c.b. to n.b. 

Our assumptions that define the simplified physical 
model of forced convection boiling, f.c.b. are : 

(1) The boundary sublayer is filled with liquid for 
which the thermal conductivity, /2’, is constant. 

(2) Temperature and velocity profiles are subject to 



change only within the boundary sublayer. Owing to 
turbulence, the distributions ofeach intensive quantity, 
such as temperature and velocity, are flat outside the 

sublayer (Fig. 4). 
(3) The liquid velocity varies linearly from zero at the 

wall to the value of 

\vpt I - u) 
11’1 = I;fq, II) 

within the boundary layer (Fig. 4). 
(4) The sublayer thickness is governed by the 

following equations r71: 

(4) 

(5) The time-averaged temperature within the core 

of the flowing fluid is equal to the saturation 
temperature. 

(6) The change in temperature measured along the 
flow is neglected relative to its change in the radial 
direction. i.e. 

(7) The radial component of velocity vanishes within 

boundary sublayer, 

\\‘, = 0. (6) 

(8) The heat transfer process under consideration is 

steady-state, 

(7) 

The Fourier equation in cylindrical coordinates is 

FIG. 4. The physical model of forced convection boiling. 

With the above assumptions it reduced to the simple 
form 

The boundary conditions (f lg. 4). arc 

7 7: 7; for r = lI.?S,,, :o, lt 1;. /‘VI 

The phenomenon described by equation (9) wrtlr 
boundary conditions (10) is associated with the field of 
heat conduction. The complication arises from the fact 
that the boundary conditions change because of the 

thermal boundary sublayer thickness. S,, associated 
with 6, which depends, in turn. on the velocity 1~. the 

void fraction 4. and the dryness fraction, .x. as is clear 
from assumption 4. The solution of the equations (91 
and (10) is the function 

T- 7; - ;!: In [(D/2--~i,),rl 0 I! 

which is valid in the domain 

f)!2--Ci, d r i D 2. 1121 

It may be seen from equation (1 1) 111at the wall 

temperature 

strongly depends on the thermal boundary sublayer 
thickness, 6,, and the problem arises as to how to 
evaluate ii ,-. It is easy to show that the following relation 

may be written by using equations (2) and (4): 

ci, 

u 
= 25.32 & (’ YJ’ iIll 

Introducing the ratio of the hydraulic and thermal 
sublayers, taken to be a function of the Prandtl number. 
in the form 

= py”“. where j’r -~ /i( ‘;, 
1 {IS) 

zi , / 

and combining equations (15) and I lit). we finally 

obtain 

;S, = 25.32 DRc,,O-“t’r ’ “. t 16, 

From equations (13) and (16) wse can show that 111~ 
temperature difference between the wall and the core ol 
the flow is given by 

AT = ‘I,- -I; 

The theoretical results contained in equation (17) have: 
been compared with experimental data. Fairly good 
agreement has been observed. In fact, for more than 
857,; of the 360 experimental points. the relative 
deviations are less than g”,,. 
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Let us now turn to nucleate boiling. The assumptions 
for the theoretical modei of nucleate boiling, n.b., are as 
follows : 

(1) Vapor bubbles are spread out in the core of the 
flow and within the boundary layer close to the wall. 
They are treated as void spaces playing, however, the 
role of heat sinks. The rest of the space is filled with 
liquid of constant conductivity I’. 

(2) The influence of vapor bubbles as stirring devices 
within the boundary layer is negligible. 

(3) The boundary layer thickness is the same for n.b. 
and for f.c.b. as long as the mass flux, quality, and inlet 
temperature are held constant, and may be evaluated 
from equation (16). 

(4) Temperature and velocity vary only with the 
sublayers (Fig. 5). 

(5) The time-averaged temperature in the core of the 
fluid is equal to the saturation temperature. 

(6) The change in temperature measured along the 
flow is negligible rdative to its change in the radial 
direction, 

aT 

aZ= 0. WI 

(7) The radial component of velocity is assumed to 
be equaf to zero within the sublayer, 

w, = 0. (191 

(8) The heat transfer process under consideration is 
steady-state, 

aT 
Jg = 0. 

(9) The kth part of the total quantity of heat 
transferred from the wall to the core of the flow is used 
up for the creation or for the growth of vapor bubbles, 
and is treated as latent heat transport within the 
boundary sublayer. 

(10) The location of heat sinks is uniform in space. 
(11) The void fraction within the sublayer is 

constant, i.e., independent ofthe radial coordinate, and 

t I 

FIG. 5. The physical model of nucleate boiling. 

equal to the space-averaged void fraction in the same 
cross-section. 

The Fourier equation describing heat transfer within 
the sublayer may be written as 

(21) 

The preceding assumptions allow us to simplify this to 
the form of the heat conduction equation with internal 
heat sinks : 

(22) 

which should be supplemented by the following 
boundary conditions 

T= T, for r=D/2-S,, 

and 1 / (23) 

q0 = (l-$)X$ for r = D/2. 
I 

We assume that the general solution of equation (22) 
takes the form 

T = Clr2 + C, In r + C3. (24) 

Substitution of equations (24) into (22) with equation 
(23) yields 

qoD D’kS;Z 
c, = 2(1- -8j7 (26) 

and 

C, = ‘& - C,(D/2 - 6,)’ - C, In (D/2 - 6,). (27) 

Additional information is needed to describe the 
quantityR in terms of the well-defined heat flux q. as an 
initial condition. This is given by the expression 
resulting from the definition of R 

fz= 40 
D[l -fl -zs,/D)2]’ GW 

where Q, from the physical point of view, describes the 
heat sinks uniformly distributed within the volume 
occupied by the sublayer. 

At this stage of the investigation we are not in a 
position to say more about the void fraction, 4, and the 
factor k, beyond what has been said in the assumptions. 
This is to the effect that Q, is equal to the average for the 
section under consideration and that the factor k, which 
describes the fraction of the heat flux absorbed by the 
bubbles in the sublayer, must have a value between 0 
and 1. It is likely to exceed 0.5. In fact it is possible to 
estimate 4 and k further on the basis of assumptions 
regarding the amount of active nuclei on heated surface, 
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FIG. 6. Theoretical temperature distribution in the boundary layer for nucleate boiling(curves la, Lb, lc) and 
for forced convection boiling (curve 2). $ = 1200 kg m 2 s ‘, 7; 1 4O”C, q = 95 kW m *, D = 0.013 m. 

the time the bubbles spend within the sublayer or their curves were drawn for Freon 21 which flows through 
movement, and the heat transfer coefficient between the 13 mm I.D. pipe with velocities corresponding to 
vapor bubbles and surrounding liquid. This kind of those which existed during our own experiments in 
calculation does not reduce the number of uncertain order to compare them with theoretical results. It is of 
quantities: indeed it introduces more unsolved interest to note that is the case of n.b. for a given void 
problems requiring experimental investigations. In the fraction, 4, the theoretical wall temperature decreases 
light of what has been said we decided to ignore these while k increases. For constant k, we obtain an increase 
additional problems associated with k and 4 and to in the wall temperature as the void fraction, C#J, increases 
treat both r$ and k as parameters. within the sublayer. Each run ofn.b. is compared on the 

same graph with a run of f.c.b. arranged at the same 
conditions (velocity and temperature). Thus we are able 

4. DISCUSSION 
to see how much of a wall temperature jump is 
predicted theoretically when f.c.b. changes to n.b. The 

The temperature distribution within the sublayer is general conclusion is that by suitable fitting we can 
given f.c.b and n.b. by equations (9) and (24) obtain theoretical results which are in agreement with 
respectively. They are depicted in Figs. 6 and 7. All experiment. 
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FIG. 7. Theoretical temperature distribution in the boundary layer for nucleate boiling (curves la, lb, lc) and 
for forced convection boiling (curve 2). $I = 620 kg rn- ’ s-‘, r = 45”C, q = 55 kW me2, D = 0.013 m. 
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5. CONCLUSIONS 

(1) The wall temperature drop, during the zero 
boiling crisis, may be explained by the fact that f.c.b. 
changes to n.b. 

(2) We have proved that the stirring effect of bubbles 
generated on the heated surface may be neglected. 

(3) The only reason that can explain the decrease in 
wall temperature and the subsequent increase in heat 
transfer coefficient after the zero boiling crisis is the 
effect of the latent heat transport within the boundary 
sublayer. 

(4) By means of suitable fitting of the quantities k and 
#I it is possible to secure agreement between theory and 
experiinent. It is noteworthy that their values fail 
between 0.5 and 1.0 for k, and 0.2-0.6 for c$. The 
experiment leads us to the reasonable assertion that the 
ranges of both k and 4 correspond to bubble flow. 
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SUR LE TRANSPORT DE CHALEUR LATENTE DANS ~~BULLITION EN ECOUL~MENT 
FORCE 

R&sum&-On presente des modeles theoriques qui d&vent les micanismes de transfert thermique pour 
l’ebullition nucl&e en ecoulement force et pour ~~bullition dans Ie coeur du fluide, par exemple, sans 
nuci~ation a la surface d&change the~ique. Les modeles r&mltent d’etudes experimentales sur l’effet 
hysteresis du transfert thermique d&gag8 par Murphy et Bergles [2] et Abdelmessih et al. [3] aussi bien que par 
l’auteur [4]. En particulier, les experiences de l’auteur ont fourni le support de l’hypothbse selon laquelle 
l’accroissement du coefficient de transfert thermique a la paroi est essentiellement dti aux bulles de vapeur 
agissant comme des puits de chaleur dans la souscouche limite thermique. Cette conclusion ne s’accorde pas 
avec l’idee que les bulles formees dans le film mince de liquide pour les regimes de bulles ou de bouchons 
affectent le mecanisme de convection for&e qui est geniralement la principale cause de l’intensification du 

transport thermique. 

ZUM TRANSPORT LATENTER WARME IN EINER ~RZWUNG~NEN SIEDENDEN 
STRGMUNG 

Zusammenfassung-Dieser Aufsatz stellt theoretische Modelle vor, die die Warmefibergangs-Mechanismen 
beim Blasensieden in einer erzwungenen Striimung und beim Sieden in einem Fliissigkeitskern ohne 
Keimbildung an der w~~e~~rtragenden Oberfhiche beschreihen. Die Modelle sind von ex~~mentellen 
Untersuchungen des Hysterese-Effektes beim W&meiibergang hergeleitet, die von Murphy und Bergles [2], 
von Abdelmessih u.a. [3] und vom Autor [4] durchgefilhrt wordensind. Besondersderversuchdes Autors hat 
Datengeliefert,diedieHypothesestiitzen,derzufolgedieZunahmedes Wlrmeiibergangskoeffizientenvonder 
Wand an das stromende Fluid vor allem darauf beruht, da5 Dampfhlasen innerhalb der thermischen 
Unterschicht als Warmesenken wirken. Die obige Folgerung stimmt nicht mit der Ansicht iiberein, da8 
Blasen, die im Bereich der Blasen- oder ~ropfenstr~mung innerhalb des diinnen Fl~ssigkeits~ms gebildet 
werden, den Mechanismus der erzwungenen Konvektion beeinflussen, der im allgemeinen der einzige Gnmd 

fur die Intensivierung des WBrmetransports ist. 

0 HEPEHOCE CKPbITOH TE~~OTbi HPH BbrHY~~EHHOM T~q~H~~ K~H~~E~ 
XHAKOCTM 

AHIIOT~~IISI- DpencramIeHbI TeopersHecxue Moaemi, 0nwcbIaaIomHe MexamisbfbI TennonepeImca npu 
nysbrpbxoeohl KHneHHH a noToxe xzI.rmoc~~ II npn KaneHHH B ee nape, T.e. 6e3 H~KR~~~~ Ha 
noBepxH~T~ Tennoo6MeHa, Modern n~~~~ Ha ocHoae 3Kcnepn~enTanbH~x ~ccneAoBann~ 
recTepesHca TennonepeIIoca, npoBeneHHbIx Map&r A 6eprncobi [2] II A6xenbMecca A np. [3]. a 
TBKXe aBTOpOM [4]. B YBCTHOCYB, nOJIy’IeHHbIe 3XCIIepHMeHTaJIbHbIe AaHHbIe IIOATBepIHIJIII rIIIIOTe3y 
0 TOM, ‘IT0 POCT K03+@WieHTa TeIlJlOIle~HOCa OT CTeHKH K W(HjTKOCTH odycnoanes r,IaBHbIM 
06pa3OM ny3bIpbKaMH IIapIi, HrpaIoIIIHMH pOsb CTOXOB TenJIa B TCWIOBOM IlO,JXHNW,OM IlOACJiOe. 
3TOT BbIB0.B IIpOTHBO~HHT yTBep~AeHH~ 0 TOM, ‘IT0 ny3bIpbKH, o6pa3y~~e~B BHyTpN TOHKOfi 
mHAnroii nneHKH npu ny3bIpbKOBOM nnn non3yHebI pexcIiMte Tesemis, oxa3blBaloT BnExHKe Ha MCXiWIB3M 
BbIHymneHHOH KOHFEKUHA. Einaronapa KOTOpOii IIpOHCXOfiffT 3 OCWOBHOM HHTeHCHr$BKaIJNI neperioca 

Teenna. 


