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a b s t r a c t 

There are numerous technical applications where hot components, with uneven temperature distribution, 

require cooling. In such applications, it is desired to provide efficient local cooling of the hot spots, while 

avoiding unnecessary over-cooling of the other regions. Such an approach, known as precision cooling, 

has several advantages. In addition to the fact that it reduces the effort for cooling, it limits the unin- 

tended heat lost to the cooling medium. In liquid cooled systems, such as Internal Combustion Engines 

(ICE), subcooled flow boiling offers immense potential for precision cooling. The primary challenges in 

extracting this potential are understanding the complexities in the subcooled flow boiling phenomenon 

and estimating the risk of encountering film boiling. The present study introduces a numerical model to 

estimate the wall heat flux in subcooled flow boiling and the model includes a mechanistic formulation 

to account for vapor bubble interaction. The formulation for vapor bubble interaction serves two pur- 

poses: (a) blends two well-established models in the literature, one in the isolated bubbles regime and 

other in the fully developed boiling regime, to estimate the wall heat flux; and (b) provides information 

to limit boiling in order to not encounter film boiling. The results from the new model are validated 

with two different experiments in the literature and the wall heat flux estimated by the model is in 

agreement with experimental results and responsive to different input parameters, such as bulk velocity, 

operating pressure and inlet subcooling. The new model requires only input of local flow quantities and 

hence implementation in Computational Fluid Dynamics (CFD) is straightforward. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Technical applications involving hot components often require 

ooling for maintaining structural integrity and for optimum per- 

ormance. Such components could experience uneven distribution 

f temperature. Therefore the requirement for cooling varies spa- 

ially along the surface of the component. Precision cooling, i.e. in- 

ense local cooling of hot spots, while avoiding unnecessary over- 

ooling of other regions is an efficient way of saving energy and 

imiting the costly effort s f or cooling. There are a number of meth- 

ds used to achieve precision cooling, such as impinging jet cool- 

ng, boosted forced convection cooling and surface structure modi- 

cations. If the cooling medium is a liquid coolant, the latent heat 

n the coolant provides an additional potential for local cooling. 

he subcooled flow of a liquid coolant could result in occurrence 

f local boiling on the hot spots, which in turn would remove 
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 substantial amount of heat. However, such local boiling needs 

o be controlled and limited in order to avoid film boiling which 

ight cease the heat transfer process and result in undesired con- 

equences. One of the technical applications, which might benefit 

rom subcooled boiling for precision cooling purpose, can be found 

n the coolant jacket of the internal combustion engine (ICE). 

The potential in forced convection boiling or flow boiling for 

recision cooling in ICE is discussed by Campbell in his PhD thesis 

1] . Campbell distinguishes between the ‘evaporative boiling en- 

ine’, which involves coolant operating at saturation temperature 

esulting in significant vapor generation, and the ‘nucleate boiling 

ngine’, in which the coolant operates at subcooled conditions. He 

urther clarifies, the nucleate boiling engine promotes local boiling 

nd avoids the problem of vapor generation. He also summarises 

he work of previous researchers who recommend the potential in 

ucleate boiling based cooling systems with warning against film 

oiling. More recently, the need for such a cooling system in high 

ower density ICEs is discussed by Steiner [2] . Steiner emphasises 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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hat, significant improvement in heat transferred to the coolant is 

chieved for acceptable increase in wall temperature due to the 

ccurrence of nucleate boiling locally in vicinity of hotspots. In 

ummary, flow boiling improves the performance of cooling sys- 

ems compared to conventional forced convection cooling, but oc- 

urrence of film boiling impedes heat transfer and can be detri- 

ental to the component. More over, boiling is a complicated phe- 

omenon involving presence and interaction of multiple phases. 

he various mechanical and thermal interactions between the liq- 

id coolant, vapor bubbles, and the solid heater are explained by 

hoji [3] and Steiner [4] . An in-depth understanding of the under- 

ying physics based on these interactions is essential to extract the 

otential in flow boiling for local or precision cooling. 

The phenomenon of boiling has been analyzed both experimen- 

ally [1,5–9] , to name a few, and numerically [10–15] , to name a

ew. These experiments made in simple channels, often with vi- 

ual access, help understand the physics and provide useful data 

or validation of numerical models. Boiling is so complicated that 

 comprehensive numerical model, that accounts for all the inter- 

ctions and physical mechanisms involved, does not currently exist 

nd would be very challenging to develop. Often, numerical mod- 

ls are developed based on one or a few dominant physical mech- 

nisms prevalent under certain flow and thermal conditions. 

The Boiling Departure Lift-off (BDL) model by Steiner et al. 

15] is a well established model for subcooled flow boiling condi- 

ions. The model is based on force balance on an individual vapor 

ubble. The heat flux estimated by the model is in good agreement 

ith test data when the boiling involves individual vapor bubbles, 

hich get convected by the flow after nucleation. However, with 

ncreased boiling, the bubble population increases and the vapor 

ubbles start interacting with each other. Under such conditions, 

he model predictions significantly deviate from the test results 

15] . With further increase in boiling intensity, the bubble nucle- 

tion and interactions are the only dominant mechanisms of heat 

ransfer. The heat transfer is then not influenced by forced convec- 

ion. Under such conditions, the heat flux can be estimated using 

 pool boiling correlation, such as the one proposed by Rohsenow 

11] . Clearly, the increase in bubble population and bubble interac- 

ions is the gap to be bridged between the conditions of applica- 

ility of the BDL model and Rohsenow’s correlation. 

In the present article, a numerical boiling model is proposed 

hat includes a formulation for bubble interaction. A new blended 

odel bridges over the predictions of the BDL model and that 

f Rohsenow’s correlation based on this formulation. In addition, 

he formulation for bubble interaction provides an indication to 

imit boiling in practical applications, in order not to encounter 

lm boiling. Furthermore, a modification is suggested to the BDL 

odel that improves the accuracy of the predicted results. The re- 

ults from the new blended model are validated with experiments 

y Steiner et al. [15] and Lee and O’Niell [8] . The results from the

ew model are in good agreement with the experiments. 

. Theory 

Flow boiling can be divided into subcooled or saturated, de- 

ending on whether the bulk temperature of the liquid, T bulk , is 

ower than or equal to its saturation temperature, T sat . In applica- 

ions where significant amount of vapor generation due to boiling 

s to be avoided, subcooled boiling is of more relevance. In such 

ases, the colder liquid bulk ensures condensation of vapour bub- 

les formed on the hot surface and thereby prevents significant in- 

rease in vapour fraction of the system. 

Different boiling regimes are identified in subcooled flow boil- 

ng based on the dominant physical mechanisms under given ther- 

al and flow conditions. The regimes are conveniently repre- 

ented in a boiling curve. A boiling curve was initially proposed 
2 
y Nukiyama [16] for pool boiling of water at saturation tempera- 

ure and at atmospheric pressure. Nukiyama’s boiling curve depicts 

he relationship between the wall surface temperature in excess of 

he saturation temperature of the liquid, commonly known as wall 

uperheat, and the wall heat flux. A representation of Nukiyama’s 

oiling curve is shown in Fig. 1 a. First, the boiling regimes in pool 

oiling are discussed followed by flow boiling. When the wall sur- 

ace temperature is below the saturation temperature of the liq- 

id, heat is transferred purely by single phase convection. This is 

nown as the free convection or natural convection regime in the 

ase of pool boiling, A − B in Fig. 1 (a). The first bubble nucleates on

he heated surface as the wall surface temperature rises above the 

iquid saturation temperature. This point is identified as onset of 

ucleate boiling, point B in Fig. 1 (a). The corresponding wall tem- 

erature is denoted by T ONB . In other words, the onset of boiling 

equires a few degrees of wall superheat. The fate of nucleating 

apour bubbles depends on the bulk temperature of the coolant. 

f the bulk temperature is below the saturation temperature (sub- 

ooled boiling), the vapour bubbles condense into the bulk of the 

iquid coolant, thus promoting transport of latent heat from the 

eater surface to the liquid bulk. If the bulk temperature of the 

oolant is equal to its saturation temperature, i.e., saturated boil- 

ng, the vapour bubbles leaving the heated surface can no longer 

ondense and thus contribute to a significant increase in vapour 

raction of the system. 

After the onset of boiling, the population of nucleating vapor 

ubbles increases steadily with rising wall superheat, in what is 

nown as the nucleate boiling regime . Growth and transport of nu- 

leating vapor bubbles enhance the heat transfer rate. With in- 

reasing wall superheat, the vapor bubbles begin to interact and 

oalesce into vapor patches and vapor columns. This eventually 

eads to formation of an unstable vapor blanket. The low ther- 

al conductivity of vapor causes sharp decrease in heat transfer. 

he maximum heat flux, at point D in Fig. 1 (a), is known as criti-

al heat flux ( q CHF ). Increase in wall superheat beyond q CHF results 

n the transition boiling regime. The path taken in the transition 

oiling regime (path D-E-D’ or path D-D’) depends on whether the 

all surface temperature or the wall heat flux is controlled. When 

he wall surface temperature is controlled, increase in wall surface 

emperature beyond q CHF results in sharp decrease in wall heat 

ux along the path D − E in Fig. 1 (a), due to the low heat trans-

erred by the unstable vapor blanket. This was initially guessed by 

ukiyama and was later confirmed by other researchers [7] . Any 

uther increase in wall surface temperature leads to formation of 

 stable vapor blanket, denoted by regime E − F in Fig. 1 a, char-

cterized with heat transfer by both natural convection and radia- 

ion through the vapour. This is known as the film boiling regime. 

hen the wall heat flux is controlled, the increase in heat flux be- 

ond q CHF results in sharp increase in wall temperature (along DF 

n Fig. 1 a) leading to film boiling. This behaviour was observed by 

ukiyama [16] in his measurements where the heat flux was con- 

rolled. 

In the case of flow boiling, the heat transfer in the single-phase 

egime before the onset of nucleate boiling is due to forced con- 

ection, which is higher than the heat transfer due to natural con- 

ection observed in pool boiling. The heat transfer by forced con- 

ection increases with increase in bulk velocity of the coolant, see 

ig. 1 (b). Also, the onset of boiling, B 1 in Fig. 1 (b) is offset to

 higher temperature for higher coolant bulk velocities. With in- 

reasing input heat flux or wall surface temperature, the different 

ow boiling curves eventually merge into the pool boiling curve at 

oint C. The regime B − C is known as the partially developed boil- 

ng regime. In line with the numerical models dealt with in this 

ork, a sub-regime within the partially developed boiling regime 

s highlighted. This sub-regime is known as the isolated bubbles 

egime, B − B ′ in Fig. 1 (b). It is characterized by vapor bubbles that 
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Fig. 1. Boiling curve (qualitative). 
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re isolated and not affected by neighbouring bubbles. Thereby, 

oint B ′ in the boiling curve denotes onset of bubble interactions. 

ncrease in bubble interactions mitigate the effect of forced con- 

ection on heat transfer. Beyond point C, the effect of forced con- 

ection on heat transfer is marginal and the regime is known as 

he fully developed boiling , FDB, regime. 

Understanding the physics governing each of the boiling 

egimes and the knowledge of an upper limit to avoid occurrence 

f film boiling is essential for extracting the potential in boiling 

nd for development of relevant numerical models. 

. Methodology 

.1. Heat flux partitioning and the BDL model 

The presence of both forced convection and nucleate boiling in 

ubcooled flow boiling enables the wall heat flux to be expressed 

sing the heat flux partitioning approach. In this approach the to- 

al wall heat flux, q wall , is expressed as the sum of heat flux due

o forced convection, q f c , and heat flux due to nucleate boiling, 

 nb . Chen’s model [12] based on the heat flux partitioning approach 

as developed for analysing saturated flow boiling, where, the to- 

al wall heat flux is expressed as 

 wall = F .q f c + S.q nb where F ≥ 1 and 0 ≤ S ≤ 1 . (1) 

The forced convection heat flux, q f c , and nucleate boiling heat 

ux, q nb , are given by 

 f c = h f c (T wall − T bulk ) (2) 

u = 

h f c L c 

k l 
= 0 . 023 Re 0 . 8 P r 0 . 4 l (3) 

 nb = h nb (T wall − T sat ) (4) 

 nb = 0 . 00122 

k 0 . 79 
l 

c 0 . 45 
p,l 

ρ0 . 49 
l 

σ 0 . 5 μ0 . 29 
l 

h 

0 . 24 
lg 

ρ0 . 24 
g 

�T 0 . 25 
sat �P 0 . 75 

sat (5) 

here, �P sat = P sat (T wall ) − P sat (T sat ) and (6) 
3 
T sat = T wall − T sat . (7) 

The forced convection heat transfer coefficient h f c in Eq. (2) is 

btained from the Dittus-Boelter correlation [17] , Eq. (3) . The nu- 

leate boiling heat transfer coefficient h nb in Eq. (4) is obtained 

rom the Foster and Zuber correlation [18] , Eq. (5) . In Eqs. (2) –(7) ,

e, P r l and Nu are the bulk Reynolds number, Prandtl number and 

usselt number, respectively, and L c is a characteristic length in 

he domain. The fluid properties k l , c p,l , ρl , μl denote the liquid 

hermal conductivity, specific heat, density and dynamic viscosity, 

espectively and P sat denotes saturation pressure of the liquid. The 

apor density is denoted by ρg , the surface tension by σ and latent 

eat of vaporization by h lg . 

The terms F and S in Eq. (1) are two factors introduced by Chen, 

hich denote the enhancement of forced convection due to pres- 

nce of vapor bubbles and suppression of nucleate boiling due to 

he fluid motion, respectively. Chen obtained F and S based on bulk 

ow parameters. The BDL model by Steiner et al. [15] is an im- 

rovement of Chen’s model that uses local parameters and a mech- 

nistic approach to compute S. 

While F = 1 can safely be considered for subcooled flow boiling, 

he BDL model estimates the flow induced suppression of nucleate 

oiling based on the following experimental observations: 

• In a horizontal channel flow with a heater at its bottom surface, 

isolated vapor bubbles initially attached to their respective nu- 

cleation sites are inclined along the direction of the flow; 
• They grow up to a certain size and then depart from their re- 

spective nucleation sites by sliding along the heater surface; 

and 

• The departed bubbles become upright, continue to grow until 

they depart from the heater surface and rise into the bulk liq- 

uid in the direction normal to the heater surface. 

Klausner et al. [19] and Zeng et al. [20] observed this behaviour 

f vapor bubbles and numerically modelled this effect by perform- 

ng a static force balance on an isolated bubble. Their models re- 

ulted in an estimation of the bubble radii at the instant when 

he bubble starts to slide – known as departure – and at the in- 

tant when it rises into the bulk liquid – known as lift-off. Sim- 

lar behaviour of vapor bubbles was observed by Steiner et al. 
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Fig. 2. Forces acting on isolated vapor bubble in forced convection boiling with 

free-stream velocity of U ∞ . 
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15] in their own experiments. Based on these observations, they 

roposed the suppression of nucleate boiling due to the flow as 

he ratio of vapor bubble radius at the instance of departure ( r d )

o that at the instance of lift-off ( r l ). 

 f low 

= 

r d 
r l 

(8) 

n support of the above definition of the suppression factor, Steiner 

t al. [15] mentioned that, in case of pool boiling, the bubbles leave 

he nucleation site by lifting off the heater surface, i.e., without 

liding, resulting in S f low 

= 1 . They used the static force balance 

quations proposed by Zeng et al. [20] . Fig. 2 shows the forces act-

ng on an isolated bubble attached to its nucleation site. The static 

orce balance equations read, 

 d − F du sin θ = 0 and (9) 

 sl + F bcy − F du cos θ = 0 (10) 

t the instant of departure in the x and y directions, respectively. 

 d , F du , F sl and F bcy are the forces due to quasi-steady drag, un-

teady drag due to asymmetric bubble growth, shear lift and buoy- 

ncy, respectively. The inclination of the vapor bubble with respect 

o the vertical axis is denoted by θ, see Fig. 2 . The force balance

quation at the instant of lift-off is given by 

 bcy − F du = 0 (11) 

In line with the experimental observation discussed previously, 

he departed bubble becomes upright and hence, θ is not present 

n the force balance at lift-off, in Eq. (11) . Each of the aforemen-

ioned forces is a function of the vapor bubble radius ( r). The ex- 

ressions for the forces involved in Eqs. (9) –(11) read, 

 d = 6 πμl ur 

{ 

2 

3 

+ 

[ (
12 

Re b 

)
n + 0 . 796 

n 
] 

1 /n 
} 

, n = 0 . 65 (12) 

 sl = 

3 . 877 

2 

ρl u 

2 π r 2 G 

0 . 5 
s 

(
1 

Re 2 
b 

+ 0 . 014 G 

2 
s 

)
1 / 4 , G s = 

∣∣∣du 

dy 

∣∣∣
y = r 

r 

u 

(13) 

 du = ρl π r 2 
(

r ̈r + 

3 

2 

C s ̇ r 
2 
)
, r(t) = 

2 b √ 

π
Ja 

√ 

αl t (14) 
4 
 bcy = 

4 

3 

π r 3 (ρl − ρg ) g. (15) 

In these expressions, u denotes the velocity of the liquid at the 

entre of the bubble and 

du 
dy 

denotes the spacial derivative of u in 

he wall normal direction, y . These are obtained from the velocity 

rofile of a single phase flow assuming there is no bubble. Prop- 

rties of the liquid such as density, dynamic viscosity and thermal 

iffusivity are denoted as ρl , μl and αl , respectively. The density 

f the vapor is denoted by ρg . The expressions include two model 

onstants, b and C s . The non-dimensional numbers, the Jacob num- 

er, Ja, and the bubble Reynolds number, Re b , are written as 

a = 

ρl c p,l (T wall − T sat ) 

ρg h lg 

(16) 

e b = 

ρl u 2 r 

μl 

(17) 

here, c p,l and h lg are the specific heat of the liquid and latent 

eat of vaporization, respectively. 

In addition to S f low 

, given in Eq. (8) , Steiner et al. [15] intro-

uced another factor S subcool , which suppresses nucleate boiling 

ue to subcooling of the liquid given by 

 subcool = 

T wall − T sat 

T wall − T bulk 

(18) 

here, T wall , T sat and T bulk are the wall temperature, liquid satura- 

ion temperature and liquid bulk temperature, respectively. Finally, 

he suppression factor, S, used in Eq. (1) , is given by 

 = S f low 

S subcool (19) 

.2. Modified BDL model 

In the original BDL model, the quasi-steady drag force ( Eq. (12) ) 

nd shear lift force ( Eq. (13) ) are computed for a bubble in an

nbounded flow field. The presence of the wall onto which the 

ubble is initially attached is not accounted for. Therefore, in the 

resent work, the expressions proposed by Mazzocco et al. [21] , 

or drag and lift forces acting on a bubble in contact with the wall, 

re incorporated in the BDL model. The modified expressions for 

he drag and lift forces that replace Eqs. (12) and (13) , respectively, 

ead, 

 d = 0 . 5 C D πρl u 

2 r 2 , C D = 1 . 13 

24 

Re b 
(1 + 0 . 104 Re 0 . 753 

b ) (20) 

 sl = 0 . 5 C L πρl u 

2 r 2 , C L = 2 . 61 (21) 

.3. Rohsenow’s correlation for fully developed boiling 

Fully developed boiling is encountered for higher wall super- 

eats, see Fig. 1 (b). This boiling regime, as mentioned earlier, is 

haracterized by that the heated surface is densely populated by 

apor bubbles. As a result, the effect of forced convection on 

eat transfer becomes negligible. Therefore, a pool boiling correla- 

ion can be used to estimate the heat flux in this regime [11,22] .

he pool boiling correlation by Rohsenow [11] is used in the 

resent study to estimate fully developed boiling heat flux ( q F DB ). 

ohsenow’s correlation reads, 

 F DB = μl h f g 

√ 

g(ρl − ρv ) 

σ

(
C p,l �T sat 

C s f h lg P r 
n p 
l 

)
m (22) 

here, �T sat is the wall superheat, P r l and σ are the liquid Prandtl 

umber and surface tension, respectively. The correlation also in- 

ludes three model constants: c s f , n p and m . The constant C s f is 
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Fig. 3. Dry spot model. 

Fig. 4. Summary of the new blended boiling model. 
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pecific to the heated surface-coolant material combination. The 

onstant n p is specific to the coolant material and m is an em- 

irical constant. 

.4. Blending of the models 

Using different formulations for partially developed boiling and 

ully developed boiling regimes in modeling of subcooled flow 

oiling heat transfer is a common practice. The distinction between 
5 
hese two regimes is accounted for by identifying a transition point 

long the boiling curve. Kandlikars boiling model [14] , which uses 

he division description method, is a classic example for this ap- 

roach. In Kandlikar’s model, the intersection of the forced convec- 

ion and fully developed boiling curves is identified and the heat 

ux at this point is multiplied by a factor of 1.4 and the resulting 

eat flux is defined as the transition point. Shah et al. [13] de- 

ermined the transition point based on the boiling number. Pro- 

anovic et al. [23] also used a boiling number based method to 
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Table 1 

Experiment 1: conditions. Maximum wall temperature limited to 160 ◦C [15] . 

Bulk temperature ( ◦C) Operating pressure (bar) Bulk velocity (m/s) Saturation temperature ( ◦C) 

95.0 1.5 0.05, 0.39, 1.17 111.35 

95.0 2.0 0.20, 0.39, 1,17 120.21 

Fig. 5. Wall heat flux vs wall temperature curves corresponding to P operating = 1 . 5 bar, T bulk = 95 ◦C and v bulk = 0 . 05 , 0 . 39 and 1 . 17 m/s . Experiment by Steiner et al. [15] . 
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dentify the transition point. While these models were developed 

nd validated against experiments performed on vertical pipes and 

nnuli, Li et al. [22] adopted a modified version of Kandlikars cor- 

elation to estimate the transition point to fully developed boiling 

n an IC engine cooling gallery. 

In the present study, a mathematical expression is sought for to 

lend the BDL model and Rohsenow’s correlation. This expression 

andles the transition from the isolated bubbles regime to the fully 

eveloped boiling regime. The increase in population of vapor bub- 
6 
les on the heater surface and their resulting interaction is a domi- 

ant mechanism that distinguishes these two regimes. This should 

e accounted for in the mathematical expression that blends the 

wo models. 

Prior to arriving at this desired mathematical expression, the 

Dry spot model’ developed by Ha and No [24] is discussed here 

n brief. Ha and No predict the occurrence of critical heat flux and 

ransition boiling based on bubble interactions. They propose that, 

resence of a given number of vapor bubbles, or active nucleation 
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Fig. 6. Wall heat flux vs wall temperature curves corresponding to P operating = 2 . 0 bar, T bulk = 95 ◦C and v bulk = 0 . 20 , 0 . 39 and 1 . 17 m/s . Experiment by Steiner et al. [15] . 
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ites, within a specified area on the heater can lead to formation 

f a dry spot. Subsequent merging of these dry spots eventually 

eads to critical heat flux and transition boiling. The bubble inter- 

ctions are quantified based on probability density functions for 

patial distribution of active nucleation sites. The nucleating vapor 

ubbles are assumed to follow a spatial Poisson distribution on the 

eated surface. Gaertner [25] initially represented the distribution 

f active vapor bubble nucleation sites on a heater surface using 

 spatial Poisson distribution. In the Dry spot model, the proba- 

ility of presence of more than four active nucleation sites, within 

n area covered by two bubble diameters on the heated surface, 

s the criterion deduced for dry spot formation [24] . They support 

his criterion by stating that the surrounding bubbles cut-off the 

upply of liquid to the central vapor bubble through its micro- 

ayer and hence result in formation of a dry spot, as shown in 

ig. 3 . 

t

7 
This idea of quantifying bubble interactions is used in the 

resent study. It is proposed that the probability ( �) of occurrence 

f more than one active nucleation site within an area covered by 

wo bubble diameters quantifies bubble interactions. 

Given there exists an active nucleation site within the specified 

rea A c on the heater surface, the expression for probability of hav- 

ng more than n c active sites [24] reads, 

(n > n c ) = 1 −
n c −1 ∑ 

n =0 

�(n ) (23) 

(n ) = 

e −NA c (NA c ) 
n 

n ! 
(24) 

here N denotes active bubble nucleation site density, the num- 

er of nucleation sites per unit area. Ha and No compute N using 

he Kocamustafaogullari and Ishii [26] correlation. More advanced 
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Fig. 7. Experimental results of wall heat flux vs wall temperature ( P operating = 1 . 5 bar, T bulk = 95 ◦C and v bulk = 0 . 05 , 0 . 39 and 1 . 17 m/s ) in agreement with Rohsenow’s correla- 

tion in the FDB regime – Experiment by Steiner et al. [15] . 
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2

odels with improved prediction of active nucleation site density 

ave been developed since then and are available in the literature 

27–31] . In the present model, the correlation proposed by Li et al. 

31] is used for computing N. 

 = N 0 (1 − cos φ) e f (P) �T A �T sat + B 
sat (25) 

ith 

f (P ) = 26 . 006 − 3 . 678 e −2 P − 21 . 907 e 
−P 

24 . 065 (26) 

 = −0 . 0 0 02 P 2 + 0 . 0108 P + 0 . 0119 (27) 

 = 0 . 122 P + 1 . 988 (28) 

 − cos φ = (1 − cos φ0 ) 
(

T c − T sat 

T c − T 0 

)

 (29) 

here, N 0 is an empirical constant, P is the pressure (in MPa ), φ is 

he contact angle of the vapor bubble, T c is the critical temperature 

t which the contact angle becomes zero, T 0 is the room tempera- 

ure and φ0 is the contact angle at room temperature. The default 

alues of θ0 = 41 . 37 ◦ at T 0 = 25 ◦C, and 
 = 0 . 719 are used in the

resent study. 

In the present study, the probability � of having more than one 

ubble within the area ( A c ) covered by two bubble diameters, in- 

icating bubble interaction, reads, 

= 1 − e −NA c (30) 

 c = πd 2 a v ; d a v = 

2 

3 

d d , where d d = 2 r d S subcool (31) 

here, N is obtained from Eq. (25) . d a v is a time averaged diam- 

ter. The factor S subcool accounts for the effect of liquid subcooling 

n growing vapour bubbles [15] , i.e., the growing vapor bubbles 

xperience condensation at the bubble tip due to the subcooled 

ulk liquid. Hence, S subcool influences the bubble diameter. Note 

he expression for bubble growth rate, bubble radius as a func- 

ion of time, is presented in Eq. (14) . Ha and No used time av-

raged bubble diameter in order to ignore the statistical variation 
8 
n bubble departure diameter and frequency, since there are coex- 

sting bubbles of all ages [24] . The bubble departure diameter d d 
corresponding radius r d ) used in Eq. (31) is the one used in the 

DL model to estimate the flow induced suppression factor S f low 

n Eq. (8) . Any non-zero value of the estimated probability, �, in 

q. (30) , marks the end of the isolated bubbles regime and � = 1 

arks fully developed boiling regime. Hence the total wall heat 

ux using this new blended model that replaces Eq. (1) is written 

s, 

 wall = q BDL (1 − �) + q F DB (�) where q BDL = q f c + Sq nb (32)

here, S is provided in Eq. (19) . The probability of bubble inter- 

ction, �, weighs the relative importance of the BDL model (in 

he isolated bubbles regime) and Rohsenow’s pool boiling corre- 

ation (in the FDB regime), under given thermal and flow condi- 

ions. However, it is to be noted that the model does not result in 

ny meaningful estimation of the wall heat flux once FDB is at- 

ained, i.e., � = 1 . The model does not predict the CHF and boiling 

egimes beyond CHF. The procedure for calculating the wall heat 

ux using the new model is summarised in Fig. 4 . 

. Results and validation 

The new blended model is validated with results from sub- 

ooled flow boiling experiments by Steiner et al. [15] , here after 

eferred to as ‘Experiment 1’, and Lee and O’Niell [8] , here after 

eferred to as ‘Experiment 2’. Simplified academic geometries were 

sed in these experimental investigations. The test sections are 

orizontal channels of rectangular cross section with a rectangu- 

ar heater placed at the bottom face of the channel. While Steiner 

t al. [15] use an aluminium-alloy heater, Lee and O’Niell [8] use 

 copper heater. Both these experiments use water as coolant. The 

perating pressure, bulk coolant temperature and coolant bulk ve- 

ocity are varied to study their effects on subcooled flow boiling 

eat flux. The wall heat flux versus the wall temperature data are 

vailable from the aforementioned experiments. 

Empirical constants are present in the BDL model [15] , 

ohsenow’s correlation [11] and in Li’s model [31] for active nu- 

leation site density. Selected model constants are tuned to fit to 

vailable experimental data. In both Experiment 1 and Experiment 

, the constants m and C s f in the Rohsenow’s model, and N 0 in 



S. Vasudevan, S. Etemad, L. Davidson et al. International Journal of Heat and Mass Transfer 170 (2021) 121038 

Fig. 8. Wall heat flux vs wall temperature curves corresponding to P operating = 1 . 5 bar, T bulk = 95 ◦C and v bulk = 0 . 05 , 0 . 39 and 1 . 17 m/s – Experiment by Steiner et al. [15] . 
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he model for active nucleation site density are tuned to fit exper- 

mental data. The values chosen for the constants are justified in 

he forthcoming subsections. 

In this study, an optimization framework, HAMON, based on 

volutionary algorithms is used. HAMON is written in the pro- 

raming language Python and can handle single- and multi- 

bjective problems, as well as constrained and unconstrained ones 

32,33] . It is freely available online via GitHub [34] . It uses evolu-

ionary algorithms, either genetic algorithms or differential evolu- 

ion, as the optimization method. These algorithms fall in the cate- 

ory of stochastic optimization methods, which in contrast to more 

onventional gradient descent or quasi-Newton methods, do not 

eed the derivatives of the objective function(s) to be computed. 

hey try to mimic the evolution process seen in nature where a 

opulation of individuals is advanced from generation to genera- 

ion in order to try to improve the performance of the individuals. 

r

9 
or more details on the methods used, the interested reader is re- 

erred to Montero Villar et al. [32] . 

In the present study, the objectives are to reduce the error and 

tandard deviation with respect to the experimental data. For each 

f the experiments, the constants were optimized with a multi- 

bjective differential evolution algorithm using 300 individuals and 

00 generations. Even though this might be regarded as far beyond 

ufficient when it comes to the amount of individuals and gener- 

tions needed, due to the low computational time required, this 

as not a problem. 

.1. Experiment 1 

Different test conditions in experiments by Steiner et al. [15] , 

ith an aluminium alloy heater and water as coolant, are summa- 

ized in Table 1 . 
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Fig. 9. Wall heat flux vs wall temperature curves corresponding to P operating = 2 . 0 bar, T bulk = 95 ◦C and v bulk = 0 . 20 , 0 . 39 and 1 . 17 m/s – Experiment by Steiner et al. [15] . 
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For the model validation with this experiment, default values 

f the two empirical constants in the BDL model are retained, 

 = 0 . 21 and C s = 20 / 3 . The former was determined based on ex-

erimental values of bubble departure radii and the latter accounts 

or the presence of wall in the formulation of unsteady drag force 

ue to asymmetric bubble growth. Figs. 5 and 6 compare the re- 

ults from the modified BDL model, with modified formulations for 

rag and lift forces, and the original BDL model. 

In each of the plots in Figs. 5 and 6 , the experimental points

ring out the initial linear forced convection regime followed by 

he non-linearity depicting the influence of nucleate boiling. This 

ehaviour is well replicated by the numerical models too. In addi- 

ion to this, the saturation temperature, T sat , and the temperature 

t onset of nucleate boiling, T ONB , are marked. The temperature at 

nset of nucleate boiling is computed using the criterion proposed 

y Hsu [35] . Delay in the onset of nucleate boiling with increase 
10 
n bulk velocity is observed. The accuracy of the results has sig- 

ificantly improved after accounting for the presence of wall in 

he expression for the forces. This improvement is clearly visible 

n the regime after the onset of nucleate boiling for all cases ex- 

ept for the case of v bulk = 0 . 05 m/s in Fig. 5 . The departure radii

redicted with the modified BDL model are within the limits of 

xperimental measurements, except for the very low velocity case. 

his observation was in line with the agreement of departure radii 

redicted with the original BDL model by Steiner et al. [15] , with 

easurements. 

In the case with v bulk = 0 . 05 m/s in Fig. 5 , the bulk velocity is

ery low and hence the boiling is more intense. This intense boil- 

ng characterized by multiple interacting vapor bubbles. Due to 

hese bubble interaction, the suppression factor S f low 

in the BDL 

odel, based on isolated bubble mechanics, has negligible influ- 

nce on the wall heat flux. Thus, improvements made to the iso- 
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Table 2 

Experiment 2: conditions. Maximum heat flux limited to ≈ 0 . 8 × 10 6 W/m 

2 [8] . 

Bulk temperature ( ◦C) Operating pressure (bar) Bulk velocity (m/s) Saturation temperature ( ◦C) 

50 1.0 0.5 99.61 

70 1.0 0.5,1.0,2.0 99.61 

90 1.0 0.5,1.0,2.0,3.0,4.0 99.61 

90 1.4 0.5 109.29 

90 2.0 0.5 120.21 

90 2.6 0.5 128.71 

100 1.4 0.5 109.29 

110 2.0 0.5 120.21 

Fig. 10. Experimental wall heat flux vs. calculated wall heat flux (single phase forced convection data points) – Experiments by Lee and O’Neill [8] . 

Fig. 11. Wall heat flux vs wall temperature curves corresponding to P operating = 

1 . 0 bar, T bulk = 70 ◦C and v bulk = 0 . 5 m/s – experiments by Lee and O’Neill [8] . 
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ated bubbles formulations did not result in more accurate results. 

hese bubble interaction are captured by the new blended model. 

The new blended model introduces four more empirical con- 

tants: N 0 in Li’s model for active bubble nucleation sites, C s f , 

 and n p in Rohsenow’s correlation. The constant n p , dependent 

n the coolant material, is set to 1.0, a value commonly used for 

ater [36] . The constant C s f in Rohsenow’s correlation depends 

n the combination of the heater surface material and coolant, 

.e. aluminium alloy and water in this case. The constants C s f , 

 and N 0 are tuned in the present study to fit the model re-

ults to experimental data. The values C s f = 0 . 028 , m = 2 . 0835 and

 = 2849 are obtained. These constants remain the same for all 
0 

11 
he test cases in Experiment 1. The wall heat flux, q F DB , based on

ohsenow’s correlation, with values of n p = 1 . 0 , m = 2 . 0835 and

 s f = 0 . 028 , is plotted in Fig. 7 along with experimental results for

ifferent bulk velocities at operating pressure of 1.5 bar. The agree- 

ent of the correlation with experiments in the FDB regime is ob- 

erved for high wall temperatures ( T wall � 145 . 0 ◦C). 

Results from the new blended model are illustrated in 

igs. 8 and 9 . In these plots, heat flux estimated by the modified

DL model, FDB model and the new blended model are shown. 

he improvement in estimation of wall heat flux for the v = 0.05m/s 

ase is observed. The transition from the BDL model to the FDB 

odel based on the probability of bubble interaction, also shown 

n plots, is evident. This probability of bubble interactions is high 

or the low bulk velocity cases and low for the high bulk velocity 

ases. The decrease in probability of bubble interactions in the high 

ulk velocity cases is attributed to enhanced suppression of nucle- 

te boiling due to the flow. Moreover, owing to the higher satura- 

ion temperature at P operating = 2 . 0 bar, the onset of boiling is de-

ayed compared to the low pressure case and the isolated bubbles 

egime is prevalent at higher wall temperatures. Therefore, for this 

perating pressure the results from the blended model are closer 

o the BDL model. 

.2. Experiment 2 

Lee and O’Niel [8] studied experimentally the sensitivity of sub- 

ooled flow boiling heat flux to different parameters, such as liq- 

id bulk velocity, system operating pressure and liquid subcooling. 

n this subsection the new boiling model is validated with the re- 

ults from Lee and O’Niel’s experiments, with a cooper heater and 

ater as coolant, to showcase the sensitivity of the model to the 

forementioned parameters. The different test conditions in their 

xperimental study are summarized in Table 2 . 
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Fig. 12. Wall heat flux vs wall temperature curves corresponding to P operating = 1 . 0 bar and T bulk = 70 ◦C – experiments by Lee and O’Neill [8] . 

Fig. 13. Wall heat flux vs wall superheat curves corresponding to v bulk = 0 . 5 m/s and T bulk = 90 ◦C – experiments by Lee and O’Neill [8] . 
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For this validation case, the standard Dittus-Boelter correlation 

ould not estimate the forced convection heat flux accurately, see 

ig. 10 a. 

Therefore, the coefficients in the Dittus-Boelter correlation had 

o be modified to match the forced convection heat flux data 

oints in the experiment. The modified Dittus-Boelter equation 

eads 

u = 

h f c L c 

k l 
= 0 . 215 Re 0 . 68 P r 0 . 21 

l (33) 

he Dittus-Boelter correlation with the default coefficients is 

hown in Eq. (3) . The agreement of experimental data points with 

he modified Dittus-Boelter model is shown in Fig. 10 b. 

In the BDL model, the default value of 20 / 3 is retained for the

onstant C s in Eq. (14) . There is no available data on bubble di-
12 
meters for this experiment. Therefore, b = 1 . 0 , which is within 

he default range of values suggested by Zuber [37] in his diffu- 

ion controlled bubble growth model, is used in Eq. (14) . In the 

ohsenow’s correlation, n p = 1 is used since the coolant is water 

nd the other two constants, C s f and m, are optimized using HA- 

ON to fit to the available experimental data. Furthermore, the 

onstant N 0 in the model for active nucleation site density is also 

ncluded in the optimization process. As a result of the optimiza- 

ion, C s f = 0 . 0145 , m = 2 . 9 and N 0 = 1120 are obtained. The con-

tants remain the same for all the test cases in Experiment 2. 

Good agreement of the results from the new blended model for 

ne of the test conditions is shown in Fig. 11 . The new blended

odel transitions from the Dittus-Boelter model in the pure forced 

onvection regime to the BDL model at wall temperatures just 

bove the saturation temperature ( 100 ◦C at P = 1 . 0 bar) and fur-
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Fig. 14. Wall heat flux vs wall temperature curves corresponding to v bulk = 0 . 5 m/s and �T sub = T sat − T bulk = 10 ◦C – experiments by Lee and O’Neill [8] . 

Fig. 15. Wall heat flux vs wall temperature curves corresponding to P operating = 1 . 0 bar and v bulk = 0 . 5 m/s – experiments by Lee and O’Neill [8] . 
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her transitions to the FDB model based on the probability of bub- 

le interaction. Figs. 12–16 show the sensitivity of the heat flux es- 

imated using the new model to different parameters, such as bulk 

elocity, operating pressure and liquid subcooling. 

Fig. 12 brings out the sensitivity of the new model to liquid 

ulk velocity. The heat flux estimated using the new model is 

n good agreement with results from the experiment. It is to be 

oted that the linear behaviour of the wall heat flux with respect 

o wall temperature for the v bulk = 2 . 0 m/s indicates complete sup-

ression of nucleate boiling, which is also consistent with the ob- 

ervations by Lee and O’Niel [8] . The transition to FDB is observed 

or the lower velocities ( V bulk = 0 . 5 , 1 . 0 m/s ). The lower probability

f bubble interaction for v bulk = 1 . 0 m/s compared to v bulk = 0 . 5 m/s

s also consistent with their visual observation of decreasing bub- 

le population (increasing boiling suppression) with increasing 

ulk velocity. Thus the sensitivity of wall heat flux to velocity 
13 
n subcooled flow boiling has been replicated well by the new 

odel. 

The sensitivity to operating pressure is validated in Figs. 13 and 

4 . While in Fig. 13 the liquid bulk temperature is kept constant 

t T bulk = 90 ◦C, in Fig. 14 the liquid subcooling is kept constant 

t �T sub = T sat − T bulk = 10 ◦C. Lee and O’Niel visually observed de- 

rease in bubble population with increasing operating pressure 

or constant liquid bulk temperature [8] . They established in their 

tudy that, this was due to increase in subcooling at the higher 

ressures, since the saturation temperature of the coolant in- 

reases with increasing operating pressure. The results from the 

ew model are consistent with this observation; low values of 

robability of bubble interaction are estimated at higher pressures 

n Fig. 13 b. The effect of pressure alone is shown in Fig. 14 , where

he subcooling is kept constant by varying the bulk liquid tempera- 

ure. The model deviates significantly from a few data points. How- 
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Fig. 16. Wall heat flux vs wall temperature curves corresponding to P operating = 2 . 0 bar and v bulk = 0 . 5 m/s – experiments by Lee and O’Neill [8] . 
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ver, the orderly and responsive behaviour, described by Lee and 

’Niel [8] , of the boiling curves for different operating pressures, is 

eplicated. 

The sensitivity of the new boiling model to variation in liquid 

ubcooling at a constant pressure is validated in Figs. 15 and 16 . 

ee and O’Niel considered the wall heat flux to be converged at a 

all superheat of �T sat = 20 ◦C [8] , see experimental data points in

igs. 15 a and 16 a. In line with this observation, merging of all the

oiling curves into the pool boiling curve at this value of super- 

eat is observed in Fig. 15 a. But, the heat flux in the FDB regime

s over-predicted by the Rohsenow’s correlation at P = 2 . 0 bar (see 

ig. 16 a). Such an over-prediction of heat flux at higher pressure 

as not observed in Experiment 1. Furthermore, Lee and O’Niel 

isually observed fewer bubbles on the heated surface when the 

ubcooling was higher. Figs. 15 b and 16 b confirm this observation, 

here the probability of bubble interaction is lower for higher sub- 

ooling. 

Baring the over-prediction by Rohsenow’s pool boiling corre- 

ation at higher values of operating pressure, the validation with 

esults from Experiment 2 brings out the responsiveness of the 

odel to the three different input parameters, i.e., velocity, sub- 

ooling and operating pressure. 

. Discussion 

The new model estimates subcooled flow boiling heat flux 

cross different boiling regimes and is responsive to different input 

arameters. The model includes a formulation that indicates vapor 

ubble interaction which forms the basis for the blending func- 

ion. The blending function, in its current form, is a linear func- 

ion that weighs the relative importance of the BDL model and 

ohsenow’s correlation, expressed by Eq. (32) . Improvement of the 

lending function with other mathematical formulations is for a 

uture study. 

An important concern in extracting the potential in boiling, in 

any practical applications, is the need for an upper limit in or- 

er not to encounter q CHF and film boiling. This concern is ad- 

ressed in the present study, using a conservative approach, with 

he probability function. The value of the probability function rep- 

esents proximity to different boiling regimes; a value close to zero 

epresents proximity to the isolated bubbles regime and a value 
14 
lose to one represents proximity to FDB regime. We know from 

ection 2 that increasing the wall temperature beyond the FDB 

egime leads to encountering critical heat flux and eventually film 

oiling. Therefore, using the probability function to detect the in- 

ensity of boiling is proposed for practical applications. In this way, 

xtracting the potential in boiling is limited to the partially devel- 

ped boiling regime. It is important to note that the model does 

ot provide any more information about the q CHF or proximity to 

 CHF once FDB ( � = 1 ) is attained. 

It is also observed that, the material of the heater surface im- 

acts boiling heat flux and hence the correlations used to estimate 

t. For example, Hua et al. [9] and Abou-Ziyan [38] conducted sub- 

ooled flow boiling experiments with cast iron heating surfaces. 

he wall superheats involved in their experiments are as high as 

00 ◦C, which is twice that encountered in the experiments with 

luminium alloy by Steiner et al. [15] and copper by Lee and O’Niel 

8] . In terms of modelling, the Foster and Zuber correlation [18] , 

ith the default values of exponents, used in the BDL model, over- 

redicts the nucleate boiling heat transfer coefficient, h nb , for cast 

ron, shown in Fig. 17 . This over-prediction of h nb requires exces- 

ive flow induced suppression of boiling, i.e. a very small value 

or S f low 

, see Eqs. (8) and (19) . A small value of S f low 

results in

n-physically small values of bubble departure diameter. Thus, the 

DL model and the new blended model, in their current form, are 

ot suitable to estimate the wall heat flux for cast iron, where high 

all superheats are involved. 

It is evident that the material of the heated surface influences 

oiling. Given below are the thermo-physical properties [36] (ther- 

al conductivity k, density ρ, heat capacity c p and thermal dif- 

usivity α) of the heated surface materials relevant to the current 

tudy, at 300 K. 

1. Copper: k = 401 W/mK, ρ = 8933 kg/m 

3 , c p = 385 J/kgK and α = 

117 × 10 −6 m 

2 /s 

2. Aluminium: k = 168 W/mK, ρ = 2790 kg/m 

3 , c p = 883 J/kgK and 

α = 68 . 2 × 10 −6 m 

2 /s 

3. Iron: k = 72 . 7 W/mK, ρ = 7870 kg/m 

3 , c p = 447 J/kgK and α =
20 . 7 × 10 −6 m 

2 /s 

However, in the present work, no correlation is attempted to 

nclude the influence of thermo-physical properties of the metal. 
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Fig. 17. Wall heat flux vs wall temperature curves corresponding to P operating = 1 . 0 bar, T bulk = 90 ◦C and v bulk = 0 . 2 , 0 . 8 and 1 . 5 m/s – Experiment by Hua et al. with a cast-iron 

heater surface and water as coolant [9] . 
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The BDL model is based on the force balance on a vapor bub- 

le in horizontal channel flow with the heater at the bottom face 

f the channel. Therefore, we should have this in mind while us- 

ng the model for other combinations of orientation of the heater 

urface with respect to the flow of coolant. This is critical, espe- 

ially, when the heater surface is at the top face of the channel 

nd buoyancy keeps the vapor bubble attached to the heater. 

The new boiling model uses local input quantities except in 

he model for estimating forced convection heat flux, the Dittus- 

oelter model. However, when implementing the boiling model 

ithin a CFD solver, the forced convection heat flux is obtained 

rom the solver by solving the energy equation and the Dittus- 

oelter model is not required. This also negates the need to use 

 different set of coefficients in the Dittus-Boelter model for dif- 

erent experiments (see Section 4 ). The requirement of local input 

uantities makes the integration of the new boiling model in a CFD 

olver straightforward. 

. Conclusions 

A new numerical model to estimate subcooled flow boiling heat 

ux is introduced. The model is based on two well-established 

oiling models in the literature and additionally accounts for in- 

eraction of vapor bubbles. The concern for having an upper limit 

o avoid film boiling is addressed, in a conservative way, by using 

he probability of bubble interactions which indicates proximity to 

he FDB regime. Thereby, the boiling is limited to the partially de- 

eloped boiling regime. Furthermore, there is scope for improv- 

ng the mathematical formulation of the blending function in the 

odel. The model employs local input quantities and therefore can 

e integrated with CFD simulations. The CFD simulations, as part 

f a complete thermal analysis framework, provide the platform 

o test and implement precision cooling strategies for high power 

ensity applications. The limitations of the model in estimating 

all heat flux for different orientations of the heated surface and 

oolant flow is realized. Moreover, the Foster and Zuber correlation 

sed in its current form over-estimates the nucleate boiling heat 

ransfer coefficient when high wall super heats are encountered. 

lthough the model can be implemented in CFD simulations, we 

hould keep the limitations in mind while analysing the results. 
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