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Abstract—The phenomenon of boiling crisis in a horizontal narrow annular geometry is analyzed by

considering a buoyancy-driven two-phase flow in a vertical crevice. Conservation laws are formulated and

solved analytically. A two-phase friction factor is determined using published experimental data. The effect

of crevice axial length is also considered for a variety of working fluids. The predicting method based on

the present work applics in wide ranges of annulus width and crevice length for a variety of fluids with a
remarkable improvement in accuracy over the existing predicting methods.

INTRODUCTION

BOILING in a restricted annular geometry is commonly
found in the tube-baffle regions, as shown in Fig. 1,
in a horizontal shell-and-tube heat exchanger with
boiling in the shell side, such as the kettle reboiler and
vapor generator used in the process and chemical
industries. Because the restricted geometry retards
fluid circulation, localized dryout occurs at a heat flux
significantly lower than that of an open tube. This may
lead to deposition of impurities and possible chemical
attack of the tube surface.

In relation to this topic, nucleate boiling has been
studied for a restricted horizontal plate [1-3], a ver-
tical open-ended narrow annulus [4], vertical closed-
bottomed narrow annuli [5], and vertical eccentric
annuli [6-8]. Boiling and dryout phenomena on a
horizontal boiling tube with fluid flow restricted by a
concentric baffle were investigated by Jensen et al. [9],
and Hung and Yao [10]. By using a modified Reynolds
number based on the vapor flow within the annular
space, a scaling factor taking into account the density
change for different fluids, and two dimensionless geo-
metric groups, Jensen et al. [9] proposed the following
empirical correlation for the dryout heat flux for a
restricted annular region :
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However, this correlation was found unsatisfactory
compared with the experimental data by Hung and
Yao [10] particularly when the crevice is long in the
axial direction. As listed in Table 1, the error in the
critical heat flux predicted by the correlation of Jensen
et al. can be as great as 91%. Alternatively, Hung and
Yao [10] proposed a semi-empirical analysis based on
the balance between the buoyancy driving force and
the viscous drag force on the two-phase crevice flow.
Dryout was assumed to occur when the flow quality
reaches 100% at the top of the tube. A two-phase
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friction factor dependent upon densities of liquid and
vapor and Bond number was empirically determined.
The result is the following equation of dryout heat
flux :

g = 0.0090[Bo®S(D/L)"]
x (1—e~ "*)ig, p?log(pe—p1V*. (2

This model demonstrated a more accurate prediction
for long crevices than that by Jensen et al., however,
its accuracy deteriorates for short crevices. As shown
in Table 1, the error of the predicted dryout heat flux
using Hung and Yao’s method can be as great as 172%
compared with the short crevice experimental data
reported by Jensen [11]. Unfortunately, neither Jensen
et al’s nor Hung and Yao’s method seems to be
generally applicable to wide ranges of variables with
acceptable accuracy. Therefore, a better predicting
method is needed.

The present work proposes a model of boiling dry-
out on a restricted horizontal tube by considering the
buoyancy-driven two-phase flow in a vertical crev-
ice. Conservation laws are formulated and solved
analytically ; a two-phase friction factor is then deter-
mined based on experimental data. The effect of crev-
ice length is also considered for different working
fluids. Generally, this method predicts dryout heat
flux with a remarkable improvement in accuracy in
wider ranges of variables compared with existing
methods.
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F1G. 1. The tube-baffle assembly.
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NOMENCLATURE
Bo  Bond number, as defined in equation © specific volume m’ kg™ ']
(19) [dimensionless} z elevation [m].
D diameter of the tube [m or mm}
I friction factor [dimensionless] Greek symbols
F force per unit width [Nm~1} o annular clearance [m or mm]
g acceleration of gravity {ms™?) p density [kgm™°)
h head loss [m] o surface tension [Nm™'}
i specific enthalpy [Tkg™ ] T shear stress at wall [Nm~?].
K factor defined in equation (20)
[dimensionless} Subscripts
! length of channel defined in Fig. 2, nD/2 critical
[m or mm] f liquid
L length of the crevice, namely width of tube fg  difference in property for saturated vapor
guide as defined in Fig. 1 m or mm] and saturated liquid
rx  mass flow rate kgs™ 7] fr  friction
P pressure [Pa] g vapor
0 total heat transfer rate [W] w  weight
g’ heat flux Wm™7) 1,2 states defined in Fig. 2
u specific internal energy [Jkg™— ] ID  quantity based on one-dimensional
14 mean velocity [ms™ ' consideration.

ANALYSIS AND CORRELATION

Two-phase friction factor

It was reported by Jensen ef al. {9] that dryout
always starts at the top-center point of the heating
tube. Due to symmetry, the flow in the central section
of the restricted annular geometry is scarcely influenced
by the axial momentum of the liquid coming in
through the annular opening, and the two-phase flow
can be treated as one-dimensional, namely cir-
cumferential, in the central section where dryout

occurs. Furthermore, because the gap size is generally
very small compared with the tube diameter, the effect
of curvature can be neglected. This leads to the con-
sideration of a one-dimensional two-phase flow in
a narrow vertical channel as shown in Fig. 2. The
channel has a width the same as that of the annular
gap, and a length of half of the tube circumference,
nD/2. Only one of the walls is heated, while the other
is insulated. This simulates a heating tube passing
through an inactive baffle. Saturated liquid enters the
channel at the bottom, and is vaporized by the heating

Table 1. Experimental and predicted data of critical heat flux (saturation, | atm)

Percentage error in g¢ estimated using prediction method

Experimental Present work using
D L & gé Jensen et al. [9] Hung and Yao [10] — e e
Fluid (mm) (mm) (mm) (10°Wm™) equation (1) equation (2) equation (22) equation (23}
Water {11] 12.75 1229 0,076 1.4 ~7.2 -42.4 0 - 157
12,75 12.29 0.16 2.6 o W —4.4 38 - 1L 8
1275 12.29 0,254 5.20 36.2 —-12.2 ~23.1 —36.5
1275 1229 0.356 4.35 —18.2 68.0 195 2.4
12,75 12.29 0.508 8.01 14.8 48.2 -89 - 230
12775 12.29 0.635 8.93 8.7 777 -2.2 —17.2
12,75 12.29 1.02 10.4 ~20.4 172.4 25.0 —4.7
12,75 6.32 0457 10.2 —7.7 —68.4 21.8 333
Water [10] 254 762 032 0.339 72.3 28.8 28.0 28.0
Freon-113[10] 254 762 032 0.122 43.4 —~22.5 0.1 0.1
254 762 0380 0.278 3.7 —5.7 —-4.7 —4.7
254 762 258 0.637 54.2 1.1 14.8 4.8
254 254 032 0.357 16.2 37.2 0 0.5
Acetone [10] 254 762 032 0.161 91.3 -29.6 15.7 15.7
254 762 080 0.550 17.5 ~35.8 —24.3 243
254 762 258 1.105 56.8 -~9.2 2.8 2.8
254 254 032 0.947 ~37.7 0

—~24.1
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Fi1G. 2. Schematic of the dryout model treating the flow in
an annular crevice as in a vertical channel.

wall while ascending due to buoyancy. Saturated
vapor vents from the top at a much higher velocity
because of the low vapor density compared with
liquid.

With respect to the control volume including the
space between the walls, conservation of momentum
can be formulated as

(Py—Py)0~F,—Fy = (pVi—pVDs.  (3)

Velocities ¥, and ¥V, are the mean values of liquid at
the inlet and vapor at the exit, respectively. The driv-
ing pressure force is due to the difference in hydro-
static pressure at the inlet and the exit; i.e.

P, —P, = pegD. @

The weight of the fluid in the control volume F, is
determined by assuming the average control volume
quality to be 50%, and v, >» v;. The 50% quality is
based on the assumption that half of the liquid input
is vaporized into vapor in the control volume all the
time. Hence

F, =2p,glb. )

The frictional force F;, is due to the shear stress at the
walls ; thus

F =21l 6)
By invoking the definition of the Darcy friction factor
8t
f= o7 )
and the Darcy—Weisbach equation
1y
hy = %2 ®)

the shear stress can be substituted for by a function of
friction-head loss A;, ; the frictional force then becomes

Ffr = 2pgghfr5- (9)

Note 2p, is taken as the average density of the control
volume in this equation, which is based on the same
assumption of 50% quality made for equation (5).
By considering the conservation of mass, the flow
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momentum term on the right-hand side of equation
(3) becomes

(psVi—pV D)3 = p V31— (py/p01d
~ p V3. (10)

By substituting equations (4), (5), (9) and (10) into
equation (3), the vapor velocity at the exit is deter-
mined as

Va2 = {gl(pc/pg) D—2(1+hi)1} 2. an

An alternative expression can be obtained by sub-
stituting A, in the last equation using equation (8)
and solving for V,; the channel length / can also be
replaced by nD/2. Thus

2 _ g(pf/pg—n)D

Va= 1+(frD/4d)

(12)

Now consider conservation of energy, namely
the first law of thermodynamics, for the flow in the
channel ; the following equation is formulated :

P, V? P, V2
Q. P 7
mg  pg 29 P9 29
Uy—U
+z 4+ —— b (13)

The quantity Q is the heat rate to the control volume
and the driving energy of the entire flow. Since the
inlet pressure is greater than the exit pressure by pgD,
the change in the static pressure head is

(14)

Noting that z,—z,=—D, wu,—u; =1y, iy=
g+ Pog, Qfm=(q"Djp V36, and ¥? is very
small compared with V2, one can obtain the following
equation of dryout heat flux, namely the heat flux
that vaporizes the entire flow of saturated liquid into
saturated vapor when passing through the channel :

R pVid (. V3
dcp = —g—l—l_ (lrg+ =2 +heg ).

. as)

The subscript 1D designates the result based on a
one-dimensional consideration. In reality, the last two
terms in parentheses are usually numerically negligible
compared with the first term, and the above equation
reduces to

Pe Vzéifg

g =P )

Velocity ¥, can be substituted for using equation (11),
thus

‘S.fg 1/2
deaw =P (gUpdo) D—20+h)T} ' (17)

where the length of the flow passage / is nD/2.
The friction-head loss A, is defined by the Darcy-
Weisbach equation (equation (8)). In this equation,



1996

M D254
L=76.Zeom

10 ey . r——rrrry
H & 56783 3 4 8 T89
1 3 "o 2 5 o
(Pf' fg )0,5 BP
fq

FiG. 3. Correlation of two-phase friction factor.

the two-phase friction factor f is a function of geo-
metry and fluid properties to be determined based on
experimental data.

Experimental dryout data for horizontal annular
crevices of different dimensions using a variety of
fluids have been reported by Jensen er al. [9], Jensen
{11], and Hung and Yao [10]. Since the present analy-
sis is basically for a one-dimensional flow, the data of
axially long crevices are considered more suitable,
This is based on the consideration that the two-phase
flow in the central section of the restricted annular
geometry, where dryout is most likely to occur, is less
influenced by the motion of axial flow if the crevice
is long. The critical heat flux data of a long crevice
(76.2 mm in length, 25.4 mm in diameter) for Freon-
13, acetone, and distilled water reported by Hung and
Yao [10] are substituted into equation (17) to calculate
the friction-head loss 4. The friction factor f is sub-
sequently calculated using equation (8) with the exit
vapor velocity V', given by equation (11) or equation
(15). The f data so calculated are presented in Fig.
3. Hung and Yao [10] suggested that the two-phase
friction factor is dependent upon py, p,, as well as the
Bond number to account for severe bubble defor-
mation in a narrow crevice. The data are thus cor-
related by the following equation :

o \os
f= o.13(3f-—p£> Bo' (18)
Pg
where the Bond number is defined as
g 2
0 = 6[0_(pf'_pg)] - (19)

The above analysis assumes one-dimensional two-
phase flow in the annular crevice. It can predict critical
heat flux data for a long crevice with a satisfactory
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FiG. 4. Conceived flow pathlines in a quater of the annular
crevice.

accuracy (within 28% for a 76.2 mm long crevice). It
is noted that the length of the crevice did not par-
ticipate as a factor in the analysis. However, both
physical consideration and experimental data suggest
that the critical heat flux depends upon the crevice
length. This effect will be considered in the following
section.

Effect of crevice length

The previous analysis is based on the assumption
that the two-phase crevice flow is one-dimensional ;
i.e. the flow is upward and free from the influence of
the axial momentum of the liquid coming in through
the annular opening. This assumption is considered
to be valid for the flow in the central section of an
axially long anunular crevice. However, in a relatively
short crevice, there is an extra amount of flow in the
axial direction due to the liquid coming in through
the annular opening. It therefore takes a higher heat
flux to vaporize the entire liquid flow, and the previous
one-dimensional analysis tends to underestimate the
critical heat flux.

Irrespective of the length of the crevice, the sur-
rounding liquid can always feed into the crevice
through the annular opening everywhere except near
the top where vapor vents in the form of bubbles.
Liquid which enters near the top of the annular open-
ing would travel an axial distance shorter than that
which enters near the bottom; this is because buoy-
ancy forces the flow to move upward so that it reaches
the top before having penetrated axially deep. Figure
4 illustrates the conceived flow pathlines in a quarter
of the annular crevice. Near the center line of the
geometry, the flow is considered to be basically one-
dimensional. This is the premise that the analysis in
the previous section relies on. However, for a short
crevice, the effect of the liquid flow in the axial direc-
tion would be significant. In effect, this means an extra
amount of liquid to be vaporized in addition to that
considered in the one-dimensional model. This also
means a higher heat flux is needed in order to vaporize
the entire flow of liquid input. Therefore, the critical
heat flux for a short crevice can be assumed to be
related to that of a long crevice of the same gap width,
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Fic. 5. Comparison of experimental critical heat flux data
of a short crevice with calculations based on one-dimensional
analysis.

tube diameter and fluid properties by the following
simple equation :

g = Kq¢ip. 20

This equation assumes that the critical heat flux of a
short crevice is greater than that of a long crevice by
a factor K. The factor K is a function of crevice length,
diameter, and fluid properties.

In order to determine the factor K, experimental
critical heat flux data for short annular crevices are
compared with the data calculated based upon the
one-dimensional analysis. This is exhibited in Fig. 5
where experimental data [11] of water boiling in a
short crevice (L = 12.3 mm) of different gap widths
are compared with calculated ¢¢,n. The data of
gép are calculated by equation (16) while using equa-
tion (12) for ¥, equation (18) for factor f and equa-
tion (19) for the Bond number. The parallelism
between the two data lines confirms the relation
between the experimental data and the calculated
gt as suggested by equation (20). The proportional
factor K can thus be determined based on the plot.
Figure 6 exhibits the K data so determined (denoted
by an open circle) vs the ratio of non-dimensionalized
crevice length L/D to that of a2 76.2 mm long, 25.4 mm
diameter crevice of which the non-dimensionalized
crevice length is 76.2/25.4 = 3.00. This 76.2 mm long
crevice is taken as a reference geometry because dry-
out data of this crevice were employed to develop
the correlation for the friction factor f as given by
equation (18) wherewith the gZ 5, data in Fig. 5 were
calculated. By the same token, it is clear that K'is unity
at L/(3D) equal to one, as shown in Fig. 6. Jensen
[11] also reported data from an even shorter crevice
(L = 6.32 mm). The K data marked by a cross in Fig.
6 was based on that data and its corresponding
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Fi1G. 6. Factor K of water vs non-dimensional crevice length.

gé1n- The factor K and the ratio of dimensionless
crevice lengths thus can be correlated by the following
equation based on Fig. 6:

(4]

A power index m = —1.3 is found suitable for water.

In addition to water, limited short crevice dryout
data with Freon-113 and acetone are available [11].
The same procedure is followed to determine the K vs
L/(3D) relation. A relation similar to equation
(21) applies to these fluids. The power index data of
different fluids are

e2))

—0.97 Freon-113

m = <{ —1.46 acetone (22)
~1.30 water.
These m data can be roughly correlated as
i 0.49
m = —6.34(-‘3) . 23)
By

In this correlation, the power index m is taken to
be a function of the viscosity ratio of the fluid because
it is related to the rate of axial flow. However, this
correlation is considered to be tentative because of
insufficient data.

SUMMARY

In summary, the proposed prediction method based
on the present analysis includes the following cal-
culation steps:

(a) the Bond number defined by equation (19);

(b) the two-phase friction factor f given by equa-
tion (18);

(c) the velocity V', using equation (12);

(d) 9¢.1p using equation {16);
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(<) the factor K given by equation (21), and equa-
tion (22) or (23);
(f) the critical heat flux using equation {20).

The present method predicts the critical heat flux in
restricted annular geometries with significantly better
accuracy than existing predicting methods. As shown
in Table 1, compared with experimental data avail-
able, the error of the present method is within 25% if
the power index data regarding factor X for individual
fluids as given in equation {22) are used, and 36% if
a correlation given by equation (23} is used.

It is clear that this is not a complete analytical
model. Also, this analysis is not suitable for the situ-
ation where there is a pressure difference across the
baffle. The factors f and X in the present method are
determined based on the published experimental data
listed in Table 1. Additional data of different crevice
dimensions using a larger variety of boiling fluids
would be helpful in developing a prediction method
for a wider range of application.
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PREDICTION DU FLUX THERMIQUE DE L’ASSECHEMENT PAR EBULLITION POUR
UNE FISSURE ANNULAIRE ETROITE

Résumé—Le phénoméne de I'ébullition critique dans une géométrie annulaire étroite est analysé en con-

sidérant un écoulement diphasique dans une crevasse verticale. Des lois de conservation sont formulées et

résolues analytiquement. Un coefficient de frottement diphasique est déterminé en utilisant des données

expérimentales déja publiées. L'effet de la longueur axiale de l1a crevasse est considéré pour une variété de

fluides. La méthode de prédiction basée sur le présent travail s’applique dans un large domaine de largeur

d’anneau et de longueur de crevasse pour une variété de fluides avec une remarquable augmentation de la
précision par rapport aux méthodes existantes.

BESTIMMUNG DER WARMESTROMDICHTE FUR DEN DRYOUT IN RINGSPALTEN

Zusammenfassung—Es wird dic Siedekrise in horizontalen engen Ringspalten untersucht unter Beachtung

der auftriebsgetriebenen Zweiphasenstromung in einem senkrechten Spalt. Die Erhaltungsgleichungen

werden formuliert und analytisch gelost. Es wird ein Zweiphasen-Reibungsfaktor aus verdffentlichten

experimentellen Daten bestimmt. Ebenso wird der Einflul der axialen Linge des Spaltes fiir eine Vielzahi

von Fluiden betrachiet. Das Berechnungsverfahren der vorliegenden Arbeit zeigt in einem weiten Bereich

der Spaltweite und Spaltlédnge fiir eine Vielzahl von Fluiden eine betréichtliche Verbesserung in der Genauig-
keit gegeniiber bestehenden Verfahren.

PACUYET TEIAOBOI'O IOTOKA ITPH KPU3UCE KUITEHUA B OTPAHUYEHHOM
KOJBLEBON MENIN

Aunoraims—SBnieHHe KPU3NCA KHIEHUA B TOPHIOHTANLHOM Y3KOM KOJIBLEBOM KaHAJIC aHWIM3HPYETCH
Ha OCHOPaHUN 18YXxda3HOro cBOGOAHOKOHBEKTHBHOTO TEUCHHA B BepTHKANbHOM y3koH memn. Chopmy-
NHPOBAHK H PeLICHb AHAJIMTHYECKHE YPABHEHHA coxpaHeHHs. C noMOmIBIO ony0IHKOBAHHLIX IKCTIEPH-
MEHTAJILHBIX JAHHBIX onpejeneH xoadduument Tpenns s ApyxdasHoro notoka. Takxke paccMOTpero
BJIMAHNE JUTAHLI 3230pa JUIA HeJIoTo paaa pabodux xaakocTed. Meron paciera, OCHOBAHHBIA HA Pe3yih-
TaTax JanHOW paGoThl, CNpPABENNNB B IIMPOKOM ABANa3oHE 3HAYCHHH IMPHHBI A AJMHHL KOJNBUEBBIX
3a30POB I HENOro pAAa xuiakocrell H naet Gosee TOYHBIC PE3YALTATH, YeM paHee HCHOJIb30BABIINECH
METOHBL



