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ABSTRACT

This paper provides a comprehensive review as well as assessment of accuracy of published models and
correlations for net vapor generation point, vapor quality, and void fraction in subcooled vertical upflow
boiling in a circular tube. Also provided is a detailed discussion on the rationale and physical mechanisms
upon which the individual predictive methods are based. The assessment is accomplished by comparing
predictions to a new consolidated database consisting of 61 data points for thermodynamic equilibrium
quality at the net vapor generation point, amassed from 5 sources, and 1118 data points for void fraction,
from 11 sources. Overall, it is shown that correlations by Saha and Zuber provide best predictions for both
thermodynamic equilibrium quality at the point of net vapor generation and axial distribution of vapor
quality. In terms of void fraction prediction, best accuracy among prior predictive methods is achieved,
in order, using a slip ratio model by Thom, drift-flux model by Dix, slip ratio model by Ahmad, and
modified homogeneous model by Nishino and Yamazaki. It is shown that the vast majority of models
and correlations show far better accuracy over the higher range of void fraction of 0.20-1.0 than the low
range of 0-0.2. A new and simple void fraction correlation spanning the entire range of flow conditions
of the consolidated database is proposed, which is shown to yield superior overall predictive accuracy
compared to prior models and correlations. Finally, a step-by-step procedure for calculating void fraction
with best accuracy is presented.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Fundamentals of subcooled flow boiling

Subcooled flow boiling is encountered in numerous industrial
applications, such as steam generators, nuclear reactors, refrigera-
tion systems, and chemical processing plants, as well as in thermal
management of computer data centers and hybrid vehicle power
electronics [1,2]. Accurate modeling of subcooled boiling is highly
dependent on the ability to determine interfacial behavior and void
fraction; this is crucial not only for flow boiling in tubes but other
configurations as well, such as two-phase capillary flow [3], pool
boiling [4], jet impingement [5], and spray [6]. And, because of re-
cent increasing interest in cooling of high-power-density electronic
devices and systems, investigators are now placing special empha-

Abbreviations: HTC, heat transfer coefficient; MAE, mean absolute error; NVG,
net vapor generation; ONB, onset of nucleate boiling; OSV, onset of significant void.
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sis on investigating both interfacial behavior and void fraction in
mini/micro-channel flows [7,8].

Subcooled flow boiling is initiated with a single-phase liquid re-
gion at the inlet wherein the mean liquid temperature increases
gradually in the axial direction in response to an applied heat flux.
Using the commonly adopted assumption of thermodynamic equi-
librium, vapor is postulated to begin forming at the axial location
from the inlet corresponding to zero thermodynamic equilibrium
quality (xe =0). However, in practical terms, the vapor will begin
forming upstream of this location despite the bulk liquid remaining
below saturation temperature, provided the wall temperature suffi-
ciently exceeds the saturation temperature to permit vapor forma-
tion at the wall. The location where the first bubbles appear is the
point of onset of nucleate boiling (ONB) [9], but, in highly subcooled
boiling, the region immediately following ONB does not contribute
any appreciable increase in vapor void fraction, given that bubbles
in this region are subjected to a high degree of condensation. Far-
ther downstream, as the bulk liquid temperature continues to rise,
the degree of bulk subcooling gradually diminishes, which weak-
ens the condensation effects, causing the wall bubbles to grow big-
ger and begin departing into the bulk flow, thereby allowing for
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Nomenclature

A flow area

A1, A,  parameter defined in Table 2

a parameter defined in Table 1

Bo boiling number

Bo* parameter defined in Table 2

b parameter defined in Table 3

C distribution parameter

G parameter defined in Table 3 (i=1-7)
Cp specific heat at constant pressure
D tube diameter

Dy parameter defined in Table 2

E parameter defined in Table 2

F parameter defined in Table 1

f parameter defined in Table 1

G mass velocity

g gravity

h heat transfer coefficient; enthalpy
r parameter defined in Table 1

hg, latent heat of vaporization

K K parameters defined in Table 3
Ko, K;  parameters defined in Table 3

k thermal conductivity

m empirical parameter

mq, my parameters defined in Table 3

N parameter defined in Table 3

n number of datapoints

Pe Peclet number

Pr Prandtl number

p pressure

q" heat flux

Re Reynolds number

r parameter defined in Table 3
slip ratio

S parameter defined in Table 3

Si parameter defined in Eq. (8) (i=1-4)

T temperature

u velocity

u* parameter defined in Table 1

Ugj drift velocity

w mass flux

We Weber number

Xt Lockhart-Martinelli parameter

bY flow quality

Xe thermodynamic equilibrium quality

Y parameter defined in Table 3

Y+ parameter defined in Table 1

y parameter defined in Table 2

z distance from tube inlet

Greek symbols

void fraction

parameter defined in Table 3
viscosity

kinetic viscosity

parameter defined in Table 2
density

surface tension

parameter defined in Table 3
universal parameter in Eq. (7)

X« AQxdWMr<sxTw ® R

Subscripts
c critical point

exp experimental (measured)
f liquid

g vapor

H homogenous model

in inlet

NVG net vapor generation
pred predicted

sat saturated

sp single-phase

sub subcooling

a measurable increase in void fraction. The axial location where
the void fraction begins to incur such an increase is referred to as
point of net vapor generation (NVG) or, synonymously, onset of sig-
nificant void (OSV) [9]. A common demarcation of subcooled boil-
ing flow regions is: (i) single-phase liquid region upstream of the
axial location of ONB, (ii) two-phase highly subcooled region be-
tween the axial locations of ONB and NVG, (iii) slightly subcooled
region between the axial locations of NVG and x. =0, and (iv) sat-
urated boiling region beginning at the location of x, =0. Clearly, the
void fraction trends vary greatly among these regions.

Subcooled flow boiling is influenced by several factors, includ-
ing inlet pressure, inlet subcooling, mass velocity, heat flux, flow
orientation, and tube shape and hydraulic diameter, let alone the
thermophysical properties of the working fluid. The lack of ther-
modynamic equilibrium between the vapor and liquid phases is
cause for great difficulty modeling interfacial behavior and predict-
ing void fraction in subcooled boiling. A useful reference for ex-
ploring two-phase behavior in subcooled boiling is local thermo-
dynamic equilibrium quality, which is defined as

h—h
S (1)

Xo =
¢ hfg

where h, hgg, and hg, are, respectively, the local enthalpy, satu-
rated liquid enthalpy, and latent heat of vaporization. The thermo-
dynamic equilibrium quality is in effect a measure of the degree of
deviation from saturation. For a uniformly heated circular tube, the
local thermodynamic equilibrium quality can be calculated using a
simple energy balance,

4q'z
GD + hin - hf‘sat

hfg
where h;;,, q”, G, D and z, are, respectively, the liquid inlet en-

thalpy, wall heat flux, mass velocity, tube diameter, and axial dis-
tance from the inlet.

Xe =

(2)

1.2. Void fraction in subcooled flow boiling

Knowledge of void fraction in subcooled flow boiling is of
considerable practical importance in virtually any two-phase flow
calculation because it is indispensable to the prediction of sev-
eral other two-phase parameters, such as thermophysical proper-
ties, pressure drop, heat transfer coefficient, and critical heat flux.
Moreover, void fraction plays a crucial role when characterizing
flow regime transitions in subcooled flow boiling.

Void fraction refers to the ratio of space occupied by the vapor
to the total space within the flow tube. As discussed in [10], there
are four commonly used definitions for void fraction: local, chordal,
cross-sectional and volumetric, which refer to ratios based on point,
line, plane, and volume, respectively. The average cross-sectional
void fraction, o, defined as ratio of the portion of cross-sectional
area occupied by vapor, Ag, to the total cross-sectional area, A, is
the most frequently used definition, and is also adopted in the
present study. It is obvious that the magnitude of void fraction is
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Fig. 1. Schematic of void fraction evolution in subcooled flow boiling.

bounded between 0, corresponding to pure liquid, and unity, cor-
responding to pure vapor.

Fig. 1 shows a schematic of the axial distribution of void frac-
tion in subcooled flow boiling. Only liquid exists in the single-
phase liquid region extending from the tube inlet to the ONB point,
within which o =0. At the ONB point, vapor bubbles begin to form,
but in the highly subcooled region just downstream of ONB, the
bubbles remain attached to or slide along the heated wall and
tend to quickly condense and/or collapse because of the highly
subcooled liquid core. Therefore, the void fraction within this re-
gion exhibits a very mild and slow steam-wise increase. The NVG
point marks the axial location where a noticeable increase in void
fraction begins to take effect. This is where the bulk liquid sub-
cooling decreased to a level where vapor condensation effects are
suppressed, and vapor bubbles begin to grow and depart from the
wall. The NVG point marks a transition between the highly sub-
cooled region and slightly subcooled region. The void fraction con-
tinues to increase downstream of the location of x. =0 correspond-
ing to the saturated boiling region.

Due to the complexity in treating thermodynamic non-
equilibrium effects in subcooled flow, predicting void fraction in
a purely theoretical manner is a formidable challenge. This is why
most published void fraction relations follow purely empirical or
semi-empirical formulations, relying heavily on idealizations of un-
derlying interfacial behavior and fitting of empirical coefficients. As
will be discussed in subsequent sections, comparatively successful

relations show reasonable agreement with experimental data only
within their own validity range. A robust and accurate method to
predicting the void fraction, with a broad application range, is still
lacking and therefore warrants careful further study.

As to experimental studies, various techniques have been de-
veloped for measuring void fraction in two-phase flow, which can
be classified as intrusive or non-intrusive. The former methods,
including wire mesh tomography [11,12], optical fiber probe sen-
sors [13,14], impedance sensors [15,16], hot-film anemometry [17],
and quick closing valves [18,19], undoubtedly create disturbances
to the flow, especially for small channels. On the other hand,
non-intrusive techniques provide superior measurement accuracy.
They include photon [20], neutron [21], x-ray [11,22] and y-ray
[23,24] attenuation methods, ultrasonic wave propagation sensors
[25,26], capacitive sensors [27,28], and direct visualization using
high-speed cameras [29]. However, most non-intrusive techniques
pose important challenges, including high cost and safety [30], and
only transparent glass tubes can be used when adopting optical
techniques, which limits their ability to tackle flow in practical
metallic tubes.

1.3. Objectives of present study

Several review articles have been published in the past which
examined void fraction in vertical upflow. They can be classi-
fied into four categories: (1) adiabatic gas-liquid two-phase flow
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in tubes [31-35], (2) diabatic steam-liquid two-phase flow in rod
bundles [36-38], (3) diabatic steam-liquid two-phase flow in tubes,
and (4) combination of different flow orientations and configura-
tions [39-43]. The third group (i.e., reviews dedicated exclusively
to subcooled upflow boiling in vertical tubes) includes works by
Chexal et al. [44] and Vijayan et al. [45,46], in which data for rect-
angular and annular channels were also examined.

The present study will first provide a comprehensive summary
of underlying mechanisms and predictive methods for the NVG
point, which corresponds to the onset of increasing void fraction.
This will be followed by a review of vapor quality and void frac-
tion relations for two-phase upflow in a vertical circular tube. To
assess the accuracy of these relations, a consolidated experimental
database is amassed from 11 sources, which consists of 1118 data
points for void fraction spanning broad ranges of inlet pressure,
inlet subcooling, tube diameter, mass velocity, and heat flux. Based
on this assessment, the most accurate predictive methods are iden-
tified and recommended for prediction of (1) thermodynamic equi-
librium quality at the NVG point, Xe|nvg, (2) vapor quality, x, and
(3) void fraction, «, which include a new and both simple and ac-
curate correlation for void fraction.

2. Predictive methods for point of net vapor generation (NVG)

Kroeger and Zuber [47] proposed that reliable determination of
location of the NVG point is essential to accurate prediction of ax-
ial variation of vapor void fraction in subcooled flow boiling. Since
void fraction is negligibly small between ONB and NVG, it is as-
sumed for simplicity in the present study (as well as majority of
prior studies) that, rather than the ONB point, the NVG point is the
effective starting point for void fraction initiation. In other words,
the heated tube is demarcated by the NVG point into single-phase
and two-phase regions. In this section, prior predictive methods for
the NVG point will be briefly reviewed.

While the vast majority of studies agree that the NVG point is
the location corresponding to the onset of increasing void fraction,
and that its occurrence depends only on local thermal parameters
and flow conditions, there is a lack of concesus regarding the trig-
ger mechanism for NVG. Overall, NVG point relations can be cate-
gorized into one of three groups according to the mechanism pro-
posed: (1) thermal/hydrodynamic, (2) bubble departure, and (3) bub-
ble ejection, which will be discussed briefly.

2.1. Thermal/hydrodynamic mechanism

The relations proposed by Griffith [48], Ahmad [49], Saha and
Zuber [50] and Unal [51] all fall into this thermal/hydrodynamic
category, to name a few. But these relations differ in their descrip-
tion of the physical mechanism responsible for initiating the NVG
condition, though they all share the notion that the NVG point is
the outcome of near wall conditions dictated by local heat trans-
fer effects. For example, Griffith [48] suggested that the NVG point
is the location where the heated surface becomes fully covered
with a layer of attached bubbles, rendering the vapor layer ripe
for a substantial increase in the vapor production. Another hypoth-
esis is based on comptetion between the rates of vapor genera-
tion by boiling versus condensation [52] in which the NVG point
is viewed a transition condition where the former just begins to
exceed the later. And, downstream the NVG point, the same hy-
potehis points to the boiling greatly overwhelming the condensa-
tion, which causes the observed appreciable increase in the vapor
production. Another hypothesis, proposed by Ahmadi and Okawa
[53] based on experimental results for subcooled flow boiling in a
vertical rectangular tube, is that the NVG point occurs at the axial
location where the liquid subcooling equals the wall superheat.

International Journal of Heat and Mass Transfer 171 (2021) 121060

Among the published thermal/hydrodynamic models, Saha and
Zuber [50] is by far the most widely used. This hypothesis is based
on the assumption that the NVG point is controlled thermally at
low mass velocities and hydrodynamically at high mass velocities,
with the transition between the two regimes occurring at a Peclet
number (Pe=Re.Pry) of 70,000. Lee and Bankoff [54] showed the
Saha and Zuber correlation is among the most accurate tools avail-
able for predicting the NVG point. Additionally, several subsequent
investigators adopted the same form of the Saha and Zuber model
to correlate their own NVG data [55-58].

2.2. Bubble departure mechanism

Other studies attribute the point of NVG to the ability of bub-
bles to begin departing from the heated wall. According to this
mechanism, bubbles are very small and remain attached to or slide
along the wall between the ONB and NVG points, with the latter
providing the first opportunity for bubble departure.

One example of formulations utilizing this hypothesis is work
by Levy [59], who proposed that a bubble would depart from the
heated wall when the shear and buoyancy forces combined just
exceed the surface tension force. A key advantage of Levy’s formu-
lation is minimal reliance on empiricism, as well as ability to be
further extended to account for effects of contact angle and surface
roughness [60-62]. On the other hand, data and observations from
subsequent experimental works contradict the assumptions of the
Levy formulation [63-65], which explains why this hypothesis has
lost popularity in recent years.

2.3. Bubble ejection mechanism

A key difference between the mechanisms of bubble departure
and bubble ejection is that, while both are based on a bubble force
balance, the former is based on forces along the flow direction,
while that latter considers forces perpendicular to wall.

Dix [66] proposed a mechanism relating the occurrence of the
NVG point to the ability of bubbles to be ejected from a heated
wall bubbly layer. He postulated that, because of thermocapil-
lary and wall vortex effects, vapor bubbles in the highly sub-
cooled region cannot detach from the heated wall and end up
forming a wall bubbly layer. But, once the bubbly layer thickness
exceeds a threshold value, the bubble growth becomes unstable,
causing the bubbles to be ejected into the liquid core. They con-
cluded this destabilization of the bubbly layer is a primary cause
for the observed rapid increase in vapor void at the NVG point
[67].

However, subsequent flow visualization studies showed that
bubble ejection sometimes begins some distance upstream of
the NVG point, even immediately downstream of the ONB point
[64,68], therefore diputing the validity of the bubble ejection
mechanism.

Overall, a key target for most studies aimed at predicting loca-
tion of the NVG point in subcooled flow boiling is to determine the
corresponding thermodynamic equilibirum quality, Xe|yyg. A sum-
mary of the x.|yyg models and correlations is provided in Table 1,
along with corresponding ranges of operating conditions for each.
Missing ranges of operating conditions for certain models and cor-
relations is rooted in the lack of availability of such information
in many studies. Quite often, the relations proposed in one study
are extracted from previously published articles with no mention
of relevant operating conditions.

Given the lack of models and correlations providing broad cov-
erage of operating conditions, a common practice has been to
extrapolate relations beyond their applicability range, which can
clearly lead to serious predictive errors.
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Table 1
Summary of models and correlations for thermodynamic equilibirum quality corresponding to the NVG point, X.|xvc, in subcooled flow boiling.
Author(s) Formulae Remarks
Griffith et al. [48] (1958) Xenvg = — LLr%r 1450.1p pis in atm, u;, =6.1-9.1 m/s, p=3.5-10.3 MPa,

Levy [59] (1967)

Ahmad [49] (1970)
Dix [66] (1971)

Saha & Zuber [50] (1974)

Unal [51] (1975)

Sekoguchi et al. [69] (1980)

Siman-Tov et al. [70] (1995)

Kataoka et al. [71] (1997)

Kalitvianski [72] (2000)

Sun et al. [73] (2003)

Ha et al. [55] (2005)

Ha et al. [56] (2018)

Ha et al. [57] (2019)

Ha et al. [58] (2020)

SRL Model**

Xe,NVG =

Xe.NVG = —

Xe.NVG

Xe,NVG =

Xe.NVG =

_ J-0.11,uf <0.45m/s
—0.18, uy > 0.45m/s

Xe,NVG =

Xe,NVG =

Xe,NVG =

Xe,NVG =

Xe,NVG =

gy = 141 Z )14, Dy — |

=-0.00135L L (.G

Chy 100

_L(Cﬂ_ Prfy‘ ) Y+ <5

By gy
~ AR — g Pry 4 In(1 4 TE —Prp)]).5 <Y <30
d C
~ L~ [Prf +1In(1+5Pr;) +0.5In(4), Y+ > 30

4"¢yD ¢ GD\-1/2( ol y-1/3 ( hin y-1/3 ( Mg y-1/3
2AM,:,,%(M—/) ()13 ()13 ()

)1/2

hsp hgg N kppg

{—0 0022""%’“ , Pe < 70000

~153.85L¢ G,Pe > 70000

—0.11, uy < 0.45m/s
—0.24,uy > 0.45m/s

aq” Cpp

T for water and
sp llfg

, where a = {

for R22; hy, is single-phase HTC

—13.5(f-)0

—0.0022(0.55+11.21/ ATy 1n) “};'fv,gf’ . Pe < 70000
/3
~153.85(0.55+11.21/ ATyuy n) i Pe > 70000

q"ctD g"
-0.0022 ,UP,{! st Pe < 70000
-153.85; 1~

Pe > 70000

TG 500"
—0.on? “vf/” Pe < 36400

—26678.159 ",fng , Pe > 36400

1-/14+1.6p7q" 5/ pghye’

1 Ky peyo.a1 pp12 (PrUgDs y12
2p5/pg » whereh’ = Db(l’/) Prf ( Iif M,

a ]1/2
8(p;—pg)+0.75G?/pD

q”cP/DPe 08
o Pe < 52000

Xe NVG = I
q"c, DPe0.
*Mggw‘ Pe > 52000
0.8203
XeNVG = ~729() o ut <155 where u = ¢ [ 2 pas
' 732‘94(W) ,u* > 1.55 18p5 L g0 (pr—pg)
fg
— %P (0,0901 — 0.0893 exp(~ 18], u* < 1. 2
Xe NVG = gk e b where
-0. 9176‘177{//})570.5333, =12
= P 025
ut = ]53p/[m]
— %P [0,0901 - 0.0893 exp(— 58)], u* < 1.3
: - o , Where
e, NVG

2
ut = 153p/[ga(pf )

Xe.NVG =

_ 4"¢pD Re 077pr 13
Rjgk; — 00959

]0 25

ut>1.3

~0.00225%2, Pe < 70000
Pe > 70000

1
~ 0.0055-0.0009F h .G’

ATgpin=5-83 K, ¢ =18-120 W/cm?,
G =6000-9000 kg/m?.s

hsp = 0.023% ()3 (Sf10)2/5, ¥+ = 0.015,/0 Doy /iy,
1/3

F=00055[1+ 2+ %)

p=1-13 MPa, G=130-1450 kg/m?.s, ¢” =30-120 W/cm?

p=0.101-13.8 MPa, G=400-1050 kg/m?.s, ¢’ =2.0-121
W/cm?; both circular and rectangular tubes

p=0.1-15.8 MPa, G=132-2818 kg/mZ.s, q" =2.0-192
W/cm?, ATy, =3.2-42 K; circular, rectangular and
annular tubes

p=0.1-14.06 MPa, G =130-5097 kg/m?.s, q” = 1.86-380
W/cm?; circular, rectangular and annular tubes

q" is in kW/m?2, p=1.0-7.1 MPa, G =500-2000 kg/mZ.s;
low heat flux and low subcooling conditions

p=4.4-11 MPa, Pe = 32000-311000, G = 340-2100 kg/mZ.s,
q" =43-172 W/cm?

p=1.2-2.3 MPa, G=238-478 kg/m?.s, q" =1.27-9.4
W/cm?, X,;, =-0.61- -0.10; R12 in an annular tube

new fit to data cited by Saha & Zuber [50]

p=0.11-0.983 MPa, Pe < 70000, G=65-635 kg/m?.s,
q" =9.7-118.6 W/cm?, ATy = 11-86 K; circular and
annular tubes

p=0.11-6.9 MPa, Pe =3600-329000, G =65-2075 kg/m?.s,
q" =9.7-118.6 W/cm?, ATy = 10-79 K; circular,
rectangular and annular tubes

p=0.11-15 MPa, Pe =3600-333000, G =65-2532 kg/m?.s,
q" =9.7-221 W[cm?, ATy = 10-163 K; circular,
rectangular and annular tubes

- 1. 0782
T 1.015+exp( q5dp3; —5.0268)

*From ref. [30]
**From ref. [56]

3. Predictive methods for vapor quality

Vapor quality, x, also termed ‘mass dryness fraction’ in some
studies, is defined as the ratio of mass flow rate of vapor to the

total flow rate,

We PgligAg

= Wyt W, =

where W, p, u, A are the mass flow rate, density, velocity, and flow

darea.

Ideally, the vapor quality is equal to the thermodynamic equi-
librium quality, xe, only under conditions of ‘well mixed’ equilib-
rium flow conditions. However, this not never the case for sub-

Pglighg + prupAy

cooled boiling, where the two-phase mixture (subcooled liquid

and saturated or superheated vapor) exists in a thermodynamic

nonequilibrium state. Under these conditions, X, may be negative
where x is positive. Similar to void fraction, x ranges from 0 to

1, and its value may be significantly different from that of x., the
difference between x xand x. being an indicator of the degree of

(3) thermodynamic nonequilibrium.
As will be shown in the next section, void fraction, «, is gener-

ally expressed as a function of x, not x.. Therefore, accurate predic-

tion of void fraction requires use of appropriate relations for x as

well. Table 2 provides a summary of published relations for x, in-
clude both mechanistically based and empirical functions of x, and
Xe|nvg. Here too, missing ranges of operating conditions is rooted
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Table 2
Summary of models and correlations for vapor quality, x, in subcooled flow boiling.
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Author(s) Formulae

Remarks

: 1
Bowring (1962)* = ——wor
14322120
Pehiyg
X = XeXenve EXP(Xe/Xenvg—1)
T T—XenvG eXp(Xe/XenvG—T)

Method 1:

Saha & Zuber [50] (1974)
Sekoguchi et al. [69] (1980)

hophyg 2
[(Xe — Xenve) + 2227/4/ (Xe — Xenve)]

q" is in W/cm?, x. v is calculated using relation by
Griffith et al. [48]

x =A:€ exp(—Ay/§), where & = (XenvG — Xe) /XeNvG,
A; = 4.4BoPr**Re!” exp(A;), A; = —0.0836x, nycBo~1Pr2/3Re 1/

Method 2:

Assume x’ and calculate «, then calculate x” as

X" =Bo*(2y%7 — £y'/7), where

o e ]
Bo' = gb hiy = (E2 1) (R Py = [3(1+ ).

sy *'sp =

Repeat calculation until X’ converges with x”, then

_)x".x. < 0.2Bo*
] Xe, Xe > 0.2Bo*

*From ref. [30]

in the lack of availability of such information from the indicated
sources.

4. Predictive methods for void fraction

The literature includes five categories of void fraction predic-
tion methods: (1) homogeneous flow model, (2) slip ratio model, (3)
drift flux model, (4) miscellaneous correlations/models and (5) numer-
ical models, each having its own application range. It is important
to note that many of these models and correlations are based on
experimental work involving adiabatic two-phase, two component
flows (e.g., air-water and air-oil). Overall, thermophysical property
differences between two-component and one-component flows are
significant, let alone the fact that the latter are highly influenced
by wall heating. Therefore, relations based entirely on gas-liquid
flow data may not be suitable for diabatic vapor-liquid flow and
are, therefore, not discussed in the present paper. In this section,
only widely used liquid-vapor void fraction relations, Table 3, will
be introduced.

4.1. Homogeneous flow model

Combining the definitions of void fraction and vapor quality
yields the following relation for one-dimensional (slip) two-phase
flow:

1

0= —
Tx /s
145X 2

For homogeneous flow, the liquid and vapor phases are as-
sumed to possess the same velocity, i.e., the slip ratio S (= ug/uy)
equals unity. This reduces Eq. (4) for homogeneous flow to

1

= 1x Ps
1+ 20

Eq. (5) is by far the simplest equation for determining void frac-
tion. As shown in Table 3, several relations are essentially varia-
tions to the homogeneous flow void fraction, ay.

(4)

(5)

oy

4.2. Slip ratio model

In general, the value of slip ratio S is greater than unity, es-
pecially for vertical upflow, where buoyancy tends to increase va-
por velocity compared to that of liquid. The slip ratio models are
based on the assumption that the two phases acquire their own
uniform velocities and include an expression for S that generally
depends on thermophysical properties and inlet conditions. As in-
dicated in Table 3, some of slip flow relations are based on the
Lockhart-Martinelli parameter, X;;, which is square root of the ra-
tio of liquid to vapor pressure gradients.

4.3. Drift flux model

Zuber and Findlay [74] were among the earliest investigators to
propose general framework for the drift-flux model to determine
void fraction according to the relation

o= X (6)

c[x+§—§(1—x)]+pg%gf

where C is termed ‘distribution parameter’ and u; ‘drift velocity,
which take into account effects of non-uniform flow profile and
local relative velocity between the phases, respectively. Differences
among the various drift flux models lies in the choice of expres-
sions for C and ug;, which are different for different flow pattens,
and obtained either empirically or theoretically.

4.4. Miscellaneous relations

Some void fraction relations do not belong to either of
the above categories and are formulated empirically or semi-
empirically based on data. Examples include the mechanistic
model by Levy [75], which is based on the assumption of equal
friction and head losses, and the correlation by Yamazaki and Ya-
maguchi [76], with include a parameter accounting for relative ve-
locity between the two phases.

It is important to note that most of the void fraction relations in
Table 3 are based on experimental investigations conducted within
a limited range of operating conditions. Therefore, assumptions re-
garding their validity beyond original ranges warrant careful as-
sessment.

4.5. Numerical models

Numerical models are generally multidimensional and more
mechanistic than the above four categories of models and corre-
lations. For example, Lai and Farouk constructed a 2D two-phase
non-equilibrium model for the purpose of predicting void frac-
tion distribution [77], which employs mass, momentum and en-
ergy conservations equations for each phase, along with a wall
heat flux partitioning model and interfacial interaction relations
for closure. Certain numerical models require implementing fun-
damental relations for bubble parameters, such as nucleation site
density and bubble departure diameter and frequency [78-80], and
bubble departure diameter appears to have stronger influence on
predictions than nucleation site density [81]. And certain thermo-
hydraulic codes [82] require implementing flow regime transition
criteria is the sub-models used.
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Models and correlations for void fraction, «, applicable to subcooled flow boiling.

Author(s)

Formulae

Remarks

Modified homogenous model
Armand & Trescev [83] (1959)
Bankoff [84] (1960)

Massena [85] (1960)
Jones [86] (1961)**

Nishino & Yamazaki [87] (1963)
Chisholm [88] (1983)

Loscher™
Kiittictiglu™

Kowalczewski**
Moussali**

Slip ratio model
Maurer [89] (1960)*

Fauske [90] (1961)
Thom [91] (1964)

Zivi [93] (1964)
Turner & Wallis [94] (1965)

Smith [95] (1967)
Wallis (1969) [96]*
Ahmad [49] (1970)

Chisholm [97] (1973)
Madsen [98] (1975)
Spedding & Chen [99] (1979)
Chen [100,101] (1981, 1986)

Khalil et al. [102] (1981)

Winterton [103](1981)

Cioncolini & Thome [43] (2012)
Drift-flux model
Nicklin [104] (1962)

Zuber & Findlay [74] (1965)
GE-Ramp (1970)

Rouhani & Axelsson [105] (1970)
Rouhani & Axelsson **
Dix [66] (1971)

Saha & Zuber [50] (1974)
Nabizadeh (1977)"

Ishii [106] (1977)"

Ishii (1977)**

Unal [107] (1977)

o = (0.833 + 0.167x)an
o = (0.71 + 0.0145p)ay or @ = (0.71 + 0.0131p)ay
oo {0‘83311,., an <09

(0.833 + 0.167x)ouy oty > 0.9

« =[0.71 4+ 0.0131p + (0.29 — 0.0131 p)a’Jary

—1— (1= Pe 0.5
a=1-(F Fom)
— oy
O = o™

139 08810025
a=ay— oy (1—ay)>® (=) (1 -

o =a = (1- o) (;55)02 (1 - £)?

2
o = oy — 0.71(1 — a5 (27 )0045(1 — 2

P340 P\-022
2 ) ()

Lr
w=[1- 304@ Rt ot
60(1+1.6 L a3 27 i+
1
= or
1415 PO o4 (0.08951 p-2.6439)
1
= 15081 1x )06815+00|2|7p(/)7g)05
°f
1
o= 172
()
Ex

@ = 73z-7y» Where E is a function of pressure
p (bar) 1.014 17.24 4138 86.21 144.83 206.9 221.1
E 246.0 40.0 20.0 9.8 495 215 1.0
o = 1

i ()"

1
THX0% 12
a={1+042 (1 -1)+062 (1 - DRI D]y
o= (] XOS) —-0.38

1

0= —
~ 0016 Py ~0795
1+ 52 ()PP (D)
1

a=

0= ——
14 1% "g 1 x(177)
"
o=
1 pg 05
1+(12)" )
1
o=
1-x 065 pg 065
142.22(55)°% (%)
o= (p+‘;2/z
— 1
*= 1+(3+27.3x)%%
o= 1
1+{0.93(% )T r0.07( 2 )“5“]% z
o= X2

1+(m1 T)x™2

C=12, ug = 0.35,/gD

C=1.20 and u,; = 1.18[go (ps — pg)/,o}]‘/4
If o <065 C=1.1 and ug; = 2.9[go (p; — pg)/p}]"/*. Otherwise, C=1
£ 0.1(1 - @)/0.335 and ug; = 2.9(1 - a)[go (pr — pg)/p3]"*/0.335
C=1.12 and C=1.54 for low G, and u,; = 1.18[go (ps — pg)/,o}]”4
c=12- 02x or C=1+0.2(1 -x)(gDp3/G*)1/4,

1 )
C= xﬁf+(1 x)/)g[‘1 + ax p& ]b (pf/pg)o']v
ugj = 2.9[go (ps — pg)/pf]”4
C=1.13 and ugj = 1.41[go (o5 — pg)/p 2,]1/4
C=all+ Grgg D01 ()" (1)

Ugj = l<18[g0' (pf - pg)/pf]1/4
For churn turbulent flow,

C=12-0.2/pg/ps[1 - exp(-18a)],
ug; = (C—1)j +v2(go Ap/p})'/*

For annular flow, C =1+ % ugj = (C-D[j+ \/W]

C=min(Cyq, Cu) where Cj; =1.2-0.2,/pg/pf[1 — exp(-18a)],

Go=1+ 08+4«/pg/p

Ugj = min(ug1, Ug;2), Where ugj; = 1.43[go (o5 — pg)/pF1"4,
o 1o (p—p)gD(-a) 112

Ugja = ar| B 2 i]n{f‘*'[ 00155, | }

C=1.00 and ug; = 0.36[1 — (p/pc)]*°

p is in MPa, p=0.49-20.62 MPa

p is in MPa,
s =3.53125 — 0.02719p + 0.01233p?

p=6.9-13.8 MPa

p=275.8-2482.1 kPa, D=3.175-12.7 mm

E= (%)0.888(%)0.1776 [92]

22 —,
Xt = (ﬁ)o.l(%)o.s(%)o.g

a=1+log(5D)[log(1)]!

@ is a function of system pressure, tube
diameter and liquid-vapor interfacial
characteristics

p=1-2 atm, D=6.35, 2.75 mm, Q=5-35
L/h

my = 3.129(0g/py) 02156 — 2,129,
m, = 0.6513(pg/py)*51% + 0.3487

N =,/0.6(ps — pg)/ps

p=2-15.9 MPa, D=4.7-34.3 mm,
G=388-3500 kg/mZ2.s, " =1-200 W/cm?;
various tube geometries.

(continued on next page)
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Author(s)

Formulae

Remarks

Unal [108] (1978)

Sun et al. [109] (1981)

Liao et al. (1985)".

Sonnenburg [110] (1989)

Bestion [111] (1990)
Chexal et al. (1992)*

Takeuchi et al. (1992)

Miscellaneous correlations/models
Levy [75] (1960)

Yamazaki & Yamaguchi [76]
(1976)

Gardner [112] (1980)

Tandon et al. [113] (1985)

Huq & Loth [114] (1992)

C=1.03 and ug; = 16.1(gus(py — pg)/p}]'3

=[0.82+0.18(p/pc)11, ugj = 1.41[go (o5 — pg)/,o}]”4 for
saturated region, and C =
ug; = 1.18[go (o5 — pg)/p71"/*(1 —x) for subcooled region
For bubbly flow j; > 2.34 — 1.07(go A,o/pf)l/“, C=1.00 and
Uy = 1.53(1 — a)* (g0 Ap/p7) V4.
For churn turbulent flow, C =1.2 - 0.2, /pg/pf[1 — exp(-18a)],
ug; = 0.33(go Ap/p2)'4.
For annular flow, j > (8DAp/pg)'/?(1/C - 0.1),

C=1+(1+a)/(@+4,/0g/Py), U = (C— 1),/ Lrpe-e)

_ _ 05 ., . _ C(1-Car) /8D (py—ps)
C=1.32 - 0.32(pg/pf)°, Ugj = 0o+ Ca i,
C=1.00 and ug; = 0.188[gD(p; — pg)/pg]"/2

1-exp(-Ci) _ DA
C= m Ugj = 1.41(%)]/4C2C3C4C5, where
r= EREEL Ko = Ki + (1= Ki)(ps/ o),

= mi -1
Ky = min[0.8, T+exp[—max(Re;.Re;)/60000] .

C=1.11775 * 0.45881« - 057656012
C(1-Ca)DgAp

Usj = 1367 5Cal /ps/0;-1367) \ 507 mm(
x= a(1-20)+a(1-a) \/1-20+2ap;/ pg

2p;(1-a) /pgtar(1-2a)

]024@)

X

o =&
(A—a)(I-Ka) — pg 1-x

o _ g N ]2/3[/’s"ZVAp s

1,4

Vi-a (Apgo)
19231{(“315 0.9293Re; "%
Rt SR tnidind
oo 1 LR FXOF 0,1:0 <Rey < 1125
- 0.38Re] 0.0361Re;
- o+ W,Ref > 1125
2
o 2(1-x)

T T2x+144x(1=x) (g /ps— DI

XP, (A=X)pg 1b .
m[l + T/L] b= (ps/pg)"1,

p=4.3-18 MPa, D=8 mm, G=51-107
kg/m?.s, ATgypour =0-1.3 K

_ _4p —
G = P(e-p)’ G=
0.4757(In(2)1"” ifpy/pg < 18

1.ifps/pg < lSandCs >1

[1- exp(] 1f,of/,og < 18andGs < 1
C; = max[0.5, 2exp(65‘§,;f0)]c4 =

1,ifC; > 1 P

[1-exp(£5)] it <172~ 0 7

Co = /15005/p;, and C; = (0.09144/D)05

_ (py—py)gDui

K:{0571<’sz1 07

p=0.127-19 MPa.

F(Xee) = 0.15(X; " + 2.85X;0476)

* From ref, [42]

** From ref. [115]

# From ref. [41]*#From ref. [32]
+ From ref. [116]

++ From ref. [34]

In the remainder of this paper, numerical models will be ad-
dressed only briefly for completeness, but excluded from further
assessment against available experimental data.

5. Consolidated database

To evaluate the predictive tools discussed in the previous sec-

software.

Table 5. The data are obtained either directly from the origi-
nal sources or extracted from digitalized figures using commercial

The ranges of operating conditions for the consolidated

database are as follows:

1. Xe|nvg data:

- Fluid: water

tions, a consolidated database for subcooled vertical upflow boil- - Inlet pressure: pj, =0.1-15 MPa
ing in a circular tube is amassed from prior works. It includes - Tube diameter: D=11.3-24.0 mm
61 Xe|nye data points from 5 sources, which are summarized - Heat flux: q"=1.45-221 W/cm?

in Table 4, and 1118 void fraction

Table 4

data points from 11 sources, - Mass velocity: G=27.5-3438 kg/mz.s

Experimental studies on subcooled vertical upflow boiling in a circular tube used to obtain X.|nvc data.

Author(s) D (mm) Pin (MPa) G (kg/m?.s) q" (W/cm?) n

Ferrell [117] (1964)* 11.8 0.41-1.65 529-1318 24-68 11
Bartolomei & Chanturiya [118] (1967) 15.4, 24.0 1.5-4.5 900 38-80 11
Edelman & Elias [119] (1981) 11.3 0.10 27.5-185 1.45-9.55 16
Bartolemei et al. [120] (1982)** 12 3-15 405-2123 42-221 20
Labuntsov et al. [121] (1984)* 12.1 2-7 794-3438 58-116 3

Overall 11.3-24.0 0.10-15 27.5-3438 1.45-221 61

* From ref. [59]
** From ref. [61]
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Table 5

Experimental studies on subcooled vertical upflow boiling in a circular tube used to obtain void fraction, ¢, data.
Author(s) Liquid D (mm) Pin (MPa) ATgupin (K) G (kg/m?2.s) q" (W/cm?) nt
Rouhani & Becker [122] (1963) heavy water 6.10 0.67-5.96 NI 661-2030 36.5-130.4 149 (149)
Ferrell [117] (1964) water 11.8364 0.41-1.65 27-126 487-1785 24-68 679 (365)
Bartolomei & Chanturiya [118] (1967)" water 24.0 1.5-4.5 23-54 888 38-78 76 (72)
Thom et al. [123] (1967) water 9.7536 5.2-6.9 40.6-65.8 690-953 46.8-90.5 23 (23)
Kroeger & Zuber [47] (1968) R22 10.1 1.15-3.25 13-25 131-487 1.4-4.2 18 (15)
Fung & Groeneveld [124] (1980) water 11.94 0.1 5.1-20 495 18.2-28.1 20 (15)
Dimmick & Selander [125] (1990) water 12.29 0.165 27.5-61 620-1115 47.2-116.4 103 (47)
Bartolomey* water 12.03 3-15 14-141 405-2123 42-221 368 (294)
Labuntsov* water 121 7 33-67.5 730-2960 61.8-120 8 (6)
Rouhani* water 10 0.96-5 80.6-170.7 126-130 58.9-91.9 65 (64)
Sabotinov* water 11.7 6.79-6.86 18.5-97 419-1000 43-168.8 82 (68)
Overall water, R22 6.10-24.0 0.1-15 5-170.7 126-2960 1.4-168.8 1591 (1118)

+ Numbers in brackets indicate data point numbers actually used, which exclude data upstream the NVG point

* From ref. [126]
** From ref. [79]
# From ref. [127]

2. Void fraction data:
- Fluids: water, R22
- Inlet pressure: p;, =0.1-15 MPa
- Inlet subcooling: ATgy i, =5-170.7 K
- Tube diameter: D=6.1-24.0 mm
- Heat flux: q"=1.4-168.8 W/cm?
- Mass velocity: G=126-2960 kg/m?.s

6. Assessment of models and correlations

When comparing the consolidated database to predictions of
the previous models or correlations, all thermophysical properties
of the working fluids are obtained from NIST's REFPROP 8.0 soft-
ware [128]. As indicated in the previous sections, calculation of
void fraction requires knowledge of local quality, x, which in turn
is a function of both x¢|yvg and x.. The procedure for calculating
void fraction is as follows.

(1) Input the inlet condition parameters, such as p;,, D, G,
ATgp.in and ¢, and then calculate the axial distribution of
thermodynamic equilibrium quality, xe, using Eq. (2).

(2) Calculate thermodynamic equilibrium quality at the net va-
por generation point, Xe|nyg, using the different relations
from Table 1. If the calculated Xe|nyg is less than Xe i, Xelnve
is substituted by the value of x.;,. Otherwise, proceed to
Step (3).

(3) Calculate the axial distribution of vapor quality, x, using the
relations from Table 2.

(4) Calculate the axial distribution of void fraction, «, using the
relations from Table 3.

In the subsequent sections, the different methods for calculat-
ing Xe|nvg, %, and o will be first assessed, and a new and rather
simple correlation for o with superior predictive accuracy is pro-
posed.

6.1. Calculation of thermodynamic equilibrium quality at the point of
net vapor generation, Xe|nvg

As discussed in the previous section, accurate knowledge of
thermodynamic equilibrium quality at the NVG point, xe|nyg, iS an
important prerequisite for void fraction calculation. In the present
study, mean absolute error (MAE) is used to assess the accuracy
and reliability of the relations listed in Table 1, and is defined as

1 |Xi,pred - Xi,exp| 5
MAE = Y ——— x 100% (7

Xi,exp

where X req and Xjexp are, respectively, predicted and measured
values. In this section, x indicates Xe|nvg.

The MAE calculations reveal that, despite being one of the ear-
liest tools for predicting Xe|yvg, Saha and Zuber’s correlation shows
the highest accuracy (MAE =20.31%) of all relations from Table 1,
followed by Ha et al.’s correlation (MAE of 21.60%). Fig. 2 compares
Xelnvg values from the consolidated database with predictions of
the four best performing relations. All other relations are found to
show significant predictive errors, Table 6, presumably because of
being assessed beyond their original validity ranges.

It needs to be mentioned that the relations by Ahmad [49] and
Siman-Tov et. al. [70] are not included in the assessment study
since they both require knowledge of inlet liquid subcooling, in-
formation not available from a vast majority of data sources. The
relation by Kataoka et. al. [71] is also excluded because it modifies
the Saha and Zuber’s correlation [50] using the multiplier g”/8800,
where q” is in kW/m2. Using the experimental data from Table 4,
the value of this multiplier is smaller than 0.2, rendering this re-
lation far less accurate than Saha and Zuber’s. After comprehen-
sive consideration, the popular Saha and Zuber correlation is rec-
ommended for prediction of xe|nyg.

6.2. Calculation of vapor quality, x

Referring back to Table 2, three different methods are available
for calculating vapor quality in subcooled boiling. However, two of
those, Bowring (Method 1) and Sekoguchi et al., are excluded from
consideration for ultimate calculation of void fraction because both
are dependent on their own relations for xe yyg, which have been
shown earlier to be far less accurate than Saha and Zuber’s xe nvg
correlation. Furthermore, both methods show unrealistic predic-
tions of vapor quality. This shortcoming is captured in Table 7 for
four different sets of operating conditions, where both methods
show physically unacceptable values of vapor quality in excess of
unity, especially for cases with x, =0.8. Note also that the method
of Sekoguchi requires iteration, which itself depends on the vapor
quality calculation.

Of the three void fraction calculation methods, only the one by
Saha and Zuber [50] is shown to yield physically acceptable values
across broad ranges of conditions. Furthermore, it correctly pre-
dicts that, as x. tends to unity, x also asymptotically approaches
unity. The Saha and Zuber correlation also satisfied two important
limits: (1) x=0 at the NVG point, where X, =X.|nyyg and the va-
por generation is negligible, and (2) x— x, in the saturated boil-
ing region, where X, > Xe|nvg, Because of these facts, only Saha
and Zuber’s method is selected for ultimate calculation of the void
fraction.
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Fig. 2. Comparison of x.|xyg values from the consolidated database with predictions of the four best performing tools: (a) Saha and Zuber correlation, (b) Ha et al. correlation,
(c) SRL model, and (d) Levy model.

Table 6
Mean absolute errors of 13 x|nvg predictive methods against experimental data.

Author(s) Overall MAE Ferrell [117] Bartolomei & Chanturiya [118] Edelman & Elias [119] Bartolemei et al. [120] Labuntsov et al. [121]
Griffith et al. (1958) 155.52 45.62 47.29 491.43 23.77 42.19
Levy (1967) 34.74 32.99 29.11 34.44 41.61 17.49
Dix (1971) 159.78 40.73 125.15 128.75 262.28 205.53
Saha & Zuber (1974) 20.31 17.36 23.02 11.87 27.97 15.16
Unal (1975) 73.01 24.43 23.96 219.51 17.79 17.78
Sekoguchi et al. (1980) 717.30 118.51 69.52 2525.07 53.66 71.02
Kalitvianski (2000) 193.62 291.04 82.61 367.73 82.76 53.80
Sun et al. (2003) 68.67 23.74 24.86 184.31 3235 19.42
Ha et al. (2005) 21.60 19.53 22.32 12.20 30.96 14.32
Ha et al. (2018) 93.31 31.73 44.74 240.89 42.80 46.89
Ha et al. (2019) 41.51 18.25 21.13 87.47 32.49 16.52
Ha et al. (2020) 50.80 29.61 25.50 87.47 49.34 35.40
SRL Model 32.22 19.58 39.47 11.87 51.59 31.35
Table 7
Comparison of calculated values of vapor quality, x, using different relations for p;, = 100 kPa, ATy i =20 K, D=10 mm and ¢” =15 W/cm?.
Cases G Xe Xe|nve X
kg/m?.s Saha & Zuber Sekoguchi Bowring Saha & Zuber Sekoguchi Bowring
1.1 800 0.800 -0.009 -0.030 -0.005 0.800 1.509 0.854
1.2 800 0.020 -0.009 -0.030 -0.005 0.020 0.020 0.003
2.1 1250 0.800 -0.008 -0.022 -0.003 0.800 1.715 1.183
2.2 1250 0.020 -0.008 -0.022 -0.003 0.020 0.021 0.003

10
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Table 8
Preliminary check of void fraction, «, relations corresponding to three limiting con-
ditions.

Zero Unity Critical

quality quality pressure
Author(s) limit limit limit
Homogeneous and modified models
Homogeneous model yes yes yes
Armand & Trescev (1959) yes yes yes
Bankoff (1960) yes yes yes
Massena (1960) yes yes yes
Jones (1961) yes yes yes
Nishino & Yamazaki (1963) yes yes no
Chisholm (1983) yes yes no
Loscher yes yes yes
Kiitiictiglu no yes yes
Kowalczewski no yes yes
Moussali yes yes no
Slip ratio model
Maurer (1960) yes yes no
Fauske (1961) yes yes yes
Thom (1964) yes yes yes
Zivi (1964) yes yes yes
Turner & Wallis (1965) yes yes no
Smith (1967) yes yes yes
Wallis (1969) yes yes no
Ahmad (1970) yes yes no
Chisholm (1973) yes yes yes
Madsen (1975) yes (x—0)  yes (x—1) yes
Spedding & Chen (1979) yes yes no
Chen (1981, 1986) yes yes no
Khalil et al. (1981) yes yes no
Winterton (1981) yes yes yes
Cioncolini & Thome (2012) yes yes yes
All the drift-flux model

yes no no
Miscellaneous empirical correlations
Levy (1960) yes yes yes
Yamazaki & Yamaguchi (1976) yes (x—0)  yes (x—1) no
Gardner (1980) yes no no
Tandon et al. (1985) no yes (x—1) no
Huq & Loth (1992) yes yes (x—1) yes

Table 9
Evaluation of drift-flux model parameters at four limiting conditions.
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6.3. Calculation of void fraction, «

6.3.1. Preliminary check of relations

In this section, all the void fraction relations from Table 3 are
initially checked for three important limiting conditions: (1) zero
quality limit of =0 at x=0, (2) unity quality limit of ¢ =1 at
x=1, and (3) critical pressure limit of & =x at p=p.. As shown in
Table 8, only 16 relations among a total of 49 asymptotically sat-
isfy all three limiting conditions, and the remaining 33 relations
fail to satisfy at least one of the limiting conditions. It is interest-
ing to note that the popular drift-flux model fails to satisfy the
unity quality limit unless C+ pgugi/G=1, and the critical pressure
limit can be met only when C=1. But a simple inspection of the
drift-flux relations from Table 3 shows that the values of C and uy;
seldom satisfy these two limiting conditions.

It is worth noting that many prior investigators attempted to
correlate void fraction, o, with vapor quality, x, in pursuit of best
overall predictions rather than simply meeting the limiting condi-
tions. Therefore, the 33 relations failing to satisfy at least one of
the limiting conditions are not excluded from further comparison
with the consolidated database. Nonetheless, some of the same re-
lations suffer the additional drawback of exhibiting erroneous pre-
dictions in some cases. For example, the correlation by Tandon et
al. [113] predicts o values well above unity for even very small va-
por quality conditions. Errors are exhibited by other relations as
well, therefore any unrealistic values for « are excluded from com-
parison with the consolidated database.

6.3.2. Drift-flux model parameters

As can be seen in Table 3, a variety of expressions for distribu-
tion parameter, C, and drift velocity, u,;, have been adopted by dif-
ferent investigators when employing the drift-flux model. Chexal
et al. [129] proposed several limiting conditions for C and ug;: (1)
critical pressure limit (p=p.), where the two phases become in-
distinguishable in both properties and velocity, therefore, C and ug
should tend to 1 and O, respectively, (2) zero pressure limit (p—0),
where pg/p;—0, resulting in C=1 and ugj—oo, (3) unity void

Critical pressure limit

Zero pressure limit

Unity void fraction limit Zero void fraction limit

Models
C Ugj C Ugj C Ugj C Ugj
Nicklin (1962) no no no no no no no yes
Zuber & Findlay (1965) no yes no no no no no yes
GE-Ramp (1970) no yes no no no no no yes
no yes yes no yes yes no yes
Rouhani & Axelsson (1970) no yes no no no no no yes
Dix (1971) yes yes yes no yes no no yes
Saha & Zuber (1974) no yes no no no no no yes
Nabizadeh (1977) no yes yes no yes no no yes
Ishii (1977) no no no no no no no yes
no no no no no no no yes
Ishii (1977)"" Cih no - no - no - no -
Ci2 no - yes - yes - no -
Ugjy - yes - no - no - yes
Ugj2 - no - no - yes - yes
Unal (1977) yes yes yes no yes no no yes
Unal (1978) no yes no no no no no yes
Sun et al. (1981) yes yes no no no no no yes
yes yes yes no yes yes no yes
Liao et al. (1985) yes yes yes no yes yes no yes
no yes no no no no no yes
no yes no no no yes no yes
Sonnenburg (1989) yes no no no no no no yes
Bestion [71] (1990) yes yes yes no yes no no yes
Takeuchi et al. (1992) no no yes no yes yes no yes
Rouhani & Axelsson no - yes - yes - no -

* From ref. [42]
*+ From ref. [34]

1
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Table 10
Comparison of predictions of void fraction, o, models and correlations with the data.

Bartolomei &

Data/ Rouhani & Becker Chanturiya [118] Thom et al. [123] Kroeger & Zuber
Relations Overall MAE [122] (1963) Ferrell [117] (1964)  (1967) (1967) [47] (1968)
Modified homogeneous model
Homogeneous model 53.11 21.32 42.16 96.65 60.13 57.31
Armand & Trescev (1959) 36.26 5.94 29.11 68.69 40.88 46.17
Bankoff-1 (1960) 33.81 9.79 29.11 55.38 39.59 41.66
Bankoff-2 (1960) 33.49 10.00 29.12 54.70 39.11 41.75
Massena (1960) 35.86 5.49 29.02 68.28 41.37 45.55
Jones (1961) 33.41 6.29 24.53 59.06 35.85 45.53
Nishino & Yamazaki (1963)  29.00 16.31 21.00 34.13 28.95 44.02
Chisholm (1983) 36.54 5.66 28.10 73.01 48.25 47.88
Loscher 31.86 12.03 18.69 50.47 45.78 36.42
Kiittictiglu 57.78 51.30 75.38 55.11 59.68 32.39
Kowalczewski 30.86 19.70 32.77 39.66 37.42 32.32
Moussali 46.36 18.00 38.05 82.45 47.28 51.69
Slip ratio model
Maurer-1 (1960) 37.02 9.95 27.38 70.77 53.37 153.04
Maurer-2 (1960) 33.34 5.03 24.90 75.55 44.92 61.06
Fauske (1961) 53.44 45.14 56.68 60.24 46.00 44.33
Thom (1964) 25.79 7.04 17.31 38.36 21.29 41.26
Zivi (1964) 33.85 22.99 33.04 34.40 28.08 37.00
Turner & Wallis (1965) 39.46 38.57 46.98 29.58 39.12 42.69
Smith (1967) 34.69 4.74 25.99 68.82 45.13 47.32
Wallis (1969) 130.93 14.32 50.22 295.50 157.56 212.49
Ahmad (1970) 27.42 6.55 17.95 45.11 25.94 39.03
Chisholm (1973) 36.82 5.27 27.93 73.58 48.02 48.03
Spedding & Chen (1979) 30.76 18.38 23.04 51.17 45.00 51.02
Khalil et al. (1981) 36.80 3245 21.21 32.01 43.43 61.89
Winterton (1981) 81.51 34.23 65.81 157.14 99.58 76.68
Cioncolini & Thome (2012)  93.74 13.58 59.41 245.80 122.15 119.36
Drift flux model
Nicklin (1962) 3243 5.85 28.30 58.78 36.94 33.53
Zuber & Findlay (1965) 31.49 5.74 27.57 59.23 35.60 32.82
Rouhani & Axelsson (1970)  34.62 7.51 29.04 67.51 38.38 32.44
Dix (1971) 26.32 6.63 20.67 44.65 17.45 35.02
Saha & Zuber (1974) 33.18 6.74 28.14 64.60 36.80 31.06
Nabizadeh (1977) 31.53 25.59 25.43 29.38 30.41 39.68
Unal (1977) 38.32 15.57 32.27 71.96 39.91 26.26
Unal (1978) 40.34 14.74 33.57 77.29 43.12 29.00
Bestion (1990) 30.93 14.88 22.60 52.80 38.77 24.56
Miscellaneous
correlations/models
Levy (1960) 30.92 22.70 33.95 24.62 31.93 38.85
Yamazaki & Yamaguchi 36.38 8.21 30.42 61.75 44,68 47.34
(1976)
Tandon et al. (1985) 47.96 11.99 20.68 81.37 55.11 68.86
Huq & Loth (1992) 34.17 5.17 25.02 65.01 43.68 45.86
Present correlation

25.59 7.42 17.38 37.46 21.37 39.62
Average 14.97 31.75 70.30 46.45 52.07
Data Fung & Groeneveld  Dimmick & Bartolomey Labuntsov Rouhani Sabotinov
Relations [124] (1980) Selander [125]

(1990)

Modified homogeneous model
Homogeneous model 29.21 116.10 53.29 49.34 110.55 39.39
Armand & Trescev (1959) 20.26 91.06 37.71 44.67 78.39 21.95
Bankoff-1 (1960) 26.70 74.14 36.61 44.27 60.81 20.38
Bankoff-2 (1960) 26.71 74.10 35.73 4414 59.87 20.10
Massena (1960) 20.25 91.03 37.18 44.56 76.48 21.35
Jones (1961) 22.71 79.64 36.90 44.19 78.51 21.69
Nishino & Yamazaki (1963) 21.47 59.72 36.34 48.33 42.05 25.75
Chisholm (1983) 18.91 92.40 39.60 44.81 72.67 21.68
Loscher 34.46 71.10 45.37 44.97 35.67 29.86
Kiitiiciiglu 27.49 70.03 55.25 = 26.70 40.64
Kowalczewski 11.98 26.26 36.41 - 18.65 53.47
Moussali 28.48 105.38 44.66 46.98 103.44 33.47
Slip ratio model
Maurer-1 (1960) 59.22 60.33 40.38 52.34 60.47 22.33
Maurer-2 (1960) 18.49 80.99 35.08 42.95 66.24 16.93
Fauske (1961) 68.52 88.65 55.65 74.88 18.01 45.84
Thom (1964) 21.43 49.25 32.28 47.69 60.79 18.99
Zivi (1964) 40.72 67.11 37.64 59.25 26.00 26.95
Turner & Wallis (1965) 61.58 69.25 33.18 34.24 19.69 31.69

(continued on next page)
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Table 10 (continued)
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Data/ Overall MAE Rouhani & Becker Ferrell [117] (1964) Bartolomei & Thom et al. [123] Kroeger & Zuber
Relations [122] (1963) Chanturiya [118] (1967) [47] (1968)
(1967)

Smith (1967) 18.90 87.92 38.29 43.76 71.99 19.80
Wallis (1969) 23.64 103.49 264.60 307.37 103.22 93.69
Ahmad (1970) 21.32 50.30 33.73 44.48 68.05 21.63
Chisholm (1973) 18.87 92.44 40.45 45.05 74.79 21.85
Spedding & Chen (1979) 22.44 67.46 33.82 38.98 40.16 22.16
Khalil et al. (1981) 19.95 53.51 54.98 64.71 27.32 47.41
Winterton (1981) 33.30 196.28 81.85 76.86 138.71 60.69
Cioncolini & Thome (2012)  14.51 167.08 130.88 175.95 105.97 64.90
Drift flux model
Nicklin (1962) 20.74 86.52 34.80 44.27 50.54 20.10
Zuber & Findlay (1965) 20.92 84.45 34.46 44.22 41.78 20.01
Rouhani & Axelsson (1970)  19.77 91.85 38.11 44.97 49.72 21.82
Dix (1971) 21.15 59.15 36.34 58.13 16.86 22.60
Saha & Zuber (1974) 19.65 89.47 36.99 44.79 43.37 21.10
Nabizadeh (1977) 27.63 46.79 40.25 58.25 31.52 28.39
Unal (1977) 24.14 97.10 43.49 45.86 37.50 27.48
Unal (1978) 23.42 99.95 43.59 45.86 56.32 28.23
Bestion (1990) 27.97 61.00 41.84 45.71 21.83 26.30
Miscellaneous
correlation/model
Levy (1960) 50.75 59.46 29.43 36.73 29.43 20.52
Yamazaki & Yamaguchi 19.28 84.00 37.00 42.17 86.32 18.67
(1976)
Tandon et al. (1985) 27.84 49.40 88.16 68.22 60.49 46.80
Huq & Loth (1992) 19.19 84.16 39.58 4427 69.43 19.65
Present correlation

22.87 48.12 31.88 47.34 59.79 18.91
Average 26.92 80.66 49.59 58.83 57.50 30.13

* Negative void fraction values

fraction limit (¢—1), corresponding to pure vapor flow, where
C=1 and u,;=0, and (4) zero void fraction limit (o« =0), where
C=0 and u, > 0. These same four criteria are employed in this
section to evaluate the drift-flux models provided in Table 3.
Table 9 shows that none of the 18 drift-flux models from
Table 3 do satisfy all four limiting conditions, though they may
provide acceptable results for intermediate operating conditions.

6.3.3. Vapor void fraction comparisons

It must be reiterated that the vast majority of void fraction re-
lations are empirical or semi-empirical and based on experimental
data obtained under various ranges of operating conditions. Given
the strong influences of inlet pressure and mass velocity on bubble
dynamics, those influences are reflected in several of the previous
void fraction relations.

In this section, MAE is used to assess the predictive accuracy of
individual void fraction relations. A few relations are excluded from
consideration. They include those by Chen [100,101] and Gardner
[112], because values of empirical constants in these relations de-
pend on the specific sources of the data (operating conditions and
liquid-vapor interfacial characteristics), with different values used
for the different data sources.

Also excluded is the relation by Madsen [98], which incorrectly
predicts « values much smaller than unity for the entire range of
0 < x < 1. Also excluded are drift-flux models by GE-Ramp, Ishii
[106], Liao et al., Sonnenburg [110], Chexal et al. and Takeuchi et al.
(from ref. [32]), which rely on drift flux parameters that are them-
selves functions of void fraction, therefore requiring complex itera-
tive calculations to arrive at a void fraction prediction. It must also
be noted that, although MAE values are provided for all remain-
ing relations, some are not suitable for all operating conditions. For
example, the relation by Tandon et. al. [113] yields infinite « value
just downstream of the NVG point, and by Kiitiiciiglu, Loscher and
Kowalczewski (all three relations from ref. [115]) yield negative o
values for low values of x.

13

Table 10 provides detailed MAE values for 40 void fraction rela-
tions against data from several individual sources, as well as those
for a new correlation recommended by the present authors, which
is discussed below. Most notable among the previous relations in
terms of superior predictive accuracy are the slip ratio model by
Thom [91], drift-flux model by Dix [66], slip ratio model by Ahmad
[49], and modified homogeneous model by Nishino and Yamazaki
[87], with MAE values of 25.79%, 26.32%, 27.42% and 29.00%, re-
spectively. Fig. 3 shows comparisons of data with predictions for
the same four relations, along with those of other popular relations
by Levy [75], Saha and Zuber [50], Zivi [93], Smith [95], Yamazaki
and Yamaguchi [76] and the homogenous model, in addition to the
authors’ newly proposed correlation. Notice when comparing the
top preforming previous relations by Thom and Dix that, while the
former shows the lowest MAE, the latter appears to provide less
scatter. Also notable is that the Levy and Zivi relations generally
underestimate the consolidated void fraction database, while those
by Saha and Zuber, Smith, Yamazaki and Yamaguchi, and one ac-
cording to the homogenous model overestimate.

6.3.4. Proposed new correlation

In this section, an attempt is made to develop a new correlation
for void fraction which spans the broad overall ranges of operating
conditions of the entire consolidate database.

As indicated by Butterworth [92], many prior dissimilar void
fraction relations seem to adopt the common functional form

1
S3 S4
1=x)*2( pe Hg
s (2 (%) (%)
Notice that values of two of the constants in this equation, s;
and s, can be determined from the limiting condition of o =x
at the critical pressure, where pg=p; and ug=us This condi-

tion yields s;=s, =1. Using a regression technique, values of
the two remaining constants are determined as s3 =0.8599 and

(8)

o=
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Fig. 3. Comparison of consolidated void fraction data with predictions according to relations by (a) Thom, (b) Dix, (c) Ahmad, and (d) Nishino and Yamazaki, (e) Levy, (f)
Saha and Zuber, (g) Zivi, (h) Smith, (i) Yamazaki and Yamaguchi, and (j) homogenous model, along with (k) new relation proposed by the present authors.

s4=-0.1448. Since it is well known that void fraction is generally
strongly influenced by both flow quality and density ratio and to a
far lesser extent viscosity ratio [39], Eq. (8) can be simplified fur-
ther by eliminating the viscosity ratio term and re-employing the
regression technique, which yields the final form for the authors’
newly proposed relation.

(9)

14

Notice from Table 10 and Fig. 3 that, despite its very simple
form, the new relation has a MAE of 25.59%, slightly better than
Thom’s, the best performing prior correlation.

6.3.5. Segregation of predictions according to lower versus higher
ranges of void fraction

Some of the large MAE values for void fraction in Table 10 can
be attributed to a number of factors. First, correlations are gen-
erally based on a limited range of experimental operating condi-
tions, which renders extrapolations beyond their validity range un-
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Fig. 4. Mean absolute errors for different void fraction models and correlations segregated relative to two ranges of void fraction.

tenable. Second, possible sources of large MAE are associated with
the measurement of void fraction because of both sensor and data
processing errors; those are reflected in appreciable data scatter
in certain experimental works. Furthermore, as discussed earlier,
most void fraction predictive methods, including the present, are
based on the assumption that vapor generation will commence at
the NVG point, essentially neglecting contribution of the region
upstream of NVG corresponding to very small (near zero) void
fraction. Also, given both the very small values of both predicted
and measured void fractions shortly downstream of the NVG point,
and increased uncertainty of measurements in the same region, er-
rors are generally magnified for low void fractions.

To further explore the significance of these errors, MAEs for the
same models and correlations presented in Fig. 3 are segregated in
Fig. 4 into two separate void fraction ranges: low range (associated
with high measurement errors) of 0 < @ < 0.2, and higher range of
0.2 < a < 1; also shown are the overall MAE values for the entire
range of 0 < o < 1. Notice how, for all models and correlations,
MAE values for 0 < o < 0.2 are considerably higher than those
for 0.2 < o < 1. Interestingly, the MAEs for 0.2 < o < 1 are re-
duced considerably compared to the overall values for 0 < @ < 1:
from 25.79% to 14.75%, 26.32% to 13.66%, 27.42% to 16.17%, 29.00%
to 18.41%, 30.92% to 24.06%, 33.18% to 20.05%, 33.85% to 25.05%,
34.69% to 18.96%, 36.38% to 21.54%, 53.11% to 38.72% for the rela-
tions by Thom, Dix, Ahmad, Nishio and Yamazaki, Levy, Saha and
Zuber, Zivi, Smith, Yamazaki and Yamaguchi, and according to the
homogenous model, respectively. Overall, considering only data in
the range of 0.2 < o < 1, best predictions are achieved with the
relation by Dix followed by Thom’s (notice the order of lowest
MAE of the two is reversed compared to Fig. 3), evidenced by
their smallest MAEs of 13.66% and 14.75%, respectively. However,
one disadvantage of the Dix model is that predicts a void frac-
tion smaller than unity for x=1, especially in cases of high inlet
pressure and low mass velocity, which is why Thom’s method is
preferred among all previous predictive methods. Notice also in
Fig. 4 that, with MAEs of 52.58%, 14.59% and 25.59% for 0 < o <
02,02 <o <1and 0 < o < 1, respectively, the new correlation,
Eq. (9), surpasses those of Thom and Dix in predictive accuracy for
all void fraction ranges excepting Dix’s 0.2 < o < 1 range.

6.4. Recommended procedure for calculating void fraction

After the detailed assessment of 16, 4 and 49 models and cor-
relations used to predict xe|yvg, X and «, respectively, against the
present consolidated database, a void fraction calculation proce-
dure yielding the highest overall accuracy is recommended and
summarized in Fig. 5.

As can be concluded from the previous sections, despite the
successes of several models and correlations at predicting Xe|nvg,
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Calculate x, value at NVG point, X.|yves
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|Set Xelnva = Xe.in
Yes I

Calculate axial variation of vapor quality, x,
using Saha & Zuber correlation

|

Calculate axial variation of void fraction, ¢,
using Thom or present correlation

Fig. 5. Recommended procedure for calculating the void fraction.

x and «, determining void fraction for subcooled flow boiling re-
mains quite challenging and warrants significant future work. Rec-
ommended efforts include:

1. Developing more accurate and robust instrumentation and data
processing methods for measurement of low void fraction.

2. Performing void fraction measurements for subcooled boiling in
vertical upflow for a multitude of fluids.

3. Performing void fraction measurements for subcooled boiling in
different flow orientations, given the appreciable influence of
orientation on interfacial behavior and, therefore, void fraction
in tubes [130,131].

4, Capitalize of the successes of recent theoretical and computa-
tional modeling tools, which have shown significant successes
in modeling interfacial behavior in both boiling [132] and con-



C. Cai, I. Mudawar, H. Liu et al.

densing [133,134] flows to provide a more systematic basis for
predicting void fraction.

7. Concluding remarks

This paper includes a review and assessment of the accuracy of
prior models and correlations for net vapor generation point, vapor
quality, and void fraction in subcooled vertical upflow boiling in a
circular tube. Also discussed are the rationale and physical mech-
anisms upon which the individual predictive methods are based.
The assessment is based on a new consolidated database consist-
ing of 61 data points for thermodynamic equilibrium quality at the
net vapor generation point, amassed from 5 sources, and 1118 data
points for void fraction, from 11 sources. Following are key conclu-
sions from the study:

(1) Despite some successes in predicting the point of net va-
por generation, the mechanism of initiating significant va-
por generation is not well understood. Best predictions of
the point of net vapor generation over the entire range of
operating conditions are achieved with a correlation by Saha
and Zuber.

Axial distribution of vapor quality in the subcooled region

has generally been accomplished using both empirical and

mechanistic formulations. Here too, a correlation by Saha
and Zuber provides best overall predictive accuracy.

(3) In terms of void fraction prediction, best accuracy among
prior predictive methods is achieved, in order, using a slip
ratio model by Thom, drift-flux model by Dix, slip ratio
model by Ahmad, and modified homogeneous model by
Nishino and Yamazaki. And far better accuracy is achieved
by the vast majority of the models and correlations over the
higher range of void fraction of 0.20-1.0 than the low range
of 0-0.2.

(4) A new and simple void fraction correlation spanning the en-
tire range of flow conditions of the consolidated database
is proposed, which is shown to yield superior overall pre-
dictive accuracy compared to prior models and correlations,
and a step-by-step procedure for calculating void fraction
with best accuracy is recommended.
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