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Through Small Openings with Vertical Partition 
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The hel ium-air  exchange flow may occur at the rupture accident of a standpipe in a high 

temperature engineering test reactor. A test vessel with three types of small opening is used for 

experiments. An estimation method of mass increment is applied to measure the exchange flow 

rate. Flow measurements are made with the single opening and partitioned opening, for opening 

ratios ttl/D~ in the range 0.05 to 10, where H1 and D~ are height and diameter of the opening, 

respectively. At lower opening ratios (ItffD~<0.75), the difference in the exchange flow rates 

between the opening systems is small. At higher opening ratios (Ha/DL->0.75), exchange flow 

rates of the partitioned opening system are higher than those of the single opening system 

because of separated (unidirectional) flows by partition. An effect of variation of diameters of 

the partitioned openings on the exchange flow rate is investigated. The exchange flow rate 

increases with the opening diameter. Finally, an experiment with two-opening is designed to 

investigate the effect of fluid interaction of the partitioned opening system, it is demonstrated 

that the exchange flow rate of the two-opening system is higher than that of the partitioned 

opening system because of the absence of the fluid interaction. 

Key W o r d s :  HTTR (High Temperature Engineering Test Reactor), Exchange Flow, 

Partition, Fluids Interaction, Mach Zehnder [nterferometer 

Nomenclature 

01 Diameter of opening (m) 

DI Effective diameter of opening (m) 

-fir Froude number 

g Aacceleration due to gravity (m/s ~) 

Hi : Height of opening (m) 

mue : Mass of helium (kg) 

m L  : Mass of gas mixture (kg) 

Am : Mass increment (kg) 

Q : Volume exchange flow rate (m3/s) 

t ~ Time (s) 

V : Volume of test vessel (m 3) 

8 : Partition thickness (m) 
p :Dens i ty  (kg/m 3) 

p• : Mean dens i ty= (pH§ (kg/m 3) 

,3pL : Density increment (kg/m ~) 

Subscripts 
H : Air 

* Department of Architectural Equipment Chang Shin 
College, 541, Bongam Dong, Masan, 630-764, Korea 

L : Gas mixture 

l : Time 

0 : Initial condition 

1. Introduction 

A high temperature engineering test reactor 

(HTTR),  a small-scale high temperature gas 

cooled reactor (HTGR),  is now being construct- 

ed in Japan Atomic Energy Research Institute 

(JAERI) to establish and upgrade HTGR tech- 

nologies (JAERI, 1992; Hishida and Fumizawa, 

1992). In the safety study of the HTGR, a rupture 

of  standpipe at the top of the reactor vessel is 

considered as one of the most critical design-base 

accidents. Figure I shows a schematic drawing of 

the air ingress process after the rupture accident 

of  the standpipe and the HTTR is a graphite 

moderated HTGR of 30 MW thermal power and 

950 ~ outlet helium coolant temperature. The 

standpipes are installed at the top of the reactor 
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Fig. 1 Schernatic diagram of helium-air exchange 
flow at rupture accident of standpipe in 
HTTR. 

vessel as shown in Fig. 1. When the stand pipes 

rupture, helium coolant gas in high pressure flows 

immediately through the breach out of the reactor 

vessel. After the pressure of the reactor vessel has 

fallen to that of the atmosphere, the air flows into 

the reactor vessel, which is caused by buoyancy 

force due to the density difference between the 

helium inside the reactor vessel and the air out- 

side. The penetrated air reacts with the high 

temperature graphite structure, and it causes cor- 

rosion of the graphite components, which results 

in a severe damage of in-core reactor structures. 

Therefore, it is important to evaluate the penetrat- 

ed air flow rate during the rupture accident of the 

standpipe. 
From a survey of literature, it appeared that 

some papers dealt  with buoyancy  dr iven 

exchange flow with brine-water (Epstein, 1988; 

Mercer and Thompson, 1975a; Mercer and 

Thompson, 1975b; Leach and Thompson, 1975) 

and ai r -a i r  (Brown and Solvason, 1962a; Brown 

and Solvason, 1962b). Epstein (1988) made 

Fig. 2 Relation between Froude number and incli- 
nation angle (Fumizawa, 1992). 

measurements of the buoyancy--driven exchange 

flow with a single opening, for opening ratios H1/ 

D1 in the range 0.01 to 10, where f i t  and DI were 

the height and the diameter of the opening, respec- 

tively. Epstein suggested four different flow 

regimes, as HI/D~ increased through this range. 

Most of the above studies on the buoyancy-driven 

exchange flow have been carried out with the 

single opening and small density difference. How- 

ever, the density of cold air outside reactor vessel 

is at least three times larger than that of the gas 

mixture (helium and hot air) inside reactor vessel 

at the standpipe rupture accident. Fumizawa 

(1992) conducted experiments for the hel ium-air  

exchange flows with two types of the single open- 

ing, vertical and inclined single openings. Fumiz- 

awa reported that the experimental results on the 

hel ium-air  system agreed with those of the Ep- 

stein's brine-water  system (Epstein, 11998). It was 

also found that the inclination angle for the 

maximum Froude number decreased with increas- 

ing the opening ratio in the hel ium-air  system, 

while Mercers's experimental results indicated 

that the angle remained almost constant in the 

brine-water  system, as shown in Fig. 2 (Fumiz- 

awa, 1992). 

There were no studies for the exchange flow 

through the partitioned opening (opening with a 

vertical partition) previously. In the present 

study, the single opening is employed to model 

the rupture of single standpipe and the par- 

titioned opening is employed to model the 

rupture of multiple standpipes, There are three 

aims for examining the hel ium-air  exchange flow 
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through small openings with vertical partition. 

First, from a fundamental point of view, there is 

a big difference of flow passages between the 

partitioned opening and the single opening. Thus, 

it is necessary to compare the exchange flow rates 

between the two types of opening. Secondly, effect 

of various diameters of the partitioned opening 

on the exchange flow rate is investigated. Finally, 

effect of fluids interaction of the partitioned open- 

ing system on exchange flow rate is discussed. 

2. Experimental Apparatus and 
Procedures 

Essential features of the experimental apparatus 

for the case of three types of opening to evaluate 

the exchange flow rate are described with aid of 

Fig. 3. The experimental apparatus is composed 

of a test vessel, an electronic balance, and a 

personal computer for data acquisition. The test 

vessel consists of a test cylinder and opening 

made from plexiglass. The three types of the 

opening are employed in the experiments, as 

shown in Fig. 3. Geometric configurations of the 

single and the partitioned openings are shown in 

Fig. 4. A vertical partition of rectangular plate is 

in alignment with center line of the partitioned 

opening, where partition thickness g is 0.5 mm. 

Seven round openings are fabricated from tubes, 

and one round opening is hole cut in upper plate 

of the test cylinder. The opening height HI varies 

from 0.01 to 0.2 m and the opening diameter, /)1, 

is 0.02 m. The diameter of the test cylinder D2, is 

0.194 m and the height tf2 is 0.4 m. Table 1 

describes the sizes of openings and test cylinders 

to investigate the effect of variation of the opening 

diameters on the exchange flow rate in the par- 

titioned opening system. Figure 5 shows the test 

section for investigating the effect of fluids inter- 

action of the partitioned opening system on the 

exchange flow rate. Each opening is separated by 

the vertical partition. A distance (0.1 m) between 

(a) Partitioned opening (b) Two opening 

Fig. 3 Schematic diagram of experimental apparatus. 
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F i g .  4 

(a) Single opening (b) Partitioned opening 

Schematic diagram of single opening and partitioned opening. 

Table 1 Test vessel geometry to investigate effect of Table 2 

opening diameter on exchange flow rate in 

partitioned opening system. 

Dl D2 H2 
No. Hi/Dl 

m m m 

I 0.0t 0.t 0.2 

2 0.02 0.194 0.4 2, l0 

3 0.04 0.499 0.5 

Fig. 5 Schematic diagram of two opening. 

two openings is long enough to remove the fluids 

interaction between the upward flow of  the 

helium and the downward  flow of the air. One 

Test vessel geometry to investigate effect of 

fluids interation on exchange flow rate in 

partitioned opening system. 

Opening Type D~ tL D,e Ig2 
in m | m m 

Partitioned Opening 0.0l 0. I ~ 0. I 0.2 

Two Opening 0 0 1 2  . . . .  0 .1~0.194 0.4 

side of  each opening is closed to avoid the fluids 

interaction. The diameters and heights of  the 

openings and the test cylinders are described in 

Table  2. A method of  mass increment was used to 

measure the exchange flow rate. The experiments 

were carried out under the atmospheric  pressure 

and room temperature.  The test vessel was filled 

with pure helium gas initially. The opening 's  top 

was sealed with a thin rubber stopper, as shown 

in Fig. 3. On removal of  the rubber stopper 

placed on the top of  the opening, the buoyancy 

driven exchange flow was initiated and the 

heavier  air was introduced into the test vessel. 

Thus, the mass of  gas mixture in the test vessel 

increased. Figure 6 shows optical components  of  

Mach Zehnder  interferometer to visualize the 

exchange flow. The i l luminat ion beam ( H e - N e  

laser supplied from light source, wave length 633 

nm) col l imated by lens 2 is split by the beam 

splitter I inclined at 45 ~ into a test beam and a 
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1. Laser 2. Lens 1 3. Pinhole 4. Mirror 1 5. Mirror 2 6. Lens 2 7. Splitter 1 
8. Mirror 3 9. Splitter 2 10. Mirror 4 11. Window 12. Lens 3 13. Splitter 3 14. Mirror 5 
15. Lens4 16. CCD Camera 17. Screen 18. Lens5 19. 35mm Camera 20. Test Section 

Fig. 6 Optical components of Mach-Zehnder interferometer. 

reference beam. The test beam reflected by coated 

surface of the beam splitter 1 is reflected by 

mirror  4 in order to cross the test section closed 

by windows. The beam is then transmitted 

through the beam splitter 2, forming a test section 

image on observation screen. At the same time, 

the reference beam transmitted through the beam 

splitter I is successively reflected by mirror  3 and 

coated surface splitter 2 before being super- 

imposed on the test beam. The beam splitter 2 

imposes the same optical path delay on the test 

beam that the beam splitter I does on the refer- 

ence one. Consequently,  the test beam and the 

reference beam are mixed beyond the beam split- 

ter 2. The test beam and the reference beam inter- 

fere, and interference fringe pattern appears on 

the screen. If density of the test section is homoge- 

neous, straight parallel equidistant  interference 

fringes appear (Yang, 1989). If it is not homoge- 

neous, distorted interference fringes appear. The 

experimental procedure of the two-open ing  sys- 

tem are essentially the same as that described in 

the foregoing for the single opening system and 

the parti t ioned opening system, except that the 

two rubber  stoppers are placed, one in each 

opening. The flow is initiated by removing each 

stopper simultaneously.  The mass increment Amt 

of the gas mixture is measured by means of the 

electronic balance at regular intervals. 

z/m, = mL.t -mile,0 (1) 

where mL,t is mass of the gas mixture at time t 

and mHe.O is mass of the helium at zero time. The 

gas mixture's density increment AIpL is calculated 

from the mass increment, and it is given by 

HpL-- V (2) 

where V is volume of the test vessel. The 

volumetric exchange flow rate Q through the 

opening is evaluated by 

V dz/m, (3) 
Q - t o .  toL d! 

where toll and PL are density of the air and density 

of  the gas mixture. The volume exchange flow 

rate is expressed in the form of Froude number,  

Fr  and is defined as 

( F r = O  D[~g(toH-- toL) (4) 

The effective diameter Ds is used in Eq. (4) 

because the parti t ioned opening and the two 

-open ing  are not round, and given by 

D - -  /-21 / erD~ 7 '~ 

where Ds is D~ for the single opening. 
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3. Results and Discussion 

3.1 Single opening and partitioned opening 
Figure 7 illustrates variations of the density 

increments for the single opening system and the 

partitioned opening system with time. The density 

increment for both opening systems increases with 

time. As expressed in Eq. (2), the density of the 

gas mixture in the test vessel increases because the 

exchange flow occurs. Finally, it approaches the 

density difference between the air and the helium. 

Figure 7 shows that the difference in the density 

increments between the single opening system and 

the partitioned opening system, for the opening 

ratios H,/D~ in the range 0.05 to 0.75 is not large. 

However, a big difference in the density increment 

is found at H~/D1 of 10, which will be discussed 

in the result of flow visualization shown in Fig. 

12. Figure 8 shows the variation of' Froude num- 

bers of the partitioned opening system with time. 

The Froude numbers at H1/DI of 0.05 appear to 

be constant and also, they are almost constant at 

H~/D~ of 10 before 300 second. This means that 

the density difference between the air and the gas 

mixture, buoyancy force, is almost constant. The 

Froude numbers fluctuate at H~/D1 of 0.75. 

Figure 9 is prepared to illustrate comparison of 

relationship between the Froude number and the 

density increment. This figure shows that the 

Froude numbers are almost constant in the range 

of 0~<z:JpL~0.5 kg/m '~ at HI/D~ of 0.05 and 10. 

Therefore, in the present experiment, the Froude 

numbers in Fig. 10 are defined, as average of the 

Fig. 7 Comparison of variation of density increment 
between partitioned opening system and sin- 
gle opening system with time. 

Fig. 9 Varition of Froude number of partitioned 
opening system with density increment. 

Fig. 8 Variation of Froude number of partitioned 
opening system with time. 

Fig. 10 Comparison of Froude numbers between 
partitioned opening system and single open- 
ing system. 
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Froude numbers in the range of0~<Z/pL<0.5 kg/  

m 3. In Fig. 10, the exchange flow rate is plotted in 

the form of the Froude number, as a function of 

the opening ratio H~/DI. For the exchange flow 

through the single opening with brine and water, 

Epstein's experimental results were divided into 

the following exchange flow regimes: (l) oscil- 

latory exchange flow regime, (II) countercurrent 

Bernoulli flow regime, (11I) regime of combined 

turbulent diffusion and Bernoulli flow, and (IV) 

turbulent diffusion regime (Epstein, 1988). The 

present experimental results in the single opening 

system with the helium and air are also divided 

into four flow regimes. At lower opening ratios 

(H~/D1<0.75), difference in the exchange flow 

rates between the single opening system and the 

partitioned opening system is small because the 

upward flow and the downward flow are not 

separated (bidirectional),  as shown in Fig. 11. 

However, at higher opening ratios (H1/D~>O. 
75), the exchange flow rates of the partitioned 

opening system are larger than those for the single 

opening system. These experimental results indi- 

cate that the partition reduces flow resistance at 

the higher H~/D~ because the upward flow of the 

helium and the downward flow of the air are 

separated (unidirectional) by the vertical parti- 

tion within the opening, as shown in Fig. 11. The 

Froude numbers for the partitioned opening sys- 

tem at HI/D1 of 0.75 fluctuate with time, as 

shown in Fig. 8, and thus, the standard deviation 

is large, as plotted in Fig. 10. Three flow regimes 

in the partitioned opening system are divided 

based on figure 10: (1) unseparated flow regime 

(H~/DI<O. 75), (2) transition flow regime (IL/ 
D~-0.75) ,  (3) separated flow regime (H~/DI >0. 

Fig. 11 Schematic view of flow configurations sug- 
gested in partitioned opening system. 

75). Figure 12 shows examples of Mach-Zehnder  

interferograms, and flow patterns are compared. 

Because distance between the effective plane 

mirrors of the Mach-Zehnder  interferometer is 

confined, the heights and diameters of the open- 

ings are reduced to a half size for flow visualiza- 

tion. The opening diameter is 0.01 m and the 

opening ratios are 0.05, 0.3, 0.75, 2, and 10. Left 

figures and right figures in Fig. 12 show flow 

patterns of the partitioned opening system and the 

single opening system, respectively. Distorted 

interference fringes show that the light helium 

flows out from the opening entrance. The upward 

flows of helium through the single and the par- 

titioned openings in Fig. 12 swing in lateral 

direction at H~/Dl<0.75. It is observed that the 

upward flow of helium and the downward flow of 

the air do not take place stably, because the flows 

within the single and the partitioned opening are 

unseparated flows. Thus, they interact strongly 

with each other at the opening entrance. The 

unseparated flow increases strength of flow resis- 

tance between two fluids and therefore, the 

exchange flow rates of the partitioned opening 

system are low, as shown in Fig. 10. The fringes 

of the upward flow of the helium swing strongly 

at HI/Dj of 0.75 in the partitioned opening sys- 

tem, as shown in Fig. 12, and the Froude numbers 

shown in Fig 8. fluctuate at H~/D1 of 0.75. It is 

shown that the result of flow visualization agrees 

with that of flow measurement. Based on the 

above experimental results, it is judged that the 

transition flow regime exists at H1/D~ of 0.75 in 

the partitioned opening system. It is clearly 

visualized that the upward flow of helium and the 

downward flow of the air in the partitioned 

opening system take place smoothly and stably in 

separated flow passages within the partitioned 

opening at higher H~/D~, HJDl>0.75. Ampli- 
tudes of the fringes of the upward flow of the 

helium in the partitioned opening system are 

larger than those of the fringes of the upward flow 

of  the helium in the single opening system. The 

separated flow causes less flow resistance and 

thus, the exchange flow rate of the partitioned 

opening system increases with the opening ratio 

in the separated flow regime. The distorted inter- 
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Partitioned Opening Single Opening 

(a) D,=0.01 m, H,/D,=O.05 

Partitioned Ol:mning Single Ol:mning 

(c) D,=0.01m, H,/D~=0.75 

Partitioned Opening Single Opening 

Partitioned Opening Single Opening 

(b) D,=O.01m, H,/D,=0.3 

Partitioned Opening Single Opeming 

(d) O,=0.01m. H,/D,=2 

-. %=;-". ':%1":2:-:~ 4 

(e) D,=0.01m. H,/D,=10 
Fig. 12 Comparison of flow visualizations between partitioned opening system and single opening system 

(t--60 s). 

ference fl'inges of the helium of single opening comparison of the exchange flow rates and the 

system shown in Fig. 12 at H1/D~ of 10 do not Mach-Zehnder interferograms. Effect of variation 

appear because the exchange flow rate shown in of opening diameters of the partitioned opening 

Fig. 10 is too low. Flow configurations of the on the exchange flow rate is investigated insepar- 

exchange flow in the partitioned opening system ated flow regime (H;/1)1>0.75). 'The opening 

are divided into the separated flow and the unse- diameters are 0.01, 0.02, and 0.04 m, and the 

parated flow, as shown in Fig. I1, based on opening ratios are2  and I0. Figure 13 showslhe 



1192 Tae-il Kang 

Table 3 Comparison of Froude numbers between 

partitioned opening system and two-open- 

ing system. 

Opening Type Froude Number 

Two Opening 0.2381 

Partioned Opening 0.1571 

Fig. 13 Comparison of Froude numbers with opem- 
ing diameter. 

Fig. 14 Comparison of variation of Froude numbers. 
between partitioned opening system and two 
opening system with density increment. 

Froude numbers with the opening ratios for the 

opening diameters 0.01, 0.02, and 0.04 m. The 

Froude numbers increase with the opening diame- 

ters because the flow region is the separated flow 

regime (HI~l)1 >0.75). 

3.2 Two-opening 
Figure 14 shows the difference in the Froude 

numbers between the two opening system and the 

partitioned opening system. The difference indi- 

cates that the fluid interaction takes place as a 

flow resistance to the flow exchange. Based on the 

flow visualizations of Fig. 15, it is clearly shown 

that amplitudes of the fringes of the upward flow 

of helium in the two-opening system are larger 

than those of the fringes of the upward flow of 

helium in the partitioned opening system. The 

D,=0.02 m, H,/D,=10, t=60 s 

Fig. 15 Comparison of flow visualizations between 
partitioned opening system and two-opening 
system. 

exchange flow of the two-opening system due to 

less flow resistance gives rise to the larger ampli- 

tudes at the opening entrance. Therefore, the 

exchange flow rate of the two-opening system is 

larger than that of the partitioned opening system 

because of the absence of fluids interaction at the 

opening entrance, as shown in Table 3. 

4. Conclusions 

An experimental study of the helium-air 

exchange flows through the small openings has 

been carried out in order to understand the char- 

acter of the penetrated air flow at the rupture 

accident of the standpipe in the HTTR. In this 

paper, effects of the partition and the fluids inter- 

action on the exchange flow were investigated and 

discussed experimentally. Further flow visualiza- 

tion will be required to investigate the downward 

flow of the air within the test cylinder that gov- 

erns the flow patterns and the exchange flow 

rates. Conclusions of this paper are summarized 

in the five groups as follows: 

(1) The difference in the exchange flow rates 
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between the single opening system and the par- 
titioned opening system at the lower opening 
ratios (H~/D~<0.75) is small because of the 
unseparated flow. 

(2) The Froude numbers of partitioned open- 
ing system are higher than those for the single 
opening system at the higher opening ratios (Ill~ 

D~ >0. 75), because of the separated flow. 
(3) The Froude number increases with the 

opening diameter in the separated flow regime. 
(4) Based on the flow visualizations by Mach 

-Zehnder interferometer, it is observed that the 
amplitudes of the fringes of the upward flow of 
the he.lium in the two-opening system are larger 
than those of the fringes of the upward flow of the 
helium in the partitioned opening system. 

(5) The Froude number of the two-opening 
system is higher than that of the partitioned 
opening system because of the absence of the fluid 

interaction. 
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