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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 applies 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 tubbaffle 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 [l-3], a ver- 
tical open-ended narrow annulus [4], vertical closed- 
bottomed narrow annuli [5], and vertical eccentric 
annuli [6-81. 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 [lo]. 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 : 

= 2.994x 105 s -“.2’3 0 L . (1) 

However, this correlation was found unsatisfactory 
compared with the experimental data by Hung and 
Yao [lo] particularly when the crevice is long in the 
axial dire&ion. 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 [lo] 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 

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 : 

q; = o.oo90[Bo”~5(D/L) 1.5] 

x (1 -e-1.8E”)if8pf”.5[ag(pr-pg)l”4. (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 [ 111. 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. 

FIG. 1. The tube-btie assembly. 
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NOMENCLATURE 

BO Bond number, as defined in equation u specific volume [m’ kg.- ‘] 
(19) [dimensionless] 2 elevation [m]. 

P 

diameter of the tube [m or mm] 
friction factor [dimensionless] Greek symbols 

F force per unit width [N m- ‘1 6 annular clearance [m or mm] 

9 acceleration of gravity [m s-‘1 P density [kg m- ‘1 
h head loss [m] cr surface tension [N m- ‘] 

;;: 
specific enthalpy [J kg- ‘1 5 shear stress at wall Ir\r m - 3. 
factor defined in equation (20) 
[dimensionless] Subscripts 

1 length of channel defined in Fig. 2,7cD/2 C 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 

lir mass flow rate [kg s ‘1 fr friction 

; 

pressure [Pa] g vapor 
total heat transfer rate [WI W weight 

9” heat flux [W m- ‘1 12 states defined in Fig. 2 
u specific internal energy [J kg- ‘] ID quantity based on one-dimensional 
V mean velocity [m s- ‘1 consideration. 

ANALYSIS AND CORRELATION occurs. Furthermore, because the gap size is generally 

Two-phase friction factor 
It was reported by Jensen et 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 

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 bafile. 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, I at.m) 
_-~-__-_I --. ..-I-.-~ - ..-._.-_ ..- 

Percentage error in q: estimated using prediction method 

Experimental 
I, 

Present work using 

(tZn) (tbn) (nZm) (lO’;lrrm-‘1 
Jensen et al. [9] Hung and Yao [iOj - ‘-~ --- ---- --- 

Fluid equation (I) equation (2) equation (22) equation (23) 
- ._-..-_____.-- _.-_ ____-- ~._~~~ -. -. -_ ~ ~_ -. ..-. . 

Water 11 I] 12.75 12.29 
12.75 12.29 
12.75 12.29 
12.75 12.29 
12.75 12.29 
12.75 12.29 
12.75 12.29 
12.75 6.32 

Water [IO] 25.4 76.2 

Freon-113 /IO] 25.4 76.2 
25.4 16.2 
25.4 76.2 
25.4 25.4 

Acetone [lo] 25.4 76.2 0.32 0.161 
25.4 76.2 0.80 0.550 
25.4 76.2 2.58 1.105 
25.4 25.4 0.32 0.947 

0.076 1.4 -7.2 --42.4 
0.16 2.6 -4.2 -4.4 
0.254 5.20 36.2 - 12.2 
0.356 4.35 -18.2 68.0 
0.508 8.01 14.x 38.2 
0.635 8.93 8.7 77.7 
1.02 10.4 - 20.4 172.4 
0.457 10.2 -7.7 -68.4 

0.32 0.339 72.3 28.8 

0.32 0.122 43.4 -22.5 
0.80 0.278 31.7 -5.7 
2.58 0.637 54.2 -1.1 
0.32 0.357 16.2 37.2 

91.3 
17.5 
56.8 

- 22.7 
.-.-...-_ 

-29.6 
-35.8 

-9.2 
-- 37.7 
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FIG. 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 

(P, -P&5-&-& = (P,~:--~pfV:)~. (3) 

Velocities V, and V2 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, = p,gD. (4) 

The weight of the fluid in the control volume F,,, is 
determined by assuming the average control volume 
quality to be 50%, and vg >> or. 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 

I;, = 2p,g16. (5) 

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

Ffr = 2~1. (6) 

By invoking the definition of the Darcy friction factor 

f=$ 

and the Darcy-Weisbach equation 

hf, =fgg (8) 

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

Frr = 2&r&j. (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 

momentum term on the right-hand side of equation 
(3) becomes 

(PB V: -PrC)d = &Ml - (PglPfW 

g pg v:s. (10) 

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

V2 = (g[(pf/p,)D-2(z+h,)l) 1’2. (11) 

An alternative expression can be obtained by sub- 
stituting hfr in the last equation using equation (8) 
and solving for V2 ; the channel length I can also be 
replaced by x0/2. Thus 

v2 = s(pfIps -xP 
’ 1 + @D/46) ’ (12) 

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

e PI v: : Y-&+p,g+-+z’=z+’ 
2g 2s 

+z,+ 
u2-u1 
- +hf,. (13) 

9 

The quantity @ 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 pfgD, 
the change in the static pressure head is 

P2Ufg ~-_+-_ 
9 . 

(14) 

Noting that z,-z2= -D, ul-u, =I+~, ire = 
uf,+ Pv,, &+I = (q”l)/p,V@, and Vf is very 
small compared with Vi, 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 : 

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 

pp V2Sifg 
C&n = 7’ (16) 

Velocity V2 can be substituted for using equation (1 l), 
thus 

&.ro = 9 {g[(PfIPg)D-2(1+hr,)l}‘12 (17) 

where the length of the flow passage I is x0/2. 
The friction-head loss hfr is defined by the Darcy- 
Weisbach equation (equation (8)). In this equation, 
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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 et al. [9], Jensen 
[I I], and Hung and Yao [IO]. 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 IlO] are substituted into equation (17) to calculate 
the fiction-head loss hr,. The friction factor f is sub- 
sequently calculated using equation (8) with the exit 
vapor velocity Vv, given by equation (11) or equation 
(15). The f data so calculated are presented in Fig. 
3. Hung and Yao [lo] suggested that the two-phase 
friction factor is dependent upon pf, ps, 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 : 

s= 0.13 K&!Z o~5~ol.3 

( > 
(18) 

where the Bond number is defined as 

vopot Flow out 

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 intluence 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 annular 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 Bow, 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 iIlustrates 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 

(19) 
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 above analysis assumes one-dimensional two- the entire flow of liquid input. Therefore, the critical 
phase flow in the annular crevice. It can predict critical heat flux for a short crevice can be assumed to be 
heat flux data for a long crevice with a satisfactory related to that of a long crevice of the same gap width, 
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FIG. 5. Comparison of experimental critical heat flux data 
of a short crevice with ~c~ations based on one~imensional 

analysis. 

tube diameter and fluid properties by the following 
simple equation : 

g; = &&lD. (20) 

This equation assumes that the critical heat fh_tx 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 [Ill of water boiling in a 
short crevice (L = 12.3 mm) of different gap widths 
are compared with calculated g&n. The data of 
g& are calculated by equation (16) while using equa- 
tion (12) for V,, 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 
q&a 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-dimension~i~d 
crevice length L/D to that of a 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 q;1 1D data in Fig. 5 were 
calculated. By the same token, it is clear that Kis unity 
at L/(3D) equal to one, as shown in Fig. 6. Jensen 
[I I] 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 co~es~nding 

I . 2 
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FIG. 6. Factor Kof water vs non-dimensional crevice length. 

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

m 

K= & . 0 (21) 

A power index M = - 1.3 is found suitable for water. 
In addition to water, limited short crevice dryout 

data with Freon-l 13 and acetone are available [I I]. 
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 

i 

-0.97 Freon-113 

?Yl= - 1.46 acetone 

- 1.30 water. 

These m data can be roughly correlated as 

(22) 

m = -6.34 b 
0.49 

0 
. 

R 
(23) 

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 
insulEcient 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) q& 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 Kfor 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 I( in the present method are 
determined based on the pubIished ex~~mental data 
listed in Table 1. Additional data of different crevice 
dimensions using a larger variety of boiling &rids 
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 

R&nun&--Le ph~nom~ne de tabulation critique dans une geomttrie annulaire ttroite est analyse en con- 
siderant un ecoulement diphasique dans une crevasse verticale. Des lois de conservation sont form&es et 
resolues analytiquement. Un coefficient de frottement diphasique est d&ermi& en utilisant des donnt-es 
experimentales deja publiees. L’effet de la longueur axiale de la crevasse est consider& pour une variete de 
fluides. La methode de prediction basee sur le present travail s’applique dans un large domaine de largeur 
d’anneau et de longueur de crevasse pour une variete de fluides avee une remarquable augmentation de la 

precision par rapport aux methodes existantes. 

BESTIMMUNG DER W~RMESTROMDICHTE FUR DEN DRYOUT IN RINGSPALTEN 

Zusammenfassung-Es wird die Siedekrise in horizontalen engen Ringspalten untersucht unter Beachtung 
der auftriebsgetriebenen Zweiphasenstriimung in einem senkrechten Spalt. Die Erhaltungsgleichungen 
werden formuliert und analytisch gel&t. Es wird ein Zweiphasen-Reibungsfaktor aus veriiffentlichten 
experimentellen Daten bestimmt. Ebenso wird der EinfluD der axialen Lange des Spa&es fib eine Vielzahl 
v&n Fluiden betrachtet. Das ~~hnun~ve~ahren der vorliegenden Arbeit zeigt in einem weiten Bereich 
der Spaltweite und Spaltlange fur eine Vielzahl von Fluiden eine ~tr~ch~iche Verbessenmg in der Genaujg- 

keit gegeniiber bestehenden Verfahren. 

PACYET TEHJIOBOI-0 IIOTOKA IIPM KPM3HCE KHI’IEHHII B OFPAHWIEHHOH 
KOJIbHEBOtr II@3IH 

~~~~eHHe KpH3HM KHlSBiHII B rOp~3OH~bHOM y3ROM XO~b~eBOM KaEEUIf? ~~H3~pyeT~~ 

Ha OCHOBaHHH ~ByX+a3HOi’O CBO60~OKO,IiBfSilliBHO~O TeYeHHII B B‘?pTHKaJIbHO% Y3EOii w%R. c+0pMy- 

JIH~BWbl H &EuteHbl aHaJlHTHW%KHC ~BHeHlrX COXpaHeHHn. c I-IOMOIIWO On,‘6nHKO~Hb% 3KCnepH- 

cuetnanbnwx naHHbm onpenenen eos#mnnetrr rpemtn AJUI neyx@asaoro norora. Tarcre paccMorpeuo 
nnnnnrre nnmmr sasopa nna nenoro pana pa6ou~x xutnxocre8. Meron pacueTa, OCHOBIUIH~~~~ na pesynb- 
rarax namtoU pa6orbr, cnpaeerunie a IUHPOK~M miana30ue 3HaveHn% ~HPHH~~ A XJIHHbl KOJIblIeBbIX 

3a30pOi-l ,ZJlS QeJ-IOrO PSRa RtmOCT& W fiaeT 6OJlW TOSRbIe Pe.3yJIbTaTbI, ‘RM paHee EiCIiOJIb30B~BUiECX 


