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ABSTRACT 

Two-phase flow in a narrow rectangular duct is important related to 
abnormal cooling conditions of a MTR type research reactor. In view of 
this, flow regime, void fraction, slug bubble velocity and pressure loss 
were measured for rectangular ducts with a narrow gap. The neutron radio
graphy technique was used to visualize the flow and the void fraction was 
obtained by image processing. The void fraction was correlated well by the 
drift flux model with existing correlation for the distribution parameter 
which was about 1.35. Similar results were obtained for slug bubble veloc
ity, however the distribution parameter was in the range from 1.0 to 1.2. 
The frictional pressure loss was correlated well by the Chisholm-Laird 
correlation. In collaboration with previously obtained data, it was found 
that the Chisholm's parameter C, however, changed from 21 to zero as the 
gap decreased. 

INTRODUCTION 

A coolant channel of a MTR-type fuel element has a rectangular cross-
sectional shape with a very narrow gap and a large aspect ratio. It is 
anticipated that the characteristics of two-phase flow in such a narrow 
duct differ from those in other channel geometries, because of its signi
ficant restriction to the bubble motion, which may deterioarate, as a con
sequence, boiling heat transfer under abnormal operating conditions. Al
though much work has been performed on gas-liquid two-phase flows in round 
tubes, only a little is found for.test sections with a narrow gap or a non-
circular cross-sectional shape ^. In view of this, the flow regime, void 
fraction, pressure loss and the mean velocity of slug bubbles have been 
investigated for two-phase flow in rectangular ducts with a narrow gap 
ranging from 1.0 mm to 5.0 mm. 

EXPERIMENTAL 

1. Test Rig 
The same test loop was used as described previously. ' Air was sup

plied by a compressor and introduced into a mixing chamber through an 
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ABSTRACT 

Two-phase f10w in a narrow rectangu1ar duct is important re1ated to 
abnorma1 coo1ing conditions of a MTR type research reactor. In view of 
this， f10w regime， void fraction， slug bubb1e ve10city and pressure 10ss 
were measured for rectangu1ar ducts with a narrow gap. The neutron radio-
graphy technique was used to visua1ize the flow and the void fraction was 
obtained by image processing. The void fraction was corre1ated we11 by the 
drift f1ux mode1 with existing corre1ation for the distribution parameter 
which was about 1.35. Simi1ar resu1ts were obtained for slug bubble ve10c-
ity， however the distribution parameter was in the range from 1.0 to 1.2. 
The frictiona1 pressure 10ss was corre1ated we11 by the Chisho1m-Laird 
corre1ation. In co11aboration with previous1y obtained data， it was found 
that the Chisho1m‘s parameter C， however， changed from 21 to zero as the 
gap decreased. 

INTRODUCTION 

A coo1ant channe1 of a MTR-type fue1 e1ement has a rectangu1ar cross-
sectiona1 shape with a very narrow gap and a large aspect ratio. It is 
anticipated that the characteristics of two-phase f10w in such a narrow 
duct differ from those in other channe1 geometries， because of its signi-
ficant restriction to the bubble motion， which may deterioarate， as a con-
sequence， boi1ing heat transfer under abnorma1 operating conditions. Al-
though much work has been performed on gas-1iquid two-phase f10ws in round 
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fraction， pressure 10ss and the mean velocity of slug bubbles have been 
investigated for two-phase flow in rectangu1ar ducts with a narrow gap 
ranging from 1.0 mm to 5.0 mm. 

EXPERlMENTAL 

1. Test Rig 
Th;-s~;~ test 100p was used as described previous1y.5) Air was sup-

plied by a compressor and introduced into a mixing chamber through an 
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injection nozzle which is consisted of ten capillary tubes mounted in a 
line to fit the flow channel. The air and the purified water were mixed in 
the mixing chamber and the mixture flowed upward through the test section. 
After the test section, the air was released into the atmosphere through a 
separator, while the water was circulated by a centrifugal pump. The flow 
rates of the air and the water were measured with a float-type flowmeter 
and a turbine flow meter, respectively. 

The test sections used in the present experiment were rectangular 
ducts made of transparent acrylic resin. In the measurement of void frac
tion, however, the test sections were made of aluminum so that ti.e neutron 
radiography technique could be applied '. Three test sections were 
fabricated: the gaps were 1.0, 2.4 and 5.0 mm. The width and the length of 
those test sections were 40 mm and 1400 mm, respectively. 

2. Measurement 
(1) Flow Regimes 

The bubble behavior and the overall pattern of flow were observed by a 
high-speed video camera at a speed of 200 or 1000 frames per second and the 
images were played back at slow motion for detail observation. 

(2) Void fraction 
The void fraction was measured with use of the neutron radiography and 

image processing techniques. The flow in the test section made of aluminum 
was visualized by the neutron television system and the images were proc
essed to calculate the.channel-average void fraction. The methods have been 
described previously. ' 

(3) Slug Bubble Velocity 
The average velocity of slug bubbles were measured from the intervals 

for bubbles to rise a given distance in the slow motion picture. The 
velocity of small bubbles was not taken into account in this measurement. 

(4) Pressure Loss 
Two pressure taps were located at 50 cm and 150 cm from the entrance 

of the test section. The pressure difference between the taps was measured 
with a differential pressure transducer. 

RESULTS 

1. Flow Regimes 
Four flow regimes were specified, i.e. bubbly, slug, churn and annular 

flows. Since the gap of the channel was so narrow, small bubbles, cap bub
bles and slug bubbles looked as if they were crushed between the two walls. 
Thus, the flow regime was determined based upon the pattern of the bubbles 
observed through the wider wall. The discrimination between the slug and 
churn flows was rather subjective, however the flow was called churn flow 
when the round nose of large bubbles became unstable and lost its identity. 

Figures 1 and 2 show flow regime maps for the test sections with 1.0 
and 2.4 mm gaps, respectively. The map for 5.0 mm gap was similar to that 
for 2.4 mm gap. The broken lines denote approximate locations of the 
boundaries between flow regimes while the solid one denotes the boundary 
between the slug and annular flows predicted by the Jones-Zuber equation '. 
It can be seen that the Jones-Zuber equation reproduces the boundary for 
slug and annular flows. It is also noted that, according to the present 
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injection nozz1e which is consisted of ten capi11ary tubes mounted in a 
1ine to fit the f10w channe1. The air and the purified water were mixed in 
the mixing chamber and the mixture f10wed upward through the test section. 
After the test section， the air was re1eased into the atmosphere through a 
separator， whi1e the water was circu1ated by a centrifuga1 pump. The f10w 
rates of the air and the water were measured with a f10at-type f10wmeter 
and a turbine f10w meter， respective1y. 

The test sections used in the present experiment were rectangu1ar 
ducts made of transparent acry1ic resin. In the measurement of void frac-
tion， however， the test sections were明deof a1uminum so that ti.e neutron 
radiography technique cou1d be app1iedJJ. Three test sections were 
fabricated: the gaps were 1.0， 2.4 and 5.0 mm. The width and the length of 
those test sections were 40 mm and 1400 mm， respectively. 

2. Measurement 
(1) F10w Regimes 

The bubble behavior and the overa11 pattern of f10w were observed by a 
high-speed video camera at a speed of 200 or 1000 frames per second and the 
images were played back at slow motion for detail observation. 

(2) Void fraction 
The void fraction was measured with use of the neutron radiography and 

image processing techniques. The flow in the test section made of aluminum 
was visualized by the neutron television system and the images were proc-
essed to ca1cu1ate th官、channe1-averagevoid fraction. The methods have been 
described previously.JJ 

(3) Slug Bubble Velocity 
The average velocity of slug bubbles were measured from the intervals 

for bubbles to rise a given distance in the slow motion picture. The 
velocity of smal1 bubbles was not taken into account in this measurement. 

(4) Pressure Loss 
Two pressure taps were located at 50 cm and 150 cm from the entrance 

of the test section. The pressure difference between the taps was measured 
with a differential pressure transducer. 

RESULTS 

1. Flow Regimes 
Four flow regimes were specified， i.e. bubbly， slug， churn and annular 

flows. Since the gap of the channel was so narrow， small bubbles， cap bub-
bles and slug bubbles looked as if they were crushed between the two wal1s. 
Thus， the flow regime was determined based upon the pattern of the bubbles 
observed through the wider wal1. The discrimination between the slug and 
churn flows was rather subjective， however the flow was called churn flow 
when the round nose of large bubbles became unstable and lost its identity. 

Figures 1 and 2 show flow regime maps for the test sections with 1.0 
and 2.4 mm gaps， respectively. The map for 5.0 mm gap was similar to that 
for 2.4 mm gap. The broken lines denote approximate locations of the 
boundaries between flow regimes while the solid one denotes the boundary胃、
between the slug and annular flows predicted by the Jones-Zuber equation~J 
It can be seen that the Jones-Zuber equation reproduces the boundary for 
slug and annular flows. It is a1so noted that， according to the present 
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definition, the churn flow was not observed when the gap is 1.0 mm. 

2. Void Fraction 
The void fraction was correlated in view of the drift flux model ': 

V g = jg/a = C0J+(0.23+0.13s/w)/Apgw/p£ (1) 

where j:superficial gas velocity, a:channel-average void fraction, 
CQidistribution parameter, jrmixture volumetric flux (=Je+J£), p^tliquid 
density, Ap:difference of the densities between two phases, s:gap of the 
flow channel, wrwidth of the flow channel. The second term on the right 
hand side of Eq.(l) expresses the drift velocity for bubbles in a rectan
gular duct obtained by Griffith '. The distribution parameter CQ is 1.2 
according to Jones-Zuber ', while Ishii ' proposed the following equation 
for the distribution parameter for rectangular ducts: 

C 0 = 1.35 - 0.35/Pg7p7 (2) 

The experimental results are shown in Figs.3 and 4 for the gap 1.0 and 
2.4 mm, respectively. It is seen from the figures that the void fraction 
can be correlated well by the drift flux model with the distribution 
parameter given by Eq.(2). . 

On the other hand, Moriyama et al. reported recently larger values 
of distribution parameter CQ for extremely narrow gaps. Figure 5 §hpws the 
comparison of the distribution parameter between existing data ~ ' ' ' . 
There is observed a tendency that the distribution parameter becomes large 
when the gap is very small, otherwise it is predicted by Eq.(2). When the 
gap is larger than 5.0 mm, the distribution parameter appears to be 1.2. 
On the contrary, the database for the Ishii correlation, Eq.(2), includes 
data for the gap 11 mm. Therefore, it is suggested that the distribution 
parameter be a function of the aspect ratio. More data are needed on this 
point. 

3. Bubble Velocity 
The average velocity of slug bubbles was correlated by the drift flux 

model. The results indicated that the drift velocity appears to be con
stant for all the gaps, which value agrees well with the Griffith correla
tion "'. The distribution patameter, however, was in the range between 1.0 
and 1.2, which is smaller than that for the void correlation. 

4. Pressure Loss 
(1) Single-phase pressure loss 

Since the friction factor of a single-phase flow in a narrow rectan
gular duct is different from that in a round tube, pressure loss for 
single-phase flow was measured as the reference. 

For the friction factor of a single-phase flow in a noncircular tube. 
Sadatomi et al. ' took account of the effect of channel geometry and 
proposed the following correlation: 

X = Cj_Re for laminar flow (3) 

X = C T R e - 0 - 2 5 for turbulent flow (4) 

where X:friction factor, Re:Reynolds number. 
The relationship between the coefficients C^ and Gp is given by the 

following equation: 
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definition， the churn flow was not observed when the gap is 1.0 mm. 

2. Void Fraction 
Th;-v~id-f~~~tion was correlated in view of the drift flux mode11): 

vg=jg/α= COj+(0.23+0.13s/w)Vd高U可 、、.
J
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where j白 :superficialgas velocity，α:channe1-average void fraction， 
CO:dist~ibution parameter， j:mixture volumetric f1ux (=jQ+j~) ， p~:1iquid 
density， dp:difference of the densities between two phases， s:gap of the 
f10w channe1， w:width of the f10w channe1. The second term on the right 
hand side of Eq.(1)expre?ses tt7drift velocity for bubbles in a rectan-

~~~~:~~~:t~~b;:~~:d?~r~~ítff~~~~~'T:~~< ~ts:::~~山n parameter CO is 1.2 
according to Jones-Zuber~J ， whi1e IshiifJ proposed the f0110wing equation 
for the distribution parameter for rectangu1ar ducts: 

CO = 1.35 -0.35/Pg7p~ (2) 

The experimenta1 resu1ts are shown in Figs.3 and 4 for the gap 1.0 and 
2.4 mm， respectively. It is seen from the figures that the void fraction 
can be corre1ated we11 by the drift f1ux mode1 with the distribution 
parameter given by Eq.(2). 

8) On the other hand， Moriyama et a1.u1 reported recent1y 1arger va1ues 

~~~~~~;:~~U~!0~~~a~~~~~;~..:9~~0:~:~::~~:1r~~~::~Wð~~~~;nnF!!~:Ï_~ ， 5~gys the comparison of the distribution parameter between existing data 
There is observed a tendency that the distribution parameter becomes 1arge 
when the gap is very sma11， otherwise it is predicted by Eq.(2). When the 
gap is 1arger than 5.0 mm， the distribution parameter appears to be 1.2. 
On the contrary， the database for the Ishii correlation， Eq.(2)， includes 
data for the gap 11 mm. Therefore， it is suggested that the distribution 
parameter be a function of the aspect ratio. More data are needed on this 
point. 

3. Bubb1e Ve10city 
The average ve10city of s1ug bubbles was corre1ated by the drift f1ux 

mode1. The resu1ts indicated that the drift ve10city appears to be con-
stanl:、fora11 the gaps， which va1ue agrees we11 with the Griffith corre1a-
tionv，. The distribution patameter， however， was in the range between 1.0 
and 1.2， which is sma11er than that for the void corre1ation. 

4. Pressure Loss 
(1) Sing1e-phase pressure 10ss 

Since the friction factor of a sing1e-phase f10w in a narrow rectan-
gu1ar duct is different from that in a round tube， pressure 10ss for 
single-phase flow was measured as the reference. 

For the fr~çtion factor of a single-phase f10w in a noncircular tube， 
Sadatomi et al.J

) took account of the effect of channe1 geometry and 
proposed the f0110wing correlation: 

入 CLRe-
1 for laminar f10w 

入 CTRe-
0.25 for turbulent flow 

(3) 

(4) 

where入:frictionfactor， Re:Reyno1ds number. 
The relationship between the coefficients CL and CT is given by the 

following equation: 
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C T = CTQ(0.0154 C L/C L 0-0.012) 1 / 3+ 0.85 (5) 

where C^Q= 64 and 0 ™ = 0.3164. Since C^ is given by the theoretical solu
tion for a laminar flow in a rectangular duct, Gp is obtained from Eq.(5). 

Measured friction factors for single-phase flows were compared with 
the theoretical solution for laminar flow and Eq.(5) for turbulent flow, 
and good agreements were obtained within the measurement error. 

(2) Two-phase pressure loss 
Two-phase frictional pressure loss was correlated by the Lockhart-

Martinelli method"', i.e. the data were plotted in terms of the two-phase 
multiplier (t>£ vs. the Lockhart-Martinelli parameter X. Measured values 
were used for the reference single-phase friction factor. 

Some of the results are shown in Figs.6, 7 and 8 for 1.0, 2.4 and 5.0 
mm gaps, respectively. The solid lines in the figures denote the predic
tion by the Chisholm-Laird correlation -': 

d>£
2= 1 + C/X + 1/X2 (6) 

The relation between the classification of flow in the Lockhart-Martinelli 
correlation ' and Chisholm's parameter C is given. ' 

Sadatomi et al. ' reported that the frictional pressure loss was cor
related by Eq.(6) with C=21. On the other hand, Moriyama et al. ' obtained 
C=0 with some modification for Eq.(6) for extremely narrow gaps. Those 
data for parameter C are plotted together with the present results as a 
function of the gap in Fig.9. In the present results, the value of C 
changes depending upon the classification of flow, therefore the range of 
the value of C is shown with a bar. From Fig.9 it can be seen that the 
parameter C changes its value from 21 to zero as the gap decreases in the 
range about 5 mm to 0.1 mm. 

SUMMARY 

Experimental data on flow regime, void fraction, slug bubble velocity 
and pressure loss were obtained for narrow rectangular ducts, and the 
results were compared with existing results. The following characteristics 
has been found for narrow rectangular ducts: 

a. The shape and the motion of bubbles in a narrow duct are strongly 
restricted by the proximity of the walls. The churn flow was not 
observed when the gap is 1.0 mm. 

b. The void fraction was well correlated by the drift flux model. In 
collaboration with existing data, there was found a tendency that 
the distribution parameter becomes large when the gap is smaller 
than 0.1 mm, otherwise it is predicted by the Ishii correlation '. 

c. The average velocity of slug bubbles was correlated by the drift 
flux model. The drift velocity was the same as that for the void 
correlation, however, the distribution parameter was found to be in 
the range between 1.0 and 1.2 which value is smaller than that for 
the void correlation. 

d. The frictional pressure loss was found to be correlated well by the 
Chisholm-Laird correlation. Chisholm's parameter C, however, 
decreases from about 20 to zero as the gap decreases from 5 mm to 
0.1 mm. 
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CT = CTO(0.0154 CL/CLO-0.012)1/3+ 0.85 (5) 

where CLO= ~4 and Cro= 0.3164. Since ~L is given by the theoretica1 solu-
tion for a 1aminar flow in a rectangu1ar duct， CT is obtained from Eq.(5). 

Measured friction factors for sing1e-phase f10ws were compared with 
the theoretica1 solution for 1aminar flow and Eq.(5) for turbulent flow， 
and good agreements were obtained within the measurement error. 

(2) Two-phase pressure 10ss 
Two-phase frActiona1 pressure 10ss was correlated by the Lockhart-

Martine11i methodフ， i.e. the data were p10tted in terms of the two-phase 
mu1tiplier <1>2 vs. the Lockhart-Martinel1i parameter X. Neasured va1ues 
were used for the reference sing1e-phase friction factor. 

Some of the resu1ts are shown in Figs.6， 7 and 8 for 1.0， 2.4 and 5.0 
mm gaps， respective1y. The solid 1ine平Atnthe figures denote the predic-
tion by the Chisho1m-Laird corre1ation~U}: 

ゆ22=1 + C/X + 1/X2 (6) 

The relatioo ‘between the classification of flow in_the Lockhart-Martinelli 
correlationヲ} and Ch~号holm's parameter C is given.~V} 

Sadatomi et al.J
} reported that the frictional pressure lOR宅 wascor-

re1ated by Eq.(6) with C=21. On the other hand， Moriyama et a1.ロJ obtained 
C=O with some modification for Eq.(6) for extreme1y narrow gaps. Those 
data for parameter C are plotted together with the present results as a 
function 0f the gap in Fig.9. In the present resu1ts， the value of C 
changes depending upon the c1assification of flow， therefore the range of 
the value of C is shown with a bar. From Fig.9 it can be seen that the 
parameter C changes its va1ue from 21 to zero as the gap decreases in the 
range about 5 mm to 0.1 mm. 

SUMMARY 

Experimenta1 data on f10w regime， void fraction， slug bubble velocity 
and pressure 10ss were obtained for narrow rectangular ducts， and the 
results were compared with existing results. The following characteristics 
has been found for narrow rectangu1ar ducts: 

a. The shape and the motion of bubbles in a narrow duct are strongly 
restricted by the proximity of the wa11s. The churn flow was not 
observed when the gap is 1.0 mm. 

b. The void fraction was wel1 corre1ated by the drift flux model. In 
co11aboration with existing data， there was found a tendency that 
the distribution parameter becomes 1arge when the gap is smalle~、

than 0.1 mm， otherwise it is predicted by the Ishii correlation lJ • 

c. The average ve10city of slug bubb1es was corre1ated by the drift 
f1ux mode1. The drift ve10city was the same as that for the void 
correlation， however， the distribution parameter was found to be in 
the range between 1.0 and 1.2 which value is sma11er than that for 
the void corre1ation. 

d. The frictional pressure 10ss was found to be correlated well by the 
Chisho1m-Laird corre1ation. Chisholm's parameter C， however， 
decreases from about 20 to zero as the gap decreases from 5 mm to 
0.1 mm. 
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