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Abstract-Experiments are performed to measure the critical heat flux (CHF) for low flow of water in 
vertical annuli near atmospheric pressure (0.118 MPa). CHF data are collected for water inlet subcooling 
ranging from 44 K (or 182 kJ kg-‘) to 75 K (or 312 kJ kg-‘), and mass fluxes from 0 to 260 kg m-' s-‘. 
The CHF values vary from 155 kW m-’ for zero inlet flow to a maximum of 1418 kW m-’ for a water 
mass flux of 260 kg m-’ s-l. The data are classified and correlated according to the flow transition which 
occurred at CHF. Two CHF correlations are developed, one for the slug-churn and the chum-annular 
flow transitions and the other for the annular-annular mist flow transition. The heat flux at incipient flow 
chugging is also measured and found to vary from a minimum of about 40% of the CHF values in the 
smallest annulus (annulus ratio = 1.575) to a maximum of approximately 88% of CHF in the other larger 
annuli (annulus ratio = 1.72 and 2.0). Results also show that the heat flux at incipient chugging increases 
as either the water mass flux or inlet subcooling increases. The CHF values for zero inlet flow are predicted 

within +25% using Block and Wallis’ flooding correlation. 

INTRODUCTION 

CRITICAL heat flux (CHF) is a phenomenon which 
results in a build up of an insulating vapor layer on 
the heater’s surface. This vapor layer causes an abrupt 
reduction in the heat transfer rate and a simul- 
taneous, precipitous rise in the heater’s surface 
temperature. This rise in the heater’s surface tem- 
perature could be enough to cause material failure of 
the heater. 

The CHF (or the boiling crisis) phenomena can 
generally be classified into two broad categories 
depending on the vapor quality. The first, departure 
from nucleate boiling (DNB), usually occurs at a low 
vapor quality typical of that encountered at high pres- 
sure and/or high coolant mass velocities. This type 
of CHF phenomenon noted by a transition from 
nucleate boiling to film boiling associated with an 
abrupt increase in the heater’s surface temperature. 
Several conditions leading to the occurrence of the 
DNB type CHF have been proposed by Tong [l], and 
recently by Hewitt [2], Collier [3] and Katto [4]. The 
second category of the CHF phenomena is dryout 
CHF, which is commonly referred to as Harwell’s 
model because it was first postulated by Harwell scien- 
tists [5]. This type of CHF usually occurs at high vapor 
quality or void contents typical of those occurring 
in constrained geometries and at saturated or near 
saturated flow conditions. Prior to the boiling crisis, 
the heater’s surface is covered by a thin layer of liquid, 
while the bulk of the coolant flow consists of a mixture 
of vapor and entrained liquid droplets. The heat flow 
through the liquid film induces evaporation at the 

surface of the liquid layer the thickness of which 
decreases as the heat flux increases. The thickness of 
this liquid film is also influenced by the phenomena 
of liquid droplet entrainment and deposition. When 
the heat flux is high enough to evaporate the liquid 
fihn, the surface dries out, causing an abrupt rise in the 
heater’s surface temperature. The values of the dryout 
type CHF as well as the heater’s surface temperature 
at CHF are lower than those for the DNB type CHF. 
The flow pattern observed in the dryout type CHF is 
generally an annular or an annular mist type flow. 
Extensive reviews of the scenarios leading to the 
occurrence of the dryout type CHF have been pre- 
sented by several authors [2-71; however, there has 
been little direct experimental study of these scenarios 
for low flow and low pressure conditions. 

Although many CHF correlations are available for 
multi-rod bundles and for annuli and tubes, these 
correlations were developed based on mostly high 
flow rate and high pressure data [8-l 11. Consequently, 
using these correlations to predict CHF values at 
lower flow rates and low pressures would be inap- 
propriate. Biasi et al. [8], have developed two CHF 
correlations ; one was based on low vapor exit quality 
data and the other was based on high exit vapor 
quality data. These correlations covered a wide range 
of pressure (0.27-14.2 MPa) and mass fluxes (lOO- 
6000 kg m-* s-l) for various tube diameters and 
lengths (D = 0.003-0.0375 m and L = 0.2-0.6 m). 
Similar to Biasi et al. [8], Macbeth [9, IO] has developed 
two correlations, one for low mass fluxes and the other 
for high mass fluxes. The range of the water mass 
fluxes for these correlations varied from 13.6 to 12 232 
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NOMENCLATURE 

A cross-sectional flow area [m”] 

Ah heated surface area [m*] 
D diameter [m] 

& equivalent diameter based on wetted 
perimeter [m] 

Deb equivalent diameter based on heated 
perimeter [m] 

S 
gravitational acceleration [m se 2] 
water mass flux [kg m -’ s ‘1 

G* dimensionless mass flux, equation (1), 

%&w&4 
h, inlet water enthalpy [kJ kg -‘I 

h, saturated water enthalpy [kJ kg-‘] 
h latent heat of vaporization [kJ kg -‘I 
A?ri h,--hi [kJkg-‘1 

j drift velocity [m s- ‘1 
L length of heated section [m] 
ti water mass flow rate [kgs-‘1 

N,r dimensionless viscosity, equation (6), 

b-+/(w~WwW”l 
P pressure [MPa] 
Q total power [kW] 

Y* dimensionless CHF, equation (I); y:‘/h,, 

j(+&) 
qb’ critical heat flux [kW rn. ‘1 
Re, film Reynolds number, equation (7), 4T,iv,. 

Greek symbols 
l- volumetric flow rate per wetted perimeter, 

equation (8) [m’s_ ‘1 

4 thickness of liquid film [m] 
E annulus ratio, Do/D, 
i coefficient, equation (1) / cr 

/L dynamic viscosity [kg rn’-‘d- ‘B”“) I I 

1’ kinematic viscosity [m’s ‘1 

P density [kg mm’] 

AP pr-pv [km-‘I 
D water surface tension [N m ‘I. 

Subscripts 
f liquid 
i inner heated tube 
0 outer wall 
V vapor. 

kg mm2 s-‘. However, the low mass flux correlation, 
which is of interest to the present work, employed 
only six CHF data points at 0.104 MPa ; the rest of 
the 372 data points were for a system pressure between 
0.24 and 13.8 MPa. For subcooled flow conditions in 
tubes, annuli, and multi-rod bundles, Bernath [ 111 has 
developed a CHF correlation based on data taken at 
system pressures ranging from 0.104 to 20.68 MPa 
and for coolant mass fluxes ranging from 750 to 5000 
kg mm2 SK’. Because of their limited data base at low 
flow, the applicability of the Macbeth and Bernath 
correlations to low flow, low pressure conditions is 
questionable. 

Other research has shown that for a given inlet 
subcooling while the CHF increases precipitously with 
the coolant mass flow velocity at low mass flow rate, 
it increases at a much lower rate at higher coolant 
mass flow rates [3]. The coolant mass flux at the tran- 
sition from the low to the high flow CHF regimes 
is independent of geometry. This transition was 
reported to occur in vertical tubes at about 200 kg 
m-’ s-’ [12], and in vertical annuli at about 180 kg 
mm2 s-’ [13]. The difference between these transition 
values of tubes and annuli is insignificant considering 
possible experimental errors and judgements involved 
in establishing the transition values. Another major 
difference between the low flow and high flow CHF 
regimes is that in the high flow regime the CHF values 
strongly depend on the inlet subcooling ; conversely, 
in the low flow regime the CHF values are nearly 
independent of the inlet subcooling. 

The only consistent CHF data for low flow of water 

in vertical annuli at near atmospheric pressure were 
those reported by Rogers et al. [13], and Mishima and 
Ishii [14]. Rogers et al. [13] collected CHF data for 
upward flow of water in vertical annuli (annulus ratios 
of 1.68, 1.91, and 2.31) for both subcooled and satu- 
rated conditions. The water mass fluxes ranged from 
60 to 1200 kg mm2 s- ’ with the majority of the data 
being collected at mass fluxes greater than 180 kg mm2 
s ’ ; the CHF data were collected at water mass fluxes 
less than 180 kg mm2 s-’ in only one annulus, E = 1.68. 
In these experiments [ 131 the CHF occurred as a large 
vapor slug passed through the top of the heated sec- 
tion ; however, the flow transition at CHF was not 
investigated. The CHF correlations developed by 
Rogers et al., based on the linearity exhibited by the 
data between the CHF and the inlet subcooling for 
mass fluxes higher than 180 kg rn- ’ s-‘, were entirely 
empirical. Because the constants of the correlations 
were determined individually for each annulus, the 
correlations could not be applied to other annular 
geometries [ 131. 

Mishima and Ishii [14] related their CHF data to 
the flow transition (churn-annular flow) which 
occurred at CHF. They identified the flow transition 
at CHF in two ways: by plotting the CHF values vs 
the equilibrium exit quality on a two-phase flow map 
and by visual observations. However, the data base 
obtained was limited since these experiments were 
confined to only one annulus, E = 1.27, and to very 
low water mass fluxes (from 0 to 40 kg rn--’ s-l). 
Mishima and Ishii [14] correlated their CHF data 
using a drift flux model transition criterion from churn 
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flow to annular flow and assuming that the void dis- 
tribution coefficient in the annulus was the same as in 
a vertical tube [ 151. This assumption, which implies 
that the maximum void concentration occurs at the 
center of the tube, may not be applicable for flow in 
vertical annuli because of the unheated outer wall 
and the lack of geometrical symmetry of the void 
distribution in the annular gap. 

To broaden the available CHF data base for low 
flow of water at near atmospheric pressure, this work 
collected CHF data using three vertical annuli and 
investigated the effects of the annulus ratio, water 
mass flux and inlet subcooling on the values of CHF. 
The CHF data were correlated and the correlations 
compared with those of Macbeth and Bernath to 
assess their applicability for predicting CHF values at 
low flow and near atmospheric conditions. 

EXPERIMENTAL SETUP 

The CHF test section consists of a 304 stainless 
steel inner tube, as the heating element, placed inside 
unheated Pyrex tubes of various diameters. The stain- 
less steel tube is 50 cm long, 1.27 cm o.d. and has a 
0.889 mm wall thickness. This tube is silver brazed to 
a 1.27 cm diameter, 15 cm long brass rod at the top 
and to a 1.27 cm o.d., 15 cm long brass tube at the 
bottom. The brass tube provides access to the interior 
of the stainless steel heated tube for temperature 
measurements. The other ends of the brass tube and 
the brass rod were screwed into 4 cm o.d. and 22 cm 
long copper conductors for connecting the stainless 
steel tube to the d.c. power generator. The copper 
conductors have 15 mm longitudinal central holes, 
which provide access for monitoring temperatures at 
the heated tube’s inner surface. 

The total electric resistivity of the brass rod, brass 
tube, copper connectors and the electric cables was 
small when compared to that of the stainless steel tube 
(< 7% of the total resistivity of the circuit) ; however, 
the values of CHF were determined based solely on 
the resistivity of the stainless steel tube. The water 
inlet temperature was finely controlled by using a 
Chromalox Type ARTM water immersion heater. 

Temperature measurements in the CHF experi- 
ments were made at eight axial locations at the inner 
surface of the stainless steel tube (1, 3, 5, 10, 20, 30, 
40 and 45 cm from the top of the heated length) and 
also at five other locations in the loop. The coolant 
temperatures in the loop were recorded at the inlet 
and the outlet of the preheater, in the upper and lower 
headers, and at the outlet of the riser (1.7 m long) 
which was connected to the bottom of the overhead 
tank. 

A special probe was developed for measuring the 
temperature of the inner surface of the heated tube. 
The temperature probe had a Teflon former, 0.95 cm 
o.d. and 50 cm long, with 8 radial holes (5 mm diam- 
eter and 4 mm deep) located at 1, 3, 5, 10, 20, 30, 40 
and 45 cm from the top of the probe. Each hole is 

rotated 45” counter-clockwise from the location above 
to keep the thermocouple leads separated. In each 
hole, a spring loaded plunger was placed to house the 
thermocouple junction. The pressure exerted by the 
compression spring on the plunger kept the ther- 
mocouple junction in contact with the inner surface 
of the heated tube during the experiments. Each ther- 
mocouple lead was laid in a longitudinal groove which 
originated at a radial hole (measuring point) and ter- 
minated at the bottom of the probe. Except for the 
sensing ends of the thermocouples, the Teflon former 
assembled with thermocouples was insulated from the 
inner surface of the heater with 0.8 mm thick Teflon 
spaghetti tubing. The temperatures at the outer sur- 
face of the heated tube were then determined. These 
temperatures were based on the temperatures mea- 
sured at the inner surface after accounting for the 
temperature drop across the wall (< 0.5 K) and the 
contact resistance between the thermocouple junc- 
tions and the tube wall (approximately 0.1 K). 

Temperature measurements in the experiments 
were made using type-K, OMEGA brand ther- 
mocouples. When calibrated, the thermocouple 
measurements were in excellent agreement (within 
&0.2%) with the tabulated values in the OMEGA 
Temperature Handbook over the temperature range 
from 283 up to 800 K. The electric power was supplied 
to the test section by a Sel-Rex 200 kW (100 V, 2000 
A) d.c. power generator. The voltage and the current 
values, monitored directly by the data acquisition sys- 
tem, were accurate to within + 0.001 V and + 13.5 A, 
respectively. As a result, the uncertainties in the elec- 
tric power supply to the test section varied from 0.9% 
at the high CHF values to 1.9% at the low CHF values 
and the uncertainties in the measured CHF values 
from 2.7% at the higher power levels to 4.2% at the 
low power levels. 

The recording of all temperatures, power, and flow 
measurements was fully automated through the data 
acquisition system which consisted of a HP-3497A 
data logger, an OMEGALINE 620 chart recorder, 
and an IBM-9000 CS computer for storage and analy- 
sis of data. The water inlet flow rate was measured 
using a Flow Technology brand (Model FR-6-8N5- 
LJC(S)) pulse type turbine flow meter which was cali- 
brated for the range from 0 to 0.2 kg s;‘. The oscil- 
lations in the inlet water flow were effectively sup- 
pressed using a flow control valve installed upstream 
of the test section. The maximum uncertainty in the 
measured water inlet ‘flow rate was about 8% at the 
lower water flow rates and decreased to less than 2% 
at higher flow rates. Also, the maximum uncertainty 
in the calculated equilibrium exit quality was about 
5%, and it decreased as the exit quality increased, 
reaching less than 1% at the highest exit quality of 
approximately 48%. The uncertainties in the exper- 
imental measurements were determined by the 
method of Kline and McClintock [ 171. 

In the experiments, the CHF was determined when 
a surge in the wall temperature past 473 K and/or a 
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bright glow was observed near the top of the heated 
length. To protect the heated tube from physical 
burnout during the CHF experiments, a power trip 
was installed between the test section and the power 
supply. This power trip was actuated by either of the 
two surface thermocouples located at 1 and 3 cm 
from the top of the heated tube. More details on the 
experimental setup and conduct are available else- 

where [ 181. 

EXPERIMENTAL CONDUCT 

The CHF experiments were conducted using deion- 
ized water (< 20 p.p.m. mineral content) to avoid 

mineral deposits on the heater’s surface. During the 
experiments, the pressure at the test section outlet was 
kept constant at 0.118 MPa by maintaining a constant 
water level in the overhead tank. To study the effect 

of the inlet subcooling on CHF, the inlet water tem- 
perature to the lower header was kept constant at one 
of three selected values, 298, 308 and 3 18 K ; for each 

value, the coolant mass flux was varied from 0 to 
260 kg rn-’ ss’. However, the water enthalpy at the 

bottom of the heated section was determined from the 
inlet subcooling after accounting for the temperature 
rise due to the heat generated in the brass tube and 
the copper conductor located at the bottom of the 

stainless steel tube. As a result despite the water tem- 
perature at the entrance of the annulus being kept 
constant, the inlet enthalpy at the bottom of the 

heated section varied with the water mass flux. 
After adjusting the power trip and setting the water 

flow and inlet subcooling at the desired values, the 
electric power to the test section was increased gradu- 
ally until incipient chugging at the top of the annulus 
was observed. Subsequently, the power was raised in 
increments of 100-200 W each; however, at each 
power level, the measured parameters were allowed 
to stabilize before raising the power level again. This 
process continued until CHF occurred. Each CHF 
experiment was conducted at least twice at the same 
water inlet flow rate and subcooling ; the CHF values 

were generally reproducible to within + 1%. As indi- 
cated earlier, the flow oscillations at the inlet of the 
test section were effectively suppressed by a throttle 

valve installed upstream of the test section. 

EXPERIMENTAL RESULTS 

A total of 383 CHF data were collected for the 
annulus ratios of 1.575, 1.72 and 2.0, covering inlet 
water subcooling ranging from 182 kJ kg-’ (44 K) to 
312 kJ kg-’ (75 K) and water mass flux from 0 to 260 
kg mm2 ss’. The CHF data collected for the three 
annuli were plotted against the water mass flux in Fig. 
1. As this figure shows, the CHF values varied from 
155 kW rn-’ for zero flow to a maximum of 1418 kW 
m-2 at a mass flux of 260 kg m ’ s ‘. Figure 1 also 

indicates that the CHF values increased as the water 
mass flux and/or inlet subcooling increased. Although 
the effect of water subcooling on the CHF was indis- 
tinguishable in the smaller annuli (E = 1.575 and 
1.72), and also in the largest annulus (F = 2.0) for 
mass fluxes less than 140 kg m-* sm.‘. in the larger 

. &S.575,Ahi=265-312 kJ/kg 

L &=1.72,Ahi=267-312 kJ/kg 

0 &=2,0,Ahi=222-270 kJ/kg 

0 &=1,575,Ahi=231-270 kJ/kg 

V &=1.72,Ahi=235-270 kJ/kg 
. 

A &=2,0,Ahi=182-228 kJ/kg . 

T 
+ &=1,575,Ahi=191-228 kJ/kg n 

P B &=1,72,Ahi=184-228 W/kg 
c @ 

5 I m 
c ,000 
‘i; l 0 0 & 

2 
a 

FIG. 1 

OT 
0 50 100 150 

Mass Flux (kg/m’s) 

Experimental CHF data for water flow in vertical annuli with annulus ratios of 1.575, 1.72. 
and 2.0. 
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2295 

0 0 

FIG. 2. Heat flux ratio for incipient chugging as a function of the water mass flux and annulus ratio. 

ammlus at mass fluxes greater than 140 kg m-* s-’ 
CHF values increased as water inlet subcooling was 
increased. The results in Fig. 1 suggest that in the 
small annuli (a = 1.575 and 1.72), the values of the 
water mass flux at which inlet subcooling begins to 
strongly affect CHF would be higher than 260 kg m-’ 
S -‘. Figure 1 also demonstrates that the CHF values 
with zero flow were about 30% lower than those with 
net water upflow when extrapolated to zero flow. This 
difference stems from the fact that while the CHF 
phenomenon for zero flow is controlled by the water 
flooding [14] from the exit of the test section, the CHF 
phenomena with inlet water flow depends on the flow 
hydrodynamics in the annulus at CHF. 

In the experiments, the heat flux at incipient chug- 
ging was also measured. Because the oscillations in 
the inlet water flow were effectively suppressed in the 
experiments, flow chugging was characterized by suc- 
cessive water excursions that were driven by large 
vapor slugs through the top of the test section. 
Although the measured heat flux at incipient chugging 
(HFIC) is specific to the characteristics of the present 
experimental loop, the results demonstrate the effects 
of water inlet subcooling and ammlus ratio on the flow 
hydrodynamics in the test section prior to CHF. 

As shown in Fig. 2, the heat flux at incipient flow 
chugging varied between about 40% of CHF for the 
smallest ammlus (E = 1.575) to 88% for the two larger 
annuli (E = 1.75,2.0) ; the difference depended on the 
water mass flux and inlet subcooling. As indicated in 
this figure, for a given mass flux the HFIC increased 
as the inlet subcooling and/or the annulus ratio 
increased. The HFIC, however, increased as the water 
mass flux increased up to approximately 150 kg me2 
S-‘. Beyond this point, the HFIC became almost inde- 

pendent of the mass flux, but increased as inlet sub- 
cooling and/or annulus ratio increased. These results 
suggest that at the same water mass flux, the large 
voiding of the flow channel caused earlier flow chug- 
ging and lower CHF values in the smallest annulus, 
than in the larger ones. However, increasing the water 
mass flux and/or inlet subcooling reduced the voiding 
of the channels, and thus increased both the HFIC 
and the CHF. At mass fluxes beyond 150 kg m-’ 
S -‘, the equilibrium exit quality became very small 
(< l%), and almost independent of the mass flux 
(Figs. 8 and 9). Also, the values of HFIC became 
independent of the water mass flux, but increased as 
inlet subcooling increased. 

Visual observations and the video images of the 
flow field in the experiments also indicated that the 
frequency and the intensity of the water chugging as 
well as the extent of the vapor slugs within the annular 
gap decreased as the coolant mass flux increased. 
When the heat flux was high enough to evaporate the 
water film at the top of the heated tube before the 
heater surface was rewetted by the water, CHF 
occurred. As indicated in this section, the flow tran- 
sition at CHF varied as a function of the annulus ratio 
and the equilibrium exit quality. 

The present CHF data for the three annulus ratios, 
excluding those for zero flow, were classified using the 
criteria of Ishii and Mishima [15] according to the 
flow transitions which occurred at CHF: the slug- 
chum flow transition, the chum-annular flow tran- 
sition and the annular-annular mist flow transition. 
The flow transition at CHF was identified based on 
the recorded video images and the still photographs 
of the flow fields at CHF as well as by plotting the 
CHF values vs the equilibrium vapor quality on a 
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Fw.‘ 3. Pictorial image of annular-annular mist flow tran- 
sition for an annulus ratio of 1 S75. 

FIG. 4. Pictorial image of churn-annular flow transition for 
annulus ratio of 1.72. 

FIG. 5. Pictorial image of churn-annular flow transition for 
an annulus ratio of 2.0. 

two-phase flow map [ 191. Figures 3-6 present pictorial 
images of the flow transitions typical of those which 
occurred at CHF. Figures 7-9 present the CHF data 
plotted onto two-phase flow maps for the annulus 
ratios 1.575, 1.72, and 2.0, respectively. While all the 
CHF data for the smallest annulus (E = 1.575) were 
parallel and close to the annular-annular mist flow 
transition line, the data for the two larger annuli 
occurred in the slug, churn and annular flow regimes. 
In Figs. 7-9 the deviation between the data and the 
theoretical boundaries as well as the spread of the 
data between the various flow regimes at low vapor 
quality may be attributed in part to the fact that the 

FIG. 6. Pictorial image of slug-chum Row transition for an 
annulus ratio of 2.0. 
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FIG. 7. Experimental CHF data for an annulus ratio of 1.575 plotted on a two-phasa flow map. 
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FIG. 8. Adiabatic two-phase flow map for an annulus ratio of 1.72 with CHF experimental data. 
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FIG. 9. Experimental CHF data for an annulus ratio of 2.0 plotted on a two-phase flow map. 
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FIG. 10. Maximum surface temperature at CHF as a function of water mass flux and annulus ratio. 

equilibrium exit quality, instead of the actual vapor 
quality, was used to develop the maps. 

As Fig. 10 demonstrates, the heater surface tem- 
perature at CHF was almost independent of the annu- 
lus ratio and of the water inlet subcooling but 
increased as the water mass flow rate increased ; it 
varied only from 400 to 430 K as the coolant mass 
flux was increased from about 10 to 260 kg m-* s-‘. 
For zero net flow conditions, however, the heater 
maximum surface temperature was lower and strongly 

dependent on the size of the annulus ; it varied from 
380 to 408 K for annulus ratios of 1.575 and 2.0, 
respectively. 

In the zero flow experiments, the upper portion of 
the heater was cooled directly by the downward flow 
of water, while the lower portion of the heater was 
cooled by the water supplied by the downward flow 
through the film along the inner surface of the outer 
Pyrex tube. This simultaneous cooling of the upper 
and lower portions of the heater produced maximum 
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voiding of the flow channel near the middle of the location of CHF is given as 
heater’s length ; it also caused the water film on the 
heater surface to dryout, thus causing CHF to occur 
at this location. In the following section, the CHF 

co = 1.2-0.2 
J( ) 

E . 
Pr 

(4) 

data are analyzed and correlated. 
In annuli, unlike the flow in vertical tubes, the larg- 

DEVELOPMENT OF CRITICAL HEAT FLUX 

CORRELATIONS 

est concentration of the bubbles would not occur in 
the middle of the annular gap ; thus, the value of Co 
may be different from that given by equation (4). Also, 

The heat balance equation in the heated test section the-value of Co in a boiling channel is not constant but 
at the CHF was used to develop the following dimen- varies with position as the void and velocity profiles 
sionless expression for CHF [ 151: develop. Because of the uncertainty associated with 

GJ*(+)= [\i(&)&+~G*] (1) 

determining the correct expression for Co for flow 
in vertical annuli, equation (1) was rewritten in the 
following empirical form which also includes the effect 

where 

q* = Q/bg~&.wW 

G* = %&wW 

a= JWA.ph (2) 

Note that the term jJpJLgAp)“’ in equation (1) 
strongly depends on the void fraction distribution 
in the annular gap as well as on the flow transition 
occurring at CHF, rather than on the coolant mass 
flux. At the transition from chum to annular flow in 
vertical tubes, this term is given as [16, 191 

j”($$2=(&-o.ll) (3) 

where the void distribution parameter Co at the 

of the aspect ratio, L/D,, : 

q*(+j=A,[&la,[C,+D,~] (5) 

where the coefficients A,, B,, Cl, and D, were deter- 
mined from the least square fit of equation (5) to the 
CHF data for both the slugchum and the chum- 
annular flow transitions: A, = 1.65, Bi = 0.2, C, = 
0.933 and D, = 0.212. As Fig. 11 demonstrates, 
equation (5) is in good agreement with the CHF data ; 
the deviation between the data and the correlation is 
within f 15%. Figure 12 demonstrates that while the 
dependency of the CHF on the (L/D,,) is consistent 
with the data reported previously by Rogers et al. 
[13] for mass fluxes less than 250 kg me2 SK’, it is 
significantly higher than that indicated by the data of 

-c 

I 

c si 
4 S&-Churn/Chum-Annular Correlation 
C B .GZO,Ahi=283-294 l&kg 

--d L c=l.R#At&251-294 kJ/kg 
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“! 
5% + 

4- 

0+ 
0 2 4 6 6 

G*h’hg 

FIG. 11. CHF correlation for both slug-churn and chum-annular flow transition data 
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o r=l.72, L&=19.8 

A Mishima and khii (1982), L/T&-,=47.6 

FIG. 12. Effect of L/D,, on CHF in vertical annuli. 

Mishima and Ishii [ 141 for mass flows less than 40 kg 
,-2 s-’ 

As shown earlier, the CHF in the smallest annulus 
(E = 1.575) occurred at the transition from annular to 
annular mist flow. At this transition, the vapor vel- 
ocity is high enough to cause entrainment of liquid 
droplets from the liquid film at the heater surface into 
the vapor flow. Based on the criterion for the onset of 
droplet entrainment by Ishii and Grolmes [16], the 
vapor velocity for a rough turbulent film flow of a 
weakly viscous fluid, such as water, can be given by 

N-0.2 
Pf . (6) 

The criterion given by equation (6) is recommended 
for a film Reynolds number, Re,, greater than 1635. 
In the CHF experiments, Ref was calculated based on 
the measured film thickness, 6r, at the surface of the 
heater where CHF occurred. The thickness of this 
liquid film was determined from the video images 
of the flow field to be approximately 1.8 mm. The 
thickness of the liquid film at the inner surface of the 
outer Pyrex tube was about the same as that on the 
heater surface. Assuming the same average mass, 
velocity in both films, the film average Reynolds num- 
ber can be given as 

Re, = 4f 
Vf 

where 

The water velocity in the film, jr, can be approximately 
given by 

jf = 
ti 

(9) 

In the CHF experiments with E = 1.575, the calculated 
values of Ref using equation (7) varied from 1860 to 
9300. Since these values are significantly higher than 
1635, equation (6) can then be used to predict the 
vapor velocity at the annular-annular mist flow tran- 
sition. 

Eliminating j, between equations (1) and (6) gives 
the following empirical correlation for CHF at the 
annular-annular mist flow transition : 

II 
ilO) 

where the coefficients C, and D2 were determined from 
the least square fit of equation (10) to the CHF data ; 
C, = 0.85 and D, = 1.045 (Fig. 13). Equation (10) is 
in excellent agreement with CHF data ; the deviation 
between the dam and this correlation is within 7 and 
- 12%. Unlike equation (5), which compiles the data 
from two difference annuli (L/D.,, = 12.86 and 19.7) 
the dependence of CHF on L/D,,, in the smallest annu- 
lus was not quantified because the results are only for 
a single annulus ratio (E = 1.575) with L/D,, = 26.1. 

COMPARISON WITH HIGH FLOW CHF 
CORRELATIONS 

Figure 14 shows the comparison between equation 
(5) and the CHF correlations of Biasi et al. [8], Mac- 
beth [9, lo] and Bemath [ll]. As demonstrated in Fig. 



Critical heat flux for low flow of water in vertical ammli 

0 Ah+&312 Wkg 

0 Ah$231-270 kJ/kg 

Annular-Annular Mist Cordatiin 

of 
0 2 4 b 5 

FIG. 13. CHF uxrelation for annular-annular mist iIow transition data. 

/’ 
/’ 

f //Macbeth (9,lO) 

1’ 
1’ 

____--A--- 
/Bemath (11) &c 

__-----, 

/’ 

I 

// _____-‘---,“(--“__-____ 

I’ 
I’ 

p=O.l18 MPa 

Ah,=312 kJ/‘kg 

present corr&tion (Eq. 5) 

L/0*=12.86 

kO& m 

i’ Est.0 

la0 100 300 4lxl MO 

Mass Flux OqHs) 

2301 

FIG. 14. Comparison of the present CHF correlation for slug-churn and churn-annular flow transitions 
with those of Bernath [l I], Macbeth 19, IO], and Biasi et al. [8]. 

14, the correlations of both Biasi and Macbeth predict however, does predict a positive value for CHF when 
zero CHF values for zero flow conditions ; this pre- extrapolated to zero flow conditions. Nonetheless, the 
diction is in contrast with the present experimental predicted CHF value is much higher than those mea- 
results (Fig. 1) and with those of Mishima and Ishii sured in the present work and those of Mishima and 
[14]. This difference stems from the fact that the Biasi Is&i 1141 for low water flow in vertical annuli. While 
and Macbeth correlations, although derived from the Bemath correlation predicts a CHF value of about 
CHF data covering a wide range of higher pressure 2100 kW mm2 at zero flow, the present experimental 
and mass fluxes, were based on a limited low flow, values varied from 155 to 336 kW m-* for annulus 
low pressure data base. The Bernath correlation [I I], ratios of 1.575-2.0, respectively. These results suggest 
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FIG. 15. Comparison of the zero flow CHF data with Block and Wallis’ flooding correlation [20]. 

that the Bemath correlation, when extrapolated to 
low flow conditions, significantly overestimate the 
values of CHF. Similarly, at flow rates in excess of 
260 kg me2 s-i, the present CHF correlation (equa- 
tion (5)) should not be used since it will overestimate 
the values of the CHF. 

CHF DATA FOR ZERO WATER FLOW 

This section presents and correlates the zero flow 
CHF data. At zero flow, CHF phenomena were 
governed by the flooding of the heated tube by the 
water from the overhead tank. In this situation, the 
escaping vapor through the top of the test section 
prevented the water from readily wetting the heated 
tube. To verify these observations, the zero flow CHF 
values were compared with the flooding correlation 
by Block and Wallis [20] 

where C is a constant describing the entrance effects 
to the top of the test section. In the present experi- 
ments the hydraulic diameter for the annulus, D,, was 
substituted for D in equation (11). For a vertical tube 
with a sharp edged entrance, C was given as 0.725; 
while for round edged entrances, C was given as 0.88- 
1.0. In the present experiments, the ends of the Pyrex 
tubes were thermally treated by an oxyhydrogen torch 
to smooth and round the edges of the tubes. Thus, the 
value of C was expected to be between 0.88 and 1.0. 
Figure 15 plots the CHF values for zero flow vs the 
predicted values using the Block and Wallis flooding 
correlation [20]. This figure shows that the CHF pre- 
dictions using C = 1 .O gave the best comparison with 

measured CHF values; the deviation between the 
experimental values and the predictions was within 
25%. This deviation is significantly lower than that 
for C = 0.725 (220%). These results confirm that the 
CHF values for zero flow could be reasonably pre- 
dicted using the flooding criterion by Block and Wallis 

IW. 

SUMMARY AND CONCLUSIONS 

Critical heat flux experiments were conducted using 
vertical annuli (annulus ratios of 1.575, 1.72 and 2.0) 
at low flow of water and near atmospheric pressure 
(0.118 MPa). In these experiments, the effects of the 
annulus ratio and the water’s mass flux and inlet sub- 
cooling on CHF as well as the flow transition at CHF 
were investigated. Results show that the CHF values 
increased as the water mass flux or annulus ratio 
increased. However, the effect of inlet subcooling on 
CHF was not distinguishable in the smaller annuli 
(annulus ratios of 1.575 and 1.72) and for the largest 
annulus (annulus ratio of 2.0) at water mass fluxes 
less than 140 kg m-’ s-‘. Conversely, in the largest 
annulus at higher mass fluxes, the data showed a 
distinct effect of inlet water subcooling on CHF ; the 
CHF values increased as the inlet water subcooling 
increased. The results also showed that the CHF, 
which was of the dryout type, caused the liquid film 
at the top of the heated tube to evaporate resulting in 
an abrupt rise in the heater’s surface temperature. At 
CHF, the heater’s temperature varied within a narrow 
range and was generally independent of the annulus 
ratio; however, it increased as the water mass flux 
increased. The’heat flux at incipient tlow chugging in 
the flow channel also varied from a minimum of about 
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40% of the CHF values in the smallest annulus 
(a = 1.575) to a maximum of approximately 88% of 
CHF in the large annuli (a = 1.72 and 2.0) ; it also 
increased as either the water mass flux, inlet sub- 
cooling, or the annulus ratio increased. 

The flow transition at CHF varied with the annulus 
ratio and the water mass flux. While CHF in the 
smallest annulus (a = 1.575) always occurred at the 
transition from annular to annular mist flow, in the 
larger annuli (a = 1.72 and 2.0), the CHF occurred 
either at the transition from chum to annular flow or 
from slug to chum flow. This study also developed 

two CHF correlations : one for the annular-annular 
mist flow transition data and the other for both the 
slug-chum and chum-annular flow transition data. 
Finally, a comparison of the experimental data with 
the Block and Wallis correlation confirmed that CHF 
values for zero water flow can be reasonably predicted 
(within 25%) using Block and Wallis’ flooding cor- 
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ETUDE EXPERIMENTALE SUR LE FLUX THERMIQUE CRITIQUE POUR DES 
FAIBLES DEBITS D’EAU DANS DES ESPACES ANNULAIRES VERTICAUX, A LA 

PRESSION PRESQUE ATMOSPHER~QUE 

R&mm&-Des experiences sont conduites pour mesurer le flux thermique critique (CHF) pour des dtbits 
faibles d’eau dans des espaces annulaires verticaux et pour une pression presque atmospb~rique (0,118 
MPa). Les r&&tats sont cokct~s pour des sous-refroidissements d’eau ri l’entr&e allant de 44 K (ou 182 
kJ kg-‘) B 75 K (ou 312 kJ kg-‘). des debits-masse depuis 0 jusqu’a 260 kg me2 s-‘. Les valeurs de CHF 
varient entre 155 kW m--2 pour un debit nu! a l’entree et un maximum de 1418 kW me2 pour un debit- 
masse de 260 kg m-’ s-‘. Les don&es sont classees et unifiees en tenant compte dun t?coulement de 
transition. Deux formules de CHF sont developpees pour les transitions typiques. Le flux de chaleur ii 
l’endroit de l’apparition des bouffees a et& mesure et il varie depuis un minimum de 40% environ des 
valeurs CHF pur le plus petit espace annulaire (rapport d’anneau = 1,575) jusqu’a un maximum &environ 

88% du CHF pour les plus grands espaces ann~aires (rapport d’anneau = I,72 et 2,O). Les resuhats 
montrent aussi que le Aux de chaieur dans cette zone augmente quand te d&it-masse de I’eau ou le sous- 
refroidissement a l’entree augmente. Les valeurs CHF pour un ecoulement nul a l’entree est predit i + 25% 

avec la formule de Block et Wallis. 

KRJTISCHE W~RMESTROMDICHT~ BEi LANGSAM STR~MENDEM WASSER IN 
EINEM SENKRECHTEN RINGKANAL NAHE UMGEBUNGSDRUCK 

Znsammenf~ung-Messungen zur Bestimmung der kritischen Warmestromdichte (CHF) fur langsam 
striimendes Wasser in einem senkrechten Ringkanal bei ungefghr Atmosph~rendruck (0,118 MPa) werden 
vorgestellt. Es werden CHF-Werte fiir Eintrittsunterkiihhmgen von 44 K (oder 182 kJ kg-‘) his 75 K (oder 
312.kJ kg-‘) und Massenstromdichten von 0 bis 260 kg mm2 s-’ erhalten. Die CHF-Werte variieren von 
155 kW me2 fur ruhende Striimuna bis zu einem Maximum von 1418 kW m-* bei einer Massenstromdichte 
von 260 kg m-’ s- ‘. Die Werte w&en gem&B dem Str~mungs~bergang bei CHF klassifiziert und korreliert. 
Es werden zwei CHF-Korrelationen dargestellt, eine fur den Ubergang Pfropfen-Schaumstromung und 
Schaum-Ringstriimung und eine andere fur den Ubergang Ring-Ringnebelstriimung. Die War- 
mestromdichte beim Beginn des “Str~mungspum~ns” wird ebenfails gemessen. Diese variiert von 40% 
der CHF-Werte beim engsten Ringkanal (Radienverhahnis 1,575) bis zu ungefahr 88% van CHF bei 
breiteren Ringkaniilen (Radienverhgltnis 1,72 und 2,0). Es zeigt sich, da13 die Wgrmestromdichte beim 
Beginn des “Striimungspumpens” mit zunehmender Massenstromdichte und Eintrittsunterkiihlung wachst. 
Die CHF-Werte fiir ruhende Fliissigkeit werden mit der Korrelation von Block und Watlis fiir Fliis- 

sigkeitsstau bei Gegenstromung innerhalb rfI 25% widergegeben. 

3KCLIEPMMEHTkn6HOEkiCC~E~OBAHMEKPklTHYECKO~OTE~~OBO~O~OTOKA 
IIPIl TErIEHHM C MAJIbIMH PACX0JjAMt-i BOJ&I B BEPTMKAJIbHbIX KOJIbIJEBbIX 

KAHAJIAX IIPH AA~EH~~, EJIH3KOM K A~~~EPHOMY 

Ansnrrausr+-~rtcnep~errranbrio mrdepnmr K~HTHWSKH~~ Tennoeoii UOTOK (KTH) npa ‘reYeHmi c 
&wit&m pacxogawi sopiat B ~%ep~&uwibIx KoJIbUeBbIx na~ia~~~x npu RaBneHBH, ~J~~KOM K aTM+p- 
noq (0,118 MIIa). AaRHbte no K’ITI 0~~~~~~ ws iizweiiemis isef.torpeea BOW Ha ax0B.e OT 44 K 

(MR 182 X&X I@‘) A0 75 K (u.rm 312 X&K RT-‘) H MaCcoabrx IlOTOKOB OT H~JIR AO 260 KI‘ M-* c-'. 

haveHB5I mn U3MeWIHCb OT 155 KBT‘IH-~ IlpEi OTQ’TCTBHH CIOTOKB BOJlbl Ha BXOAC A0 M~KCHMEtJlb- 

~oro 3xaqeHUx 1418 KBT M-' npa pacxone 260 = M-’ c-‘. Aamsnre no KTH rrJtaccn@umpyrorcn n 
0606iX@WJTCff B COOTBWCFBZZE C U~XO~ pC=SMOM TeqC~,~q~~er~~ IIpB Km. Baree- 
ztem ana coowomemm JIJISI KTII, 0~~10 ZJJUI AsicnepcHo-cTeprareero u DcnepcHo-xonaueeoro nepe- 
XOAxlbm pt,KHMOB Tenemn H ApyI’Oe Ann Uepexona OT K0JlbueuOr0 K KonbueBoMy PWiHMy TmeHHR AJIR 
Asicxtepcaoro noToKa. MsMepeH Tame TerrnoBo% UOTOK npU iiamize 3amixpeHm Teqemin U Ua&4eHo, 

'FTO OH si3MeUSeTCS OT ~M~~OrO, COrraBJIllIOLUe~O OKOJIO 40% OT BeJIHYHH mn B Ha~eHbm~X 

KOJlbIJeBblX 3Zl3OpaX(C0OTHOUIetiUe KOJICU= 1,575), A0 MaKCHManbHOTO,COCTBBJIIIK)~erO npH6JIH3HTe- 

JIbHO 88% OT BeJUiWiH KTn B ApyTHX, 6OJIbUIKX UO pa3Mepy KOJIbUeBbIX 3;UOpaX (COOTUOIIIeHHe 

XoJleU = 1,72 H 2,O). k3,SbTaTbl TliKXC iiOKE3EUlEl, ST0 TCW‘OBO2i KIOTOK IlpSi BO3xRKHOBeHSiH 3aBHX@- 
HHR yEWWXEB~eTcn, TBK KBK BOS~CTaCT J&i0 MaCCOBblk IIOTOE BOAU, m6o HeJiOrp.$B Ha BXOAC. Ha 
-oBe o6o6meeworo cooTHomew!s bona H Y3mUica paccwramd BeJwmHbI KTII npw OTCYTCTBHU 

IlOTOKiS Ha BXOAe C TOVH0CTbKI f 25%. 


