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ABSTRACT 

In the postulated Depressurized Loss of Forced Convection (D-LOFC) for the Very High 

Temperature Reactor (VHTR), the gravity driven air ingress phenomenon is of particular interest. 

This accident scenario involves depressurization of helium from the reactor vessel due to a 

rupture in the primary coolant pipe, followed by the exchange of the helium with the air driven by 

the density difference. This ingress of air could potentially lead to oxidation of graphite structure 

in the reactor and ultimately to a release of radioactive fission products. The present study 

performs scaled adiabatic separate-effects experiments using air and helium as working fluids to 

highlight the hydrodynamic effects in the process of air ingress. A scaling analysis is performed 

to design a test apparatus using the Gas Turbine Modular Helium Reactor (GT-MHR) as the 

reference prototypic reactor. The scaling is performed to preserve the exchange time ratio 

between the scaled and prototypic case to be close to unity. The test vessel is made of a carbon 

steel cylinder with 60.96 cm (24 in) in diameter and 182.88 cm (72 in) in length. It is sealed at the 

top and bottom with flat plates via flanges. It is designed to accommodate three break locations, 

namely, two horizontal breaks on the side and one vertical break on the top of the vessel. These 

represent the horizontal primary coolant pipe and the vertical refueling standpipe, respectively. 

To investigate the geometric effects on the ingress phenomenon, the break locations are designed 

to accommodate pipe breaks of various length-to-diameter ratios (L/D) and break angles. In the 

present study, the air ingress via two horizontal side breaks is investigated with a pipe break of 

L/D = 3. The oxygen concentration is measured with an oxygen analyzer at several axial and 

radial locations within the test apparatus. It is found that the majority of the local data follows the 

same general trend. Oscillations are observed in the data for locations within close proximity as a 

result of the helium-air interface. The transient behaviors of both the local and the averaged 

oxygen concentration data show characteristics of hydrodynamic effects on the air ingress.  
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Chapter 1 

1 Introduction  

1.1 Research Background and Objectives 

A Loss-of-Coolant Accident (LOCA) of particular interest when considering the design 

of a Very High Temperature Reactor (VHTR) is the Depressurized Loss of Forced Convection 

(D-LOFC). This type of scenario may be caused by a large crack or double-ended guillotine break 

to either the horizontal primary core inlet and outlet flow duct or the vertical refueling standpipe 

at the top of the vessel.  When depressurization of the reactor vessel occurs, helium is blown 

down into the reactor containment and mixes with air.  Once pressure between the reactor vessel 

and containment equalizes, the air-helium mixture inside reactor containment will begin to flow 

into the vessel at the rupture location with a simultaneous outflow of helium.  The density 

difference between the two fluids is the primary reason for this gravity driven exchange flow.  

This postulated scenario was first identified by Schultz (1996) and it was noted that the ingress 

rate may vary depending on the rupture location.  

As ingress progresses air mixes with helium inside the vessel, the density difference 

between the containment and vessel fluids decreases and ingress slows.  The ingress of air into 

the reactor vessel may lead to oxidation of the in-core graphite structure. Ultimately, this could 

lead to a release of radioactive material to the environment in an extreme case.   

It is the conventional idea that there exist two stages of ingress after depressurization and 

gravity driven exchange namely, molecular diffusion and natural circulation.  As time progresses 

and the gravity driven exchange slows, molecular diffusion and natural circulation become more 

important. While some previous studies (Takeda, 1997, Takeda and Hishida, 1996, Oh et al., 
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2006, and No et al., 2007) focused mainly on diffusion, Oh et al. (2008) described gravity driven 

exchange as an important stage of ingress and further confirmed this idea in Oh et al. (2009). The 

present study focuses primarily on the gravity driven exchange as it is the initial stage to 

determine the exchange rate and degree of ingress.  This will allow for the evaluation of the time 

required for mitigation when such an event should occur.  

 

Currently, there are no predictive models for postulated LOCA scenarios in the VHTR.   

Also, the database for air ingress to establish models is limited. For this reason, the main 

objectives of this research are to perform scaled adiabatic and heated experiments with helium 

and air as working fluids to provide a more extensive understanding of the gravity driven 

exchange flow phenomena and also to establish a database for systems analysis code 

development and validation. This study aims to achieve the following: 

 

¶ To design a test facility capable of performing adiabatic and heated experiments with 

helium and air as the working fluids.  The facility is designed to perform separate-effects 

experiments on pipe breaks including (1) break location i.e., primary pipe (horizontal) 

and standpipe (vertical), (2) pipe break Length-to-Diameter ratio (L/D) and (3) break 

orientation i.e., angle of inclination. 

 

¶ To perform scaled adiabatic helium-air experiments using the horizontal side breaks and 

break length L/D = 3. Oxygen concentration is monitored during the experiments with an 

oxygen analyzer at various radial locations and several axial locations within the test 

apparatus. 
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1.2 Literature Review 

Gravity driven exchange flows have been studied extensively in the past due to its 

relevance to ventilation and air handling, the management of waste water, and accident scenarios 

throughout numerous disciplines. These studies investigated factors such as the speed and shape 

of the front, characteristics of the interface, and the exchange flow rate. This section will discuss 

the previous works both theoretical and experimental for gravity driven exchange flow which 

may be valuable background for this study.  

 

One of the first to consider a heavy fluid moving with constant velocity intruding into a 

light fluid was von Karman (1940). An intrusion of muddy water into a clear reservoir or salt 

water into fresh water was considered for this analysis. The front of the heavier fluid travels at 

about a constant speed and maintains a consist shape. So, the flow was considered relative to a 

reference frame moving with the heavier fluid as shown in Figure 1-1.  

 

Figure 1-1: Reference Frame Moving with Heavier Fluid (von Karman, 1940) 

 



4 

 

It can also be seen from the figure that the slope at the head is determined to be 

approximately ̄ /3 or 60 degrees. In this work, energy conservation was considered and an 

equation for the thickness of the heavy fluid layer, y, was developed and is given by: 

 

 ώ  (1-1) 

 

where ɾ1 is the specific gravity of the heavier fluid, ɾ2 is the specific gravity of the lighter fluid, U 

is the velocity of the front and g is the gravitational constant.  

 

Yih and Guha (1955) developed a mathematical formulation to predict the interface 

between the two fluid layers of stratified flow.  It was shown that a hydraulic jump which can be 

described by a change in depth of the propagating front is formed.   Conservation of momentum 

was used to develop the formulation for the two fluid layers to determine the jump conditions and 

the depth downstream of the jump. In order to model the change in depth of each layer due to the 

occurrence of the hydraulic jump, interfacial shear was neglected and a hydrostatic pressure 

distribution was assumed. An oil and water mixing experiment was used to verify the predictions 

of this formulation.   

 

Benjamin (1968) considered two approaches for flow-force balance or momentum flux 

with pressure force, an analysis of energy-conserving flow and flow with energy loss. For this 

theory, the problem of flow past a cavity represented by Figure 1-2 was considered. 
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Figure 1-2: Reference Frame for Flow Past a Cavity (Benjamin, 1968) 

 

In the analysis for no energy loss, an equation was deduced for the velocity far 

downstream, c2 given by: 

 

 ὧ  (1-2) 

 

where g is the gravitational constant, d is the space between the planes, and h is the depth far 

downstream. 

 

This equation corresponds to that derived by von Karman (1940). It was also determined that the 

solutions for this equation are given by: 

 

 Ὤ Ὠ   έὶ  Ὤ Ὠ (1-3) 

 

For the analysis of flow with energy loss, it was found that the other possible solution is 

given by: 
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 (1-4) 

 

 It was determined that it is possible for the receding stream to fill more than half the 

depth (h > ½d) if there is energy loss and it is impossible to have h < ½d as an external energy 

supply would be necessary to maintain the flow. Here, the maximum energy flux is obtained at 

h/d = 0.6527.  

 

 Experiments were performed by Leach and Thompson (1975) to investigate a 

depressurization accident in a Magnox reactor.  For these experiments, water and brine and 

carbon dioxide and air were used as simulant fluid pairs. The horizontal pipe was considered with 

a length-to-diameter ratio range from 0.5 to 20. A sealed box of brine connected to a tank filled 

with water by a pipe was the apparatus used for these experiments. The weight of the brine 

container was recorded with respect to time using a force transducer. For the carbon dioxide and 

air experiments a pipe with a quick release valve was connected to a box filled with carbon 

dioxide. The quick release valve was initiated to allow the ingress of air and the concentration 

change is the box was measured with respect to time. In order to estimate the volumetric flow 

rate, a dimensional analysis was performed using the measured parameters from the experiments. 

A preventative action of purging the reactor vessel with carbon dioxide was suggested to prevent 

further ingress of air. The flow rate at which the carbon dioxide needed to be supplied to displace 

the air was also determined.  A non-dimensional number identified as the discharge coefficient 

was used to express the results of the experiments.  This discharge coefficient scales the inertia 

force with respect to the buoyancy force and is given by: 
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 ὅ  
Ўϳ 

 (1-5) 

 

where Q is the measured volumetric exchange rate, g is the gravitational constant, D is the 

diameter of the pipe, ɝʍ is the density difference between the fluids and ʍ is taken to be the 

density of either fluid as the density difference is small.  

 

 From the results, it was determined that the discharge coefficient is constant and the L/D 

ratio does not significantly affect the exchange flow.  

 

 Mercer and Thompson (1975) investigated buoyancy-driven exchange flows in inclined 

and vertical ducts. The experimental setup consisted of a 455 dm
3
 tank of brine connected to a 

duct which was submerged in a 1364 dm
3
 tank of water. The ducts investigated in this study 

covered a L/D range from 3.5 to 18 and inclination angle 0 to 90 degrees. A quick-release seal is 

removed from the end of the duct in order to initiate the experiment. For this study, two 

experiments were performed; first, the entire system was tilted with the duct connected normal to 

the compartments and second, only the break was tilted with the duct connected to the 

compartments at the angle of inclination.  In order to determine the exchange flow rate, the 

weight of one compartment was measured with respect to time. A non-dimensional parameter 

similar to the discharge coefficient used by Leach and Thompson (1975) was used to express the 

results. This parameter is non-dimensional flow rate, q* and is given by: 

 

 ήᶻ  
Ўϳ 

 (1-6) 
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 It was determined that q* was not dependent on the L/D ratio and the results were found 

to agree with Leach and Thompson (1975). The results were plotted as q* with respect to 

inclination angle. The value of  q* was observed to increase until an inclination angle between 0 

and 15 degrees and decrease for any further increase in angle as shown in Figure 1-3. This graph 

also shows that the value of q* is greater for smaller L/D ratios. 

  

 

Figure 1-3: Data Plotted as q* with respect to Inclination Angle (Mercer and Thompson, 1975) 

  

 Epstein (1988) investigated buoyancy-driven exchange flow through openings in a 

horizontal partition.  The apparatus used for these experiments was a rectangular plexiglass tank 

0.55 m square with a depth of 0.762 m. In order to divide the tank into and upper and lower 

compartment, a horizontal partition was implemented 0.33 m from the bottom. There was an 
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opening in the partition to mount either a simple orifice cut in a thin metal plate or a plexiglass 

tube. The tests were performed with water and brine with the density of brine ranging from 1028 

to 1188 kg/m
3
. The length-to-diameter ratios considered in this study varied from 0.015 to 10. To 

perform the experiment, the lower tank was filled with water and the upper tank was filled with 

brine. A rubber stopper was used to initiate the countercurrent flow of water and brine through 

the opening. A hydrometer was used to measure the density in the upper tank at 2 minute 

intervals. The volume rate of flow for this study is given by the following equation: 

 

 ὗ
Ⱦ

ȟ ȟ

 (1-7) 

 

where VH and VL are the volume of the heavy and light (brine and water)fluid, respectively, ʍH is 

the density of brine at time t, and ʍL,0 and ʍH,0 are the density of water and brine, respectively at 

time equal to zero. 

 

 It was observed that the density change in the upper tank decreased linearly with time. 

The volumetric exchange rate is plotted as Froude number with respect to L/D shown in Figure 

1-4. Here, Froude number is defined by the following: 

 

 Ὂὶ
ЎȾ

 (1-8) 

 

where ”Ӷ is the mean density of the two fluids given by: 

  

 ”Ӷ
 

 (1-9) 
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Figure 1-4: Data Plotted as Froude Number with respect to L/D (Epstein, 1988)  

 

It can be seen from the figure that the Froude number increases until L/D is 

approximately equal to 0.6 at which point any further increase in L/D leads to a decrease in the 

Froude number. The data presented in the figure was divided into the following four exchange 

regimes: (I) an oscillatory exchange flow regime for small L/D described by Taylor wave theory, 

(II) a countercurrent Bernoulli flow regime described by an inviscid exchange flow model by the 

applying Bernoulliôs equation (Brown, 1962), (III) a combined turbulent binary diffusion and 

Bernoulli flow regime the intermediate flow regime between II and IV described by Bernoulli 

type flow at the ends of the tube and turbulent diffusion at the center of the tube and (IV) a pure 

turbulent binary diffusion regime for large L/D described by chaotic mixing of the two fluids 
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leading to slower exchange between the compartments. An empirical correlation was developed 

and it was found to correspond quite well to the experimental data.   

 

Another study by Keller and Chyou (1991) investigated the problem of hydraulic lock-

exchange. Conservation of mass and momentum were used to formulate the hydraulic theory for 

this study. Here, gravity currents are studied for small density differences, r Ó 0.281, and large 

density differences, 0 < r Ò 0.281, where r is the density ratio.  It was assumed that both gravity 

currents were energy conserving and that the currents were connected by a long expansion wave 

and an internal hydraulic jump for small density difference as shown in Figure 1-5.   

 

 

Figure 1-5: Gravity Currents for Small Density Differences (Keller and Chyou, 1991) 

 

For large density differences, it was assumed that the heavier current was dissipative and 

that the currents were connected only by a long expansion wave as shown in Figure 1-6.  
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Figure 1-6: Gravity Currents for Large Density Differences (Keller and Chyou, 1991) 

 

Aside from the theory, experiments were also performed. The test apparatus used for 

these experiments was a plexiglass channel 40 mm square with a length of 500 mm. A sliding 

gate driven by compressed air was installed to divide the channel. Various fluid pairs were 

considered in these experiments covering the entire density range from 0 to 1.  It is found that the 

results are generally consistent with the proposed theory, but there was some influence by the 

viscous or wall friction effect. 

 

In a study by Fumizawa (1992), helium air exchange flow was investigated through 

horizontal, vertical and inclined openings. The experimental test apparatus was a cylinder with a 

194 mm diameter and 400 mm height which had an opening diameter of 20 mm and a height 

range of 0.5 to 200 mm.  The height to diameter H/D range was from 3.5 to 18 and the apparatus 

was able to be tilted to inclination angles of 0 to 90 degrees. Three types of openings were 

examined including orifice, round, and long tube. Orifice implying a disregarded height effect as 

compared to the diameter, round indicating a comparable height and diameter, and long tube in 

which there was a disregarded diameter as compared to the height. An electronic balance was 

used to measure the change in mass throughout the experiments. The Mach-Zehnder 

interferometer, an optical system was used to visualize the helium-air exchange flow pattern.  It 

was deduced that flow rate decreases with time as there is a simultaneous decrease in the density 

difference with time. The flow rate through round openings was found to be greater as compared 
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to orifices and tubes. The densimetric Froude number was constant with change in time, but was 

found to be larger for round openings than for orifices and tubes.  Froude with respect to 

increasing H/D was constant for orifice, increased to reach a maximum for round, and decreased 

for tubes.  The data from this experiment compared well to previous water brine results from 

Epstein and Mercer. For horizontal openings, the results from the interferometry showed an 

upward plume or helium and a downward plume of air that had a lateral swing with a 10s period.  

In this case there was no boundary and there was strong interaction between the helium and air 

indicating that the flow is very unstable.  The helium traveled along the top and air along the 

bottom portion of the passage with a smooth interface between the fluids as shown from the 

interferometry for inclined openings.  Here, the exchange flow rate and densimetric Froude 

number were the largest at 30 degrees. 

 

Gröbelbauer et al. (1993) investigated lock-exchange flow with gases of different 

densities. The experiments were performed in a channel with a cross-section of 0.3 x 0.3 m2 and 

total length of 3.8 or 4.5 m. The channel is separated by a quick-opening gate which is used to 

initiate the experiments. The following fluid pairs were considered: CO2/Argon, Argon/Air, 

R22/Argon, R22/Air, Air/Helium, Argon/Helium and R22/Helium. From the results, it was 

concluded that gravity fronts of high density ratio are significantly different in propagation speed 

and shape from low density ratios gravity fronts (Boussinesq).  

 

A three-stage process was identified by Hishida et al. (1993) for a stand pipe rupture 

accident. These are depressurization, air ingress by exchange flow, and air ingress by natural 

convection. The test apparatus and results for the air ingress exchange flow stage is the same as 

that described in Fumizawa (1992) as shown in Figure 1-7 and Figure 1-8.   
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Figure 1-7: Data Plotted as Froude Number with respect to H/D (Hishida et al., 1993) 

 

Figure 1-8: Data Plotted as Froude Number with respect to Inclination Angle (Hishida et al., 

1993) 

 

The test apparatus used for the natural convection stage was two hemispheres connected 

by a vertical pipe. The lower hemisphere simulated the top cover of the reactor vessel and the 

bottom plate of the hemisphere which is capable of being heated simulated the top surface of the 
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reactor core. The environment outside of the reactor or the reactor containment was simulated by 

the upper hemisphere. The vertical pipe that connected the lower and upper hemispheres 

simulated the stand pipe.  The fluids used for these experiments were He, O2, N2, and CO2. A 

laser-Doppler anemometer was used to measure the flow rate of the counter-flow in the replicated 

stand pipe and the smoke method was used to visualize the flow behavior. It was determined from 

the flow visualization and velocity measurements that the flow pattern was extremely 

complicated and the fluids within the pipe interacted strongly with each other.  

  

A study performed by Tanaka et al. (2002) focused on the effects of the physical 

properties of gases and inclination angle on buoyancy driven exchange flow of two different 

gases.  Three simulant fluid pairs were investigated, Helium-air, Argon-air, and SF6-air, and the 

inclination angle was varied from 15 degrees to 90 degrees in 15 degree intervals. The test 

apparatus used in these experiments was a cylindrical tank of dimensions, 350 mm inner 

diameter, 350 mm length that was connected to a rectangular channel of dimensions, 5 mm width, 

50 mm height, and 100 mm length.  Net exchange flow rate was measured by an electronic mass 

and a laser-Doppler anemometer was used to measure the velocity profile.  It was noted that 

molecular diffusion plays a significant role in gas-gas exchange as compared to liquid- liquid 

exchange.  Through these experiments, it was found that there were two counterflow streams with 

a vortical circulation layer at the interface between the counterflow streams for each of the 

exchange flow pairs. An increase in inclination angle caused an increase in the cross-channel 

height of the vortical circulation flow layer. It was also concluded that with no increase in 

inclination angle the Grashof number and Schmidt number in the range of 1,000 to 10,000 and 

0.22 to 1.4 respectively, did not affect the exchange flow pattern. Although, there was an increase 

in the non-dimensional net exchange flow rates with an increase in the Grashof and Schmidt 

number.  It was observed that the axial velocity profiles of the inward and outward flow were 
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practically symmetrical.  As the inclination angle was increased, the location of the peak inward 

and outward velocities moved toward the channel wall causing a decrease in the peak velocities. 

The results are plotted as exchange flow rate, q with respect to inclination angle as shown in 

Figure 1-9. It can be seen that q increases with an increase in the angle until reaching a maximum 

around 5̄ /12 (75°) and decreases with any further increase in angle.  

 

 

Figure 1-9: Data Plotted as Exchange Flow Rate with respect to Inclination Angle  

(Tanaka et al., 2002) 

 

Lowe et al. 2005 performed experiments on both fluids having small density differences 

(Boussinesq lock exchange) and large density differences (non-Boussinesq lock exchange).  The 

test apparatus used to investigate the lock exchange was a rectangular channel with a removable 

lock gate. The tank had length of 182 cm, a width of 23 cm, and a depth of 20 cm. A 

shadowgraph was used to visualize the flow and video and photographs were used to measure the 
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depth and the front positions of the flow interface. Density ratios between 0.6 and 1 were studied 

in these experiments. For Boussinesq lock exchange, it was found that the speeds were constant 

for both currents and almost equal. The flow was identified to be symmetrical about the centerline 

meaning that each current occupies half the depth of the channel just as in previous studies. It was 

seen that the heavier current traveled at a faster but constant speed as compared to the lighter 

current in non-Boussinesq lock exchange. For this case, the heavier current was found to occupy 

less than half the depth of the channel. The theory proposed by Keller and Chyou (1991) was 

derived again in this study. The two categories of lock-exchange flow proposed are presented in 

Figure 1-10, (a) a left-propagating energy-conserving light current and a right-propagating 

energy-conserving heavy current, connected by a long wave of expansion and a bore, and (b) a 

left-propagating energy-conserving light current and a right-propagating dissipative heavy 

current, connected by an expansion wave. 

 

 

Figure 1-10: Schematic of Two Categories of Lock-exchange Flows (Lowe et al., 2005) 

 



18 

 

This study by Lowe et al. (2005) was extended to consider the lock-exchange category 

with only an expansion wave connecting the gravity currents as shown in Figure 1-10 (b). This 

non-Boussinesq exchange flow was considered for the complete range of density ratios.  The 

experimental results were compared to computational simulations by Birman et al. (2005). A left-

propagating energy-conserving light current and a right-propagating dissipative heavy current, 

connected by an expansion wave was found to be most representative of the non-Boussinesq lock 

exchange flow.  This outcome was in disagreement with the theory proposed by Keller & Chyou 

(1991) which assumed both the currents to be energy conserving and connected by an expansion 

wave and an internal hydraulic jump. 

1.3 Water-Brine Scoping Experiments 

A previous study by Sarangi (2010) performed scoping experiments using water and 

brine as the working fluids to investigate the effects of geometric parameters on gravity driven 

exchange. The test apparatus used for the scoping experiments was scaled based on the Gas 

Turbine Modular Helium Reactor (GT-MHR) and consisted of two narrow rectangular acrylic 

compartments connected by pipes of varying lengths. The apparatus was mounted on a rail 

system in order to position it at various inclination angles. The length-to-diameter ratios and 

inclination angles investigated in this study were 0.63, 3.0 and 5.0 and 0, 15, 30, 45, 60, 75 and 

90 degrees, respectively. A hydrometer was used to measure the time rate of change of the 

mixture density, which was used to obtain the volumetric exchange rate. From this flow 

visualization study, it was found that the mixture density changed linearly with time during the 

initial stage of ingress and as the ingress progressed, the mixture density began to change non-

linearly with time.  The results of the initial stage compared well to that of previous studies, but 

the results as the ingress progressed did not. The average Froude number followed a similar trend 
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as compared to that of previous studies, but the angle at which the peak Froude number occurred 

was higher. The Froude numbers of the initial stage were found to compare more with previous 

data than the average Froude number of the complete exchange. The overall exchange rate was 

found to be of the order of 70% lower than the exchange rate obtained by considering only the 

initial linear region of the exchange. It was determined from these experiments that the geometry 

of the compartment and angle of inclination have significant impacts on the ingress rate. 

 

These scoping experiments using water and brine provided a basic understanding of 

gravity driven exchange that is expected in the helium-air experiments. However, there may be 

various differences due to the fluid properties and compartment geometry. The flow pattern may 

be different as the lock exchange in this study is considered to be Boussinesq as the density 

difference is small, but the helium-air density difference is much larger and the lock exchange is 

considered to be non-Boussinesq (Lowe et al., 2005). Molecular diffusion may play a more 

significant role because the diffusivity between helium and air is approximately 10
4
 times greater 

than that for water and brine. Moreover, the ingress rate may differ from water and brine as the 

dynamic viscosity is about 10
2
 times greater for helium-air (Fumizawa, 1992). 

  



20 

 

Chapter 2 

2 Scaling Analysis 

2.1 Scaling Parameters 

In the present study, the experiments are performed using helium and air as working 

fluids in a scaled test apparatus. The scaling analysis used to design the helium-air test apparatus 

is based on the approach described in previous work by Kim and Talley (2009). The reference 

VHTR used for the scaling of the helium-air test apparatus is the Gas Turbine Modular Helium 

Reactor (GT-MHR) designed by General Atomics provided in MacDonald et al. (2003). The 

locations of importance for the air ingress scenario are identified as the two pipelines that connect 

to the vessel as shown by the schematic of the GT-MHR in Figure 2-1. These pipelines are the 

horizontal primary core inlet and outlet flow duct and the vertical refueling standpipe. In the 

present scaling analysis, the scaling parameters with and without temperature effects are 

considered. It is noted, however, that the present study focuses on the hydrodynamic effects in the 

gravity driven air ingress phenomenon. As such, the temperature effects are not considered. 
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Figure 2-1: Schematic of VHTR (MacDonald et al., 2003) 

 

Based on previous adiabatic studies by Mercer (1975) and Epstein (1988), Froude 

number is identified as the main non-dimensional number that accounts for geometric effects on 

gravity driven exchange. The Froude number is defined as the ratio of inertia force with respect to 

the buoyancy force and is given by: 

 

 Ὂὶ 
Ўϳ

 (2-1) 
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where k denotes the fluid (k is given as H or L indicating the heavier or lighter fluid, 

respectively), D denotes the diameter of the break, g is the gravitational constant, ɝʍ represents 

the density difference between the two fluids and ”Ӷ is the mean density of the two fluids. In this 

equation, jk is the superficial fluid exchange velocity given by: 

 

 Ὦ  ‌ό  (2-2) 

 

where u is the fluid exchange velocity and ɻ denotes the area occupied by fluid k with respect to 

the total cross-sectional area of the pipe break given by:  

 

 ‌   (2-3) 

  

 As the exchange rate is the major variable of significance for the air-ingress phenomena, 

it is important to note that the Froude number can be written in terms of the volumetric exchange 

rate given by:  

 

 Ὂὶ 
Ўϳ

 (2-4) 

 

where Q denotes the volumetric exchange rate and A denotes the area of the break. The 

volumetric flow rate can be measured by observing the density change throughout the duration of 

the experiment. The equation from Epstein (1988) used for the water-brine scaling has been 

modified using mass balance for helium-air and is given by: 
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 ὗ  
 

ȟ   
 (2-5) 

 

where VL is the volume of the light fluid, ʍL denotes the mixture density at time, t and ʍH,O is the 

initial density of the heavy fluid.  

 

 The major scaling parameter ratios (ratio between scaled helium-air and prototypic 

helium-air cases) for the design of the helium-air test apparatus are identified in previous work by 

Kim and Talley (2009) and are indicated by the following: 

 

Froude Number Ratio: 

 

 Ὂὶ  
Ὂὶȟ

Ὂὶȟ
 (2-6) 

 

Global Exchange Rate Ratio: 

 

 ὗ  
ὗȟ

ὗȟ
 (2-7) 

 

Local Exchange Rate Ratio: 

 

 Ὦ  
Ὦȟ

Ὦȟ
        (2-8) 
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Exchange Time Ratio: 

 

 ὸ  
ὸ
ȟ
ὸ
ȟ

 (2-9) 

where S,HA and P,HA represent scaled helium-air and prototypic helium-air, respectively. 

  

 There are two different exchange ratios to consider for the fluid exchange rate, the global 

exchange rate ratio and the local exchange rate ratio. The global exchange rate ratio considers the 

entire volumetric fluid exchange, while the local exchange rate ratio considers the local fluid 

exchange velocity within the break alone. The volumetric exchange rate ratios can be deduced by 

the Froude number equation and are given by: 

 

 ὗ   
ȟ Ўϳ

ȟ

ȟ Ўϳ
ȟ

 (2-10) 

and 

 Ὦ   
ȟ Ўϳ

ȟ

ȟ Ўϳ
ȟ

 (2-11) 

 

 Here, the Froude number ratio between the scaled and prototypic facility is equal to one 

because the two systems consider the same fluid pair. For this reason, these equations reduce to 

the following: 

 ὗ   
Ўϳ

ȟ

Ўϳ
ȟ

 (2-12) 



25 

 

and 

 Ὦ   
Ўϳ

ȟ

Ўϳ
ȟ

 (2-13) 

 

These equations show that the exchange rate ratios are dependent on the break diameter and fluid 

properties.  

 

 The time ratio scales the total time required for complete exchange of the fluids for a 

given exchange volume and is given by:   

 

 ὸ   
ȟ

ȟ

 (2-14) 

 

where V and Q are the volume and the volumetric exchange rate, respectively. 

 

The Reynolds number is also investigated in order to scale the ratio of inertial forces to 

viscous forces of the fluid for the horizontal breaks. 

 

 ὙὩ    ȟ
 (2-15) 

 

where ʍk is the density of the fluid, jk is the superficial fluid exchange velocity, Dh is the hydraulic 

diameter and ʈk is the viscosity of the fluid.  
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 It is assumed that each fluid occupies half the depth of the pipe break diameter. Hence, 

the hydraulic diameter is given by: 

 

 Ὀ  
 

 
  

  (2-16) 

  

 The superficial fluid exchange velocity can be calculated using the Froude numbers 

deduced from the previous studies. Thus, the Reynolds number can be rewritten by: 

 

 ὙὩ
Ўϳ

 (2-17) 

 

 Before performing heated experiments, several other non-dimensional numbers should be 

considered in order to investigate the effects of temperature and the other stages of air ingress, 

molecular diffusion and natural circulation. These are the Schmidt and Peclet and are described 

below.  

 

 Schmidt number is calculated to investigate viscous diffusion with respect to molecular 

diffusion and is given by: 

 

 Ὓὧ  (2-18) 

 

where ʉ  is the kinematic viscosity and D is the mass diffusivity. 
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 The mass diffusivity, Dab is calculated using an equation from Poling et al. (2001) given 

by: 

 Ὀ
Ȣ Ⱦ

Ⱦ  (2-19) 

 

where T is the temperature (K), P is the pressure (bar), ʎab denotes the characteristic length (Å) 

and ɱD represents the diffusion collision integral. Here, Mab is given by: 

 

 ὓ ς ρȾὓ ρȾὓ  (2-20) 

 

where Ma and Mb are the molecular weights of gas a and b. 

 

The characteristic length, ʎab is given by: 

 

 „  (2-21) 

 

 In this equation, ɱD is solely a function of kT/  ʀab where ʀab is the characteristic energy 

given by: 

 ‐ ‐‐ Ⱦ
 (2-22) 

 

 The values for ɱD are tabulated as a function of kT/  ʀ in Hirschfelder et al. (1954) and 

are used in this calculation of mass diffusivity of helium and air. 
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 Peclet number scales the ratio of convective diffusion to molecular diffusion and is given 

by Reynolds number multiplied by Schmidt number: 

 

 ὖὩ ὙὩϽὛὧ (2-23) 

 

2.2 Scaling Approach and Results 

The scaling parameter ratios discussed are calculated based on the approach described in 

this section.  For this approach, the Froude number, break pipe size, global and local exchange 

rate ratios, and exchange time ratio are determined. 

 

Froude number: 

 The Froude numbers for a given angle and length-to-diameter ratio are estimated by 

using Figure 1-7 and Figure 1-8 from Hishida et al. (1993). It is important to note that these 

Froude numbers are obtained under adiabatic conditions and temperature effects are not 

considered. Table 2-1and Table 2-2 show the Froude numbers that are used from Hishida et al. 

(1993). 

 

Table 2-1: Froude Numbers for Angle Variation (Horizontal Break) 

Angle (degrees) Fr (L/D  = 10, He-Air)  

0 (vertical) 0.03 

15 0.07 

30 0.13 

45 0.11 

60 0.08 

90 (horizontal) 0.01 
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Table 2-2: Froude Numbers for L\D Variation (Vertical Break) 

L/D Fr (Angle = 0°, He-Air)  

0.06 0.0800 

0.13 0.1000 

0.5 0.1300 

0.75 0.1200 

1 0.1100 

5 0.0400 

10 0.0200 

 

In order to be consistent with Hishida et al. (1993), the break inclination angles and length-to-

diameter ratios used in this scaling analysis are chosen to be those from the tables above.  

 

Pipe break size: 

In order to determine the pipe break diameter for the scaled helium-air design, the size is 

varied from 0.635 cm (0.25 in) to 7.62 cm (3 in) for the coaxial primary core inlet/exit duct 

(horizontal break) and 2.54 cm (1 in) to 15.24 cm (6 in) for the refueling standpipe (vertical 

break). The pipe dimensions used for the prototypic case are taken to be the diameter of the 

VHTR hot-leg of approximately 1.5 m for the break angle effect and standpipe diameter of 

approximately 0.75 m for the L/D effect (Richards et al., 2006). 

 

Global and local exchange rate ratios: 

The scaling analysis is performed for both the adiabatic (unheated) and heated conditions. 

So, the global and local exchange rate ratios are obtained by using equations 2-12 and 2-13 and 

the fluid properties of helium and air for each condition. For the unheated condition, the fluid 

temperatures for both helium and air are chosen to be 20°C. The fluid temperatures for the 

prototypic condition are chosen to be 950°C for helium and 43°C for air.  For the scaled heated 



30 

 

condition, the fluid temperatures are chosen to be 200°C and 20°C for helium and air, 

respectively.   

  

Exchange time ratio: 

 The height to diameter ratio for the prototypic case is approximately equal to three. In 

order to be consistent with this ratio of three, the scaled design is determined to have a height of 

182.88 cm (72 in) and a nominal diameter of 60.96 cm (24 in). For the scaled design, the 

horizontal break is based on a pipe break on the side of the test apparatus that is aligned with 

bottom of the vessel and the vertical break is based on a pipe break on the top of the vessel. In 

regard to these break locations, the exchange volume for the horizontal break is defined by the 

diameter of the pipe break and a complete volume exchange is assumed for the vertical break. 

The dimensions for the GT-MHR are used to estimate the volume exchange for the prototypic 

helium-air case for both the horizontal and vertical breaks. For the primary break, it is assumed 

that air will displace helium up to the line parallel to the top of the break. This volume is 

calculated to be approximately 94,000 liters (24,770 gallons), which is about 27% of the total 

volume within the reactor vessel. Since a complete volume exchange is assumed for the standpipe 

break, the entire volume of helium will be exchanged for air in containment.  The total volume of 

helium in the GT-MHR is approximately 351,000 liters (92,600 gallons). The exchange volumes 

are calculated in Kim and Talley (2009) and are provided in Appendix A. 

   

 Based on an exchange time ratio closest to unity, the scaled pipe break diameter is 

determined to be 4.45 cm (1.75 in) for the horizontal break and 5.72 cm (2.25 in) for the vertical 

break. The scaling parameter ratios calculated for the unheated and heated helium-air conditions 

based on these pipe break diameters are shown in Table 2-3 for the horizontal break and Table 

2-4 for the vertical break.  
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Table 2-3: Scaling Parameter Ratios for Angle Variation (Horizontal Break) 

 

 

Table 2-4: Scaling Parameter Ratios for L/D Variation (Vertical Break) 

 

  

The Reynolds number ratio is calculated for the horizontal breaks considering both fluids.  

Table 2-5 provides the Reynolds number ratios for helium and air for the scaled design. 

 

Table 2-5: Reynolds Number Ratios for Scaled Design 

   

Fr] R Q] R j] R t G] R diameter, cm (in)

Unheated Helium-Air 1 1.363 × 10
-4 0.155 1.015 4.45 (1.75)

Heated Helium-Air 1 1.438 × 10
-4 0.164 0.962 4.45 (1.75)

Fr] R Q] R j] R t G] R diameter, cm (in)

Unheated Helium-Air 1 1.446 × 10
-3 0.249 1.053 5.72 (2.25)

Heated Helium-Air 1 1.525 × 10
-3 0.263 0.998 5.72 (2.25)

Re]R,helium Re]R,air diameter, cm (in)

Unheated Helium-Air 0.0521 5.372 × 10
-3 4.45 (1.75)

Heated Helium-Air 0.0245 5.666 × 10
-3 4.45 (1.75)
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Chapter 3 

3 Experimental Facility 

3.1 Engineering Design of Test Apparatus 

The dimensions of the helium-air test apparatus are slightly modified from the scaling 

analysis results determined in the previous section due to practical engineering design 

considerations, simplicity, and machining capabilities.  

 

A carbon steel pipe with a nominal diameter of 60.96 cm (24 in) and a height of 182.88 

cm (72 in) is chosen to simulate the test apparatus. In order to compare the experimental data to 

computational results in the future, the design is simplified to incorporate flat plates rather than 

hemispheres at the top and bottom of the vessel. There are flanges at the top and bottom of the 

vessel to attach the plates. The top plate has two holes to implement a pressure gauge and a 

recirculation line to more quickly reach a desired temperature for the heated experiments.  There 

are 13 holes in the bottom plate, one for the helium supply, one for the vacuum pump, and the 

remaining holes are instrumentation ports. The engineering drawings of the vessel, top plate, and 

bottom plate are in Appendix B.  

 

There are three break locations, two on the side of the vessel and one on the top of the 

vessel. In order to investigate pipe breaks of various lengths, a flange design is implemented. Due 

to machining restrictions caused by this flange design, the side break could not be located at the 

very bottom of the vessel.  Therefore, the center of the lower side break is oriented 11.43 cm (4.5 

in) above the bottom of the vessel. A second side break is incorporated into the design and the 
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center of the pipe is located 34.29 cm (13.5 in) above the bottom. The second side break is to 

compare the helium-air data with the water-brine data, which accounts for the geometry effect. 

The top vertical break is located at the center of the vessel top. In order to simplify the design of 

the pipe break, an inner diameter of 5.08 cm (2 in) is chosen for both the horizontal and vertical 

break. This is between the two values of 4.45 cm (1.75 in) and 5.72 cm (2.25 in) determined in 

the scaling. As the pipe break diameter is modified from the scaling results, the parameter ratios 

are recalculated for the 5.08 cm (2 in) pipe break diameter and are shown in Table 3-1, Table 3-2 

and Table 3-3. The pipe breaks are connected to a base flange, which can be attached to the vessel 

flange. The length-to-diameter ratios for the pipe breaks are chosen to be 1.0, 3.0, and 5.0. A L/D 

ratio of essentially zero can also be obtained at the vessel flange with a 7.62 cm (3 in) diameter 

break. There is also a unique flange that will be used to attach glass pipes at the break which will 

be used to obtain velocity information by Laser Doppler Anemometry (LDA) in future 

experiments. The engineering drawings of the pipe breaks are shown in Appendix B. 

 

Table 3-1: Engineering Design Parameter Ratios for Angle Variation (Lower Side Break) 

 

 

Table 3-2: Engineering Design Parameter Ratios for Angle Variation (Higher Side Break) 

 

Fr] R Q] R j] R t G] R diameter, cm (in)

Unheated Helium-Air 1 1.904 × 10
-4 0.166 2.285 5.08 (2)

Heated Helium-Air 1 2.008 × 10
-4 0.175 2.166 5.08 (2)

Fr] R Q] R j] R t G] R diameter, cm (in)

Unheated Helium-Air 1 1.904 × 10
-4 0.166 6.023 5.08 (2)

Heated Helium-Air 1 2.008 × 10
-4 0.175 5.711 5.08 (2)
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Table 3-3: Engineering Design Parameter Ratios for L/D Variation (Top Break) 

 

 

The Reynolds number ratios are also reevaluated for the engineering design for the 

horizontal breaks and are shown in Table 3-4.  

 

Table 3-4: Reynolds Number Ratios for Engineering Design 

 

 

There are 68 individual instrumentation ports at four angular locations (A through D) 

each with 17 axial locations (1 through 17) on the side of the vessel.  The ports are spaced evenly 

every 15.24 cm (6 in) along the entire height of the vessel and some are spaced more closely at 

the break locations. The port dimensions and locations on the vessel can be seen in the drawings 

in Appendix B. A photograph of the test apparatus is shown in Figure 3-1. 

Fr] R Q] R j] R t G] R diameter, cm (in)

Unheated Helium-Air 1 1.077 × 10
-3 0.235 1.414 5.08 (2)

Heated Helium-Air 1 1.136 × 10
-3 0.248 1.340 5.08 (2)

Re]R,helium Re]R,air diameter, cm (in)

Unheated Helium-Air 0.0636 6.564 × 10
-3 5.08 (2)

Heated Helium-Air 0.0299 6.922 × 10
-3 5.08 (2)
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Figure 3-1: Photograph of Test Apparatus 

3.2 Test Facility and Instrumentation  

The gasket used to seal the top and bottom plates and pipe break components to the 

vessel flanges is made of an extreme-temperature silicone rubber.  It has a thickness of 3.18 mm 

(1/8 in), and can be used in the temperature range of -51.1°C 1 to 260°C (-60°F to 500°F) with a 

durometer hardness of 50 scale A (medium). A high temperature push-in tapered expandable 

round silicone rubber plug is used to seal the pipe break before initiation of the experiments.  

These plugs are capable of withstanding temperatures up to 287.78 °C (550°F) and have a 

durometer hardness of 55 scale A.  In order to fit into the pipe inner diameter of 5.08 cm (2 in), 

the tapered plug that is used for L/D = 1.0, 3.0, and 5.0 has ends of 5 cm (1-31/32 in) and 6.27 cm 

(2-15/32 in) with a thickness of 2.54 cm (1 in). An L/D of essentially zero can also be achieved 

by fitting the vessel flange with a tapered plug of 7.46 cm (2-15/16 in) and 8.97 cm (3-17/32 in) 
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with a thickness of 3.89 cm (1-17/32 in). Figure 3-2 below shows one of the smaller plugs 

inserted into the higher side pipe break.  

 

 

Figure 3-2: Photograph of Plug in Higher Side Break 

 

In consideration of the future heated experiments, a water-based epoxy called Nansulate 

EPX provided by INDUSTRIAL NANOTECH Inc. is used as a thermal insulation coating. It has 

a thermal conductivity of 0.027 W/mK at 20°C and 3.18 mm (1/8 in) thickness as documented in 

Appendix C. This coating is applied on the top and bottom plates of the vessel to minimize the 

heat loss during the heated experiments as shown in Figure 3-3. The inside of the vessel is 

sprayed with specialty high heat paint for temperatures rated up to 600°C. 
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Figure 3-3: Photograph of Nansulate EPX Applied to Top Plate 

 

A Quincy Compressor Model QV-1.5 HP Rotary Vane Vacuum Pump rated at ACFM at 

759 mm HgV (29.9 in HgV) is used to evacuate the vessel before filling it with helium. The 

vacuum pump is direct driven by a flange-mounted motor and it has an inlet check valve mounted 

internally. The system is air-cooled with a high-efficiency multi-stage exhaust filter with fluid 

mist removal. The vacuum pump is connected to the test apparatus by 1.91 cm (0.75 in) stainless 

steel flexible tubing and is shown in Figure 3-4. 

 



38 

 

 

Figure 3-4: Photograph of Quincy Compressor Model QV-1.5 HP Rotary Vane Vacuum Pump 

 

The oxygen concentration is measured during the experiments using an AMETEK 

Thermox CEM O2/TM Trace Oxygen Analyzer shown in Figure 3-5. The operating range of the 

analyzer is 1 ppm to 100% O2 with an accuracy of ±2% of the reading or 0.5 ppm O2, whichever 

value is greater and ±0.75% of the reading or 0.05% O2, whichever value is greater. Table 3-5 

shows the accuracy for a given oxygen content with upper and lower boundaries. These 

accuracies are applied to a particular data set as shown in Figure 3-6 with a zoomed in version of 

the initial region in Figure 3-7. The repeatability is ±0.5% of reading or 0.1 ppm, whichever value 

is greater and ± 0.5% of the reading or 0.1% O2, whichever value is greater. A response time of 

less than 10 seconds at 1.0 L/min (2.12 scfh) to 90% of a 2-decade step change is documented in 

the manual (AMETEK, PDF). The analyzer is capable of sampling a flow up to a maximum inlet 

temperature of 204°C.   
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Figure 3-5: Photograph of AMETEK Thermox CEM O2/TM Trace Oxygen Analyzer 

 

Table 3-5: Oxygen Analyzer Accuracy for Oxygen Content Range 

 

 

Oxygen Content Range Accuracy Upper Bound Lower Bound

1600 ppm - 4999 ppm ± 2% of reading reading × 1.02 reading × 0.98

0.5% - 6.66% 0.05% O2 reading + 0.05% reading - 0.05% 

6.67% - 21% ± 0.75% of reading reading × 1.0075 reading × 0.9925
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Figure 3-6: Oxygen Analyzer Accuracy Applied to a Data Set 

  

 

Figure 3-7: Initial 200 s of Oxygen Analyzer Accuracy Applied to a Data Set 

 

The manufacturer supplied an aspirator for the oxygen analyzer outlet to induce a flow 

throughout the system. The engineering drawings for the system recommend an air supply in 

gauge pressure of 103.42 to 137.90 kPa (15 to 20 psig) to the aspirator regulator. The aspirator 
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regulator reduces this to a gauge pressure of approximately 34.47 kPa (5 psig) which induces a 

flow rate of about 4.72 L/min (10 scfh). A sampling rate of approximately 1.0 L/min (2.12 scfh) 

is suggested by the manual. In order to reduce the flow rate, a Dwyer air flowmeter is installed 

between the oxygen analyzer outlet and the aspirator as illustrated in Figure 3-8. The Dwyer air 

flowmeter (RMB-49-SSV) has a range of 0.24 to 2.36 L/min (0.5 to 5 scfh) with an accuracy of 

±5%.  

 

 

Figure 3-8: Photograph of Dwyer Flowmeter and Aspirator 

 

While the flowmeter is calibrated for air, the flowmeter reading can be converted to a 

flow rate for other gases using equation 3-1 provided in the Dwyer catalog (Dwyer, Web 2009). 

 

 ὗ ὗ  (3-1) 
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where Qcorr is the corrected flow for specific gravity of gas x, Qobs is the observed flowmeter 

reading, 1 is the specific gravity of air, and SGx is the specific gravity of gas x being used in the 

flowmeter. 

 

Since the specific gravity of the fluid mixture changes during the transient, the actual 

flow rate as indicated by the flowmeter also changes. For this reason, the experiments are 

performed by changing the regulated flow rate at several points during the transient. This is done 

to preserve a constant mixture flow rate at around 0.94 L/min (2 scfh).   At the beginning of the 

experiment when the oxygen concentration is approximately zero, the flowmeter reading is set to 

0.38 L/min (0.8 scfh) which corresponds to about 1 L/min (2.15 scfh) for helium.  Since the flow 

rate decreases below 0.94 L/min (2 scfh) as the density of the sample increases, the flowmeter 

reading is increased by 0.09 L/min (0.2 scfh) at oxygen concentrations of 1.9%, 4.2%, 6.9%, 

10.0% and 13.6% all of which correspond to about 1 L/min (2.15 scfh). The flowmeter 

adjustments are summarized in Table 3-6 below. 

 

Table 3-6: Flowmeter Adjustments with Actual Flow Rate Range  

(flow rate provided in liters per minute, L/min and standard cubic feet per hour, scfh) 

 

 

A simple test was performed to ensure that the oxygen analyzer is operating properly. 

The gases used for this test are helium at approximately 3 ppm O2 and compressed air at 

Oxygen Concentration (%) Flowmeter Adjustment, L/min (scfh) Flow Rate Range, L/min (scfh)

0.0 0.38 (0.8) 1 - 0.81 (2.15 - 1.72)

1.9 0.47 (1) 1 - 0.84 (2.15 - 1.79)

4.2 0.57 (1.2) 1 - 0.87 (2.15 - 1.84)

6.9 0.66 (1.4) 1 - 0.89 (2.15 - 1.88)

10.0 0.76 (1.6) 1 - 0.90 (2.15 - 1.91)

13.6 0.85 (1.8) 1 - 0.92 (2.15 - 1.94)

17.5 0.94 (2) 1 - 0.94 (2.15 - 2.00)
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approximately 21.7% O2. These gases are each supplied through 6.35 mm (0.25 in) polyethylene 

flexible tubing which connect at a t-fitting that leads to the inlet of the oxygen analyzer.  There is 

a valve on the compressed air line in order to control which fluid is supplied to the analyzer. First, 

the compressed air is supplied at a gauge pressure of about 34.37 kPa (5 psig) until a stable 

reading is observed on the analyzer. Next, the supply is switched to helium supplied at a gauge 

pressure of about 34.37 kPa (5 psig) until a stable reading is observed. Then, the supply is 

switched back to compressed air until the original oxygen content is reached. From Figure 3-9, it 

can be seen that the proper readings are observed for helium and air. 

 

 

Figure 3-9: Confirmation of Oxygen Analyzer Measurement 

 

The oxygen analyzer sample is collected through a combination of 6.35 mm (0.25 in) 

stainless steel tubing (hardline) and 6.35 mm (0.25 in) inner diameter stainless steel flexible 

tubing (flexline). The sampling probe that collects the sample within the vessel is 6.35 mm (0.25 

in) stainless steel tubing with a wall thickness of 0.89 mm (0.035 in) that has a length of about 

76.2 cm (30 in).  The probe is connected to the 6.35 mm (0.25 in) inner diameter stainless steel 
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182.88 cm (72 in) flexible tubing using a Swagelok fitting with a Teflon ferrule set.  The flexible 

tubing connects back to about 76.2 cm (30 in) of hardline which leads to the inlet of the oxygen 

analyzer. Based on a flow rate of about 0.94 L/min (2 scfh) and the volume of gas within the 

tubing, the time for the sample to travel from the vessel to the oxygen analyzer inlet is 

approximately 5.3 seconds. 

 

A simple experiment to check the response time is performed for the test facility setup. 

The vessel is evacuated with the vacuum pump and backfilled with helium. Here, the sampling 

rate is based on a flowmeter setting of 0.94 L/min (2 scfh) for air. The sampling probe collects the 

helium from inside the vessel until a constant reading is observed on the oxygen analyzer. The 

probe is removed from the vessel and exposed to air until a stable reading is reached. A value in 

the ppm range is displayed on the analyzer when introducing helium to the system and a value of 

20.8% is displayed on the analyzer when introducing air. It can been seen from Figure 3-10 that is 

takes approximately 75 seconds for the analyzer to read pure helium to air for the test facility 

setup. 

 

Figure 3-10: Test Facility Response Time 
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 An OMEGA GCHAI series medium temperature steam, air, and gas circulation heater 

shown in Figure 3-11 will be used to heat the helium for the heated experiments. It is a 1.5 kW 

unit with a thermostat ranging from 93°C to 287°C.  This heater is connected on the recirculation 

line which will be used to heat the helium for the heated experiments. 

 

 

Figure 3-11: Photograph of OMEGA GCHAI Circulation Heater 

 

A simple pressure gauge and a Rosemount 3051S Scalable Coplanar Pressure Transmitter 

(Model: 3051S1CD2A2F12A2AB1E5L4) are attached to the vessel to monitor the pressure. The 

pressure gauge is dial type with an operating pressure range of 0 to 103.42 kPa (0 to 15 psi) and 0 

to -762 mm Hg (0 to -30 in Hg). It has an accuracy of ±1% full-scale and has a temperature range 

up to 232.22°C (450°F). The pressure transmitter has a range of 0 to 1269 mm H2O (0 to 50 in 

H2O) and has a 0.025% span accuracy (Rosemount, Web 2010). 


