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Downward flow opposing mixed convection conditions have been studied using the 

FLUENT CFD code.  This work was comprised of two primary objectives.  The 

first was to study core channel flow reversal susceptibility in the Gas Reactor Test 

Section (GRTS) at low flow conditions.  The second objective was the 

development of a general stability correlation for opposing mixed convection 

conditions in downward pipe flows as a function of pipe radius, gas material, inlet 

velocity and elevated wall temperatures. 

 

The traditional criterion that buoyancy forces must be considered in mixed 

convection flows when the Gr/Re2 value is on the order of 1.0 was used to identify 

low flow conditions in the GRTS when core channel flow reversal may occur.  The 

corresponding GRTS power levels and flowrates were studied using FLUENT.  An 

initial FLUENT model was used to model the solid core GRTS components to 

obtain the individual coolant channel wall temperatures for each axial level of each 

coolant channel of the GRTS associated with the low flow conditions susceptible to 



flow reversal.  These coolant channel wall temperatures were then used as 

boundary conditions in a more refined second FLUENT model containing just the 

fluid regions of the GRTS that was used to obtain the flow characteristics.  It was 

found that flow reversal did not occur in the GRTS even when the traditional 

criterion predicted that buoyancy forces could not be neglected. 

 

When FLUENT was used to study flow reversal for downward opposing mixed 

convection as a function of pipe radius, gas material, inlet velocity and elevated 

wall temperatures, it was found that while the traditional criterion that buoyancy 

forces must be considered when the Gr/Re2 value is on the order of 1.0 is a good 

estimate, it is insufficient to give a good prediction for when flow reversal occurs.   

The ability of the flow to reverse was largely dependent on pipe radius and gas 

material.  This thesis presents two correlations, one for pipe radii below 2 cm, and 

one for pipe radii 2 cm and above, predicting when flow reversal will occur as a 

function of Grashof and Reynolds numbers. 
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A STUDY OF OPPOSING MIXED CONVECTION IN THE 

GRTS AND IN DOWNWARD PIPE FLOWS USING THE 

FLUENT CFD CODE  

  

1.  INTRODUCTION 

 

From its beginnings in the 1950s when nuclear power started producing electricity, 

it has had a significant role in the world’s energy portfolio.  Today, 17% of the 

world’s electricity is generated by nuclear power.  The 104 nuclear reactors in 

operation in the United States provide 20% of the country’s electricity, and this 

number looks to increase in the future.  The U.S. Department of Energy, in its 

energy outlook for 2006, predicts electricity demand will increase by 1.8% per year 

through 2030.  Meeting this demand will require a 45% increase in electricity 

production, the equivalent of 300 new 1000-MW power plants [1].  In this day of 

environmental concern associated with global warming, pollution, and land 

preservation, nuclear power is an attractive electricity source given its reliability, 

concentrated energy, cost stability and minimal environmental impact. 

 

There are 32 nuclear power reactors under construction throughout the world, with 

many more in preliminary stages of planning and licensing.  The NRC expects to 

receive applications for 33 new nuclear power reactors by the end of 2010 [2].  The 

technology of nuclear reactors has advanced greatly from the present reactors in 

operation in the U.S. today.  The PWRs and BWRs in operation today in the U.S. 

are generation II reactors.  Currently, reactors in construction around the world and 

in the preliminary licensing stages in the U.S. are generation III reactors.  Both 

generation II and III designs provide a reliable, affordable and safe energy source.  

Generation III reactors add on the performance of Generation II reactor designs by 

using advanced concepts of safety by implementing passively safe safety systems. 
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Looking to more advanced nuclear power reactors, in 2000 the Generation IV 

International Forum (GIF) was established to look at new reactor designs that 

would meet demands for the future.  The primary objectives of Generation IV 

reactors are: 

 
• Advance Nuclear Safety 

• Address Nuclear Nonproliferation and Physical Protection Issues 

• Be Competitively Priced 

• Minimize Waste and Optimize Natural Resource Utilization 

 
From the many reactor designs that were looked at, six were chosen to be 

developed as Generation IV reactors.  These are: 

 
• Very High Temperature Reactor  (VHTR) 

• Supercritical Water Cooled Reactor  (SCWR) 

• Gas Cooled Fast Reactor  (GFR) 

• Lead Cooled Fast Reactor  (LFR) 

• Sodium Cooled Fast Reactor  (SFR) 

• Molten Salt Reactor  (MSR) 

 
These reactors were chosen for their ability to meet the primary objectives of 

Generation IV reactors.  All but the molten salt reactor are being researched in the 

U.S.  Of the five reactors being researched in the U.S., priority has been given to 

the Very High Temperature Reactor.  This reactor was chosen for its potential for 

safe operation while operating with high efficiency at very high temperatures.  In 

addition to power production, the heat from the high temperatures of this reactor 

can also be used for hydrogen production. 
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1.1  Project Background 

 

This study is part of the work done at Oregon State University in support of the 

Idaho National Laboratory (INL) Lab Directed Research and Development 

(LDRD) project titled Developing Core Flow Analysis Methods for the VHTR and 

GFR Designs.  To accomplish the objectives of the LDRD project, a scaling 

analysis was done of the VHTR prismatic core design [3] to develop a model that 

could be used to obtain experimental data to validate computer code analyses.  This 

conceptual scaled down model of the VHTR is the Gas Reactor Test Section 

(GRTS).  Further design work is continuing at INL.  The GRTS scaling was 

conducted to provide the following experimental data [3] that can be used to 

validate computer code analyses: 

 
1. Onset of flow instability for helium down-flow through the core under 

low flow conditions. 

2. Lower plenum temperature profiles during lock-exchange air-ingress at 

the onset of a Depressurized Conduction Cool-down (DCC) transient. 

3. Rate of air-ingress by molecular diffusion during a DCC transient. 

4. Time to onset of air natural circulation following the onset of a DCC 

transient. 

5. Radial heat conduction temperature profiles during a DCC transient. 

6. Estimates of thermal radiation heat transfer rates during a DCC 

transient. 

7. High temperature loop natural circulation flow rates following the air-

ingress phase of a DCC transient. 

8. Effects of flow bypass flow area on the DCC transient behavior. 

 

Once the computer codes have been validated against the GRTS experimental data, 

they will then be able to be used in predicting VHTR behavior. 
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This thesis study is the computer modeling work done associated with the first item 

in the previous list.  That is, computer modeling to predict flow instability under 

low flow conditions.  Flow instability refers to flow reversal with respect to the 

flow route direction for normal operation.  This was done in two parts: (1) 

modeling of general heated downward gas flow in pipes for different pipe radii, gas 

material, gas flowrate, and heat boundary conditions and (2) specific modeling of 

the GRTS.  Other reports and reports to be published at a later time include work 

done associated with the other items of the previous list [3-5]. 

 

1.2  Research Objectives and Need 

 

In normal operation of the VHTR, the helium coolant is heated by forced 

convection as it flows down through the core.  It is postulated that at low flow 

conditions, buoyancy forces due to the heating of the coolant may be great enough 

to cause the flow to reverse flow direction and flow up, against the forced flow.  

There are a number of flow patters that may occur.  The first is a local recirculation 

in a specific coolant channel; recirculation referring to regions of upflow in the 

channel. Given that the axial heat profile of the VHTR is sinusoidal, with the 

highest heat flux occurring around the axial midline of the reactor, the low flow 

conditions coupled with sufficient heat production will most likely cause this 

recirculation to occur at these highest axial heat flux locations.  Another flow 

pattern that may occur that is similar to the previous one is having upflow along the 

peripheral of the complete length of the coolant channel while the bulk flow in the 

individual channel still flows downward.  The previous two expected flow patterns 

are termed intra-channel recirculation, because they are phenomena associated with 

single coolant channels.  A third scenario that is possible is having the bulk of the 

flow through the VHTR still flow downward, as designed, but at the same time 

having specific channels with complete upflow due to the thermal conditions of 
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these channels.  This could result from the radial shape of the heat profile causing 

different coolant channels to be exposed to different amounts of heat flux, therefore 

causing different flow resistance due to buoyancy forces.  This could result in 

recirculation between channels.  This is termed inter-channel recirculation. 

 

It is important to understand the flow patterns that can occur in the VHTR at off-

normal conditions due to buoyancy effects.  There are a number of reasons for this.  

The first is that hot spots could occur due to the coolant channel recirculation 

which could expose core materials to higher temperatures than expected.  The 

second is the different heat transfer characteristics of the coolant channels when 

flow reversal occurs [6].  This change in heat transfer in a reversed flow channel 

can cause heat flux changes to neighboring coolant channels through the solid core 

material.  Another reason to understand the flow patterns is the effect of buoyancy 

driven countercurrent flow on the friction factor, which can affect the system 

pressure drop.  Specifically, when flow reversal occurs near the walls in a single 

channel due to buoyancy effects, this decreases the flow area for downward flow of 

the fluid in that channel, and increases viscous effects between the countercurrent 

flows, resulting in an increase in the friction factor [7].  Another case that can affect 

the pressure drop between the upper and lower plenum, and thus affect the entire 

system, is when specific channels have complete upflow [8]. 

 

This study is the first step in obtaining a better understanding of flow patterns that 

could occur in the VHTR core at low flow conditions due to buoyancy effects.  

While much work has been done on single channel buoyancy effects, most of the 

analytical and numerical work only considers two dimensions.  In addition, little 

work has been done for parallel channels with very little work being able to be 

directly applied to the VHTR geometry.  The purpose of this study is to use the 

FLUENT computational fluid dynamics (CFD) commercial code to model this 
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condition for the GRTS geometry, and to present a generalized stability map for 

pipe flows of different radii that are subject to buoyancy forces. 

 

1.3  Outline 

 

This chapter describes the background for this study.  This includes the background 

of the LDRD project and its importance with respect to the Generation IV reactor 

research.  It states the objectives of this thesis study, and the need. 

 

Chapter 2 provides descriptions of the facilities that are associated with this study.  

These are the VHTR and the GRTS. 

 

Chapter 3 introduces work done in this area in the form of a literature review.  It 

includes analytical, numerical, and experimental work done studying buoyancy 

effects in single channel and parallel channel geometries.  It also includes a 

description of the equations and models used in the FLUENT CFD code. 

 

Chapter 4 presents the analytical work done by the author to characterize and 

identify conditions in the GRTS when flow reversal and instability may occur. 

 

Chapter 5 presents the FLUENT work done by the author in modeling the solid and 

fluid regions of the GRTS core to solve for the specific thermal conditions at the 

coolant channel walls for conditions identified in Chapter 4.  These coolant channel 

wall temperatures are important factors influencing the instability susceptibility. 

 

Chapter 6 presents the FLUENT modeling of the GRTS coolant regions for 

conditions identified in Chapter 4 where instability may occur using the coolant 

channel wall thermal conditions solved for in Chapter 5 as boundary conditions. 
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Chapter 7 presents the work done in FLUENT by the author to develop a mixed 

convection stability map for downward heated pipe flows.  The following 

parameters were studied to assess their influence on flow stability: pipe radius, 

heated wall temperature, working gas, and gas flowrate. 

 

Chapter 8 presents the results of the mixed convection stability map.  Transitions to 

instability and trends are presented as a function of the parameters studied.  A 

general stability criterion correlation is presented. 

 

Chapter 9 presents conclusions from this study and the future work that needs to be 

done. 
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2.  FACILITY DESCRIPTIONS 

 

2.1  Description of the VHTR 

 

While not all design specifications have been finalized, most of the general 

characteristics of the VHTR can be described.  The VHTR is a helium cooled, once 

through, uranium fueled thermal reactor with a power rating of 600 MW(t).  The 

design goal outlet temperature is between 850 – 1000 oC [9].  This reactor will be 

used for both electricity and hydrogen production.  There are two possible designs 

for the core, a prismatic core and a pebble bed core.  The prismatic core was used 

for this study. 

 

2.1.1  Physical Dimensions of VHTR 

 

When compared to the other Generation IV reactor designs, the VHTR has the 

advantage that its design is extensively based on previous high temperature gas 

reactor designs.  At the present time the general VHTR prismatic core design is 

based on the General Atomics Gas Turbine-Modular Helium Reactor (GT-MHR).  

The GT-MHR is a prismatic core 600 MW(t) helium cooled reactor with an outlet 

temperature of 850 oC (Figure 2.1). 
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Figure 2.1  GT-MHR Vessel 
 
 

 

The hot duct structural element is a coaxial duct.  The cold inlet coolant flows 

through the annular ring of the duct, while the hotter outlet coolant flows out the 

middle section.  Upon entering the reactor, the cooler inlet coolant will flow up the 

upcomer, which is the space between the pressure vessel and the inner vessel.  At 

the top of this route, the coolant will turn 180o and collect in the upper plenum 

before flowing down the core section.  Exiting the core channels, the coolant will 

collect and mix in the lower plenum.  The lower plenum will contain a number of 

core support columns.  Finally, the coolant will flow out the outlet duct.  Table 2.1 

lists relevant dimensions of the VHTR [10]. 
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Table 2.1  VHTR Vessel Data 

Pressure Vessel Parameters Value SI  Value BU 

Inside Diameter 7.23 m 284.5 in 
Outside Diameter 7.66 m 301.5 in 
Material  9Cr-1Mo-V ferritic steel 
Core Barrel ID (Estimate) 6.69 m 263.39 in 
Core Barrel OD (Estimate) 6.93 m 272.83 in 
Cylindrical Section Length 15.98 m 629.1 in 
Lower Head Geometry (Radius) 3.61 m 142.3 in 
Upper Head Geometry (Radius) 3.61 m 142.3 in 
Inlet Duct Flow Area 8.35 m2 12942.5 in2 
Outlet Duct Flow Area 6.42 m2 9951.0 in2 
Number of graphite core support columns 186 
Outside diameter of each core support column 0.2261 m 8.9 in 
Length of core support column 1.8481 m 72.8 in 
Layout of core support columns  cylindrical 

 

 

2.1.2  VHTR Core Description 

 

The prismatic VHTR core design is based completely on the GT-MHR design.  The 

active core is in an annular arrangement, with graphite being used for the center 

and outer reflectors. 
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Figure 2.2  GT-MHR and VHTR Core Layouts [9] 
 

 

The active core will consist of 102 fuel columns.  In Figure 2.2 the dark hexagonal 

blocks represent fuel columns, while the white blocks represent the graphite 

reflector blocks.  The fuel columns will consist of 10 axial stacked fuel blocks.  The 

coolant will be heated as it flows down through coolant channels in the fuel blocks 

in the core.  The core inlet temperature is estimated to be 490 oC with a design goal 

of an outlet temperature between 850 - 1000 oC.  With outlet temperatures this 

high, there is enough heat for efficient production of hydrogen through the thermo-

chemical iodine-sulfur process [9, 11]. 

 

The VHTR will use TRISO coated low enriched uranium fuel particles.  These 

particles contain a number of layers around the uranium fuel that provide space for 

fission gas products, and resist kernel migration. The particles are formed into 

cylindrical compacts which are then inserted into the fuel holes in the graphite fuel 

assemblies.  Figure 2.3 illustrates this process showing the TRISO particles, 

cylindrical compacts and fuel assemblies.  Figure 2.4 shows a cross section of a 

fuel assembly block showing the arrangement of coolant channels and fuel rods. 
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Figure 2.3  VHTR Fuel [9] 

 
 
 
 

 

Figure 2.4  Cross Section of Fuel Assembly Block [9] 
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Further data on the description of the VHTR core is presented in Table 2.2 [10]. 
 
 

Table 2.2  VHTR Core Parameters 

 Value SI  Value BU 

Number of active fuel elements per 
assembly 

210 

Outside diameter of each fuel element 0.0127 m 0.500 in 
Number of coolant channels per fuel 
assembly 

    

  Small Channels 6 
  Large Channels 102 
Inside diameter of each coolant channel     
  Small Channels 0.0127 m 0.500 in 
  Large Channels 0.0159 m 0.625 in 
Edge to edge length of hexagonal fuel 
assembly 

0.3600 m 14.17 in 

Number of fuel core columns 102 
Number of fuel assemblies in core 1020 
Length of Assembly 0.7930 m 31.22 in 
Effective Active Core Diameter     
  Outer 4.83 m 190.16 in 
  Inner 2.96 m 116.60 in 
Active Core Height 7.92 m 312.00 in 

 

 

2.2  Description of the GRTS 

 

2.2.1  Physical Dimensions of the GRTS 

 

The Gas Reactor Test Section (GRTS) is a reduced scale model of the VHTR that 

has been proposed for experimental studies of the flow phenomena and general 

behavior expected in the VHTR.  A schematic is presented in Figure 2.5. 
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Figure 2.5  Layout of the GRTS Vessel (Courtesy of Harris Thermal) [12] 
 

 

Similar to the VHTR it will use helium as the coolant and have the same flow 

route; the helium being heated as it flows down through the core.  For descriptive 

purposes, it is convenient to divide the GRTS into three main parts; the core 

section, the internal vessel and the external vessel, as represented in Figure 2.5. 

 

The core section consists of the parts that correspond to the active fuel volume, the 

center, lower and upper reflectors, and core support columns in the lower plenum.  

In the VHTR the material used for the core section and the reflectors is graphite.  In 

the GRTS a ceramic material will be used.  There are two reasons for this.  The first 

is that this study is only concerned with the thermal profiles of the reactor and 

coolant, therefore oxidation is not desired.  The second reason is to be able to 

match the normalized radial thermal profile that will exist in the VHTR.  This is 

done by using a material with a smaller thermal conductivity than that of graphite. 

 

The GRTS will produce the core heat with 42 cylindrical heater rods that are 0.935 

inch in diameter, with 78 inches of heated length.  These rods are arranged so that 
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their radial profile in the active core section is in an annular shape (Figure 2.6), 

similar to the VHTR.  They will be inserted into holes bored into the core material.  

Six coolant channels surround each heater rod in a hexagonal configuration for a 

total of 114 coolant channels in the GRTS.  These coolant channels are 0.625 

inches in diameter, which is the same coolant channel diameter of the VHTR. 

 

 

 

Figure 2.6  Layout for GRTS Core [12] 
 

 

In Figure 2.6 the lines that create the hexagonal subdivisions that contain one 

heater and six channels are not physical, the entire radial active core section will be 

one solid mass.  For construction purposes the core section will be divided axially 

into nine sections that will stack on top of each other (Figure 2.7). 
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Figure 2.7  GRTS Core Axial Divisions 
 

 

The core section also consists of the upper and lower reflectors and the lower 

support rod columns.  These reflectors will also be made of the ceramic material 

used for the other reflectors and the core.  The lower support rod column 

arrangement is similar to that of the VHTR so mixing studies in the lower plenum 

can be performed with this facility. 

 

The internal vessel consists of the outer reflector and the upper plenum shroud.  

There will be three holes in the top of the shroud that the coolant flows through 

from the upcomer to the upper plenum. 

  

The external vessel will be made of Inconel.  The inlet/ outlet nozzle will be a 

concentric nozzle with the cooler inlet coolant flowing in the outer ring and the 

hotter outlet coolant flowing out the middle.  The upcomer volume is created by the 

empty space between the inner and outer vessels.  A circulator will be utilized to 

produce forced flow conditions.  The pressure vessel data is contained in Table 2.3. 
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Table 2.3  GRTS Vessel Data 

Parameter  Value Units 

Inside Diameter 39.0 in 
Outside Diameter 40.0 in 
Core Barrel ID 34.9 in 
Core Barrel OD 36.2 in 
Cylindrical Section Length 157.3 in 
Inlet Duct Flow Area 227.9 in2 
Outlet Duct Flow Area 175.2 in2 
Number of Graphite Core Support Columns 186 
Length of Support Columns 18.2 in 

 

 

2.2.2  Scaling of the GRTS 

 

The GRTS will be 1:4 length scale of the VHTR.  The following table contains the 

scaling parameters of the GRTS. 

 

 
Table 2.4  GRTS/VHTR Scaling Ratios 

Parameter GRTS/VHTR Scale Ratio 
  
Length Scale 1:4 
Time Scale 1:2 
Velocity Scale  1:2 
Mass Flow Rate 1:113.7 
Power 1:113.7 
Flow Area 1:56.85 
Volume 1:227.2 
Helium T∆ across the Core 1:1 
Pressure Drop 1:4 
Local Area/Core Flow Area 1:1 
Loop Resistance Number 1:1 
Thermal Resistance 113.7:1 
Vessel Radiation Heat Transfer 
Surface Area 

1:113.7 
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Scaling was done by Dr. Jose Reyes [3].  Given that the GRTS is to be used to 

study a number of phenomena of the VHTR, scaling was done while considering 

all these phenomena.  There are a few areas of importance with regards to scaling 

and this thesis study.  The first was mentioned above regarding the choice of a 

ceramic material for the core and reflectors.  This is to accurately match the radial 

thermal profile of the GRTS with that of the VHTR.  Although graphite is the 

reflector material used in the VHTR, it could not be implemented in the GRTS 

because of the small radius of the GRTS and the high thermal conductivity of 

graphite [13].  This combination results in heat removal from the GRTS being too 

rapid to match the normalized thermal profile of the VHTR.  By using a ceramic 

material with a much lower thermal conductivity, the heat loss is greatly decreased, 

thus allowing for profile matching.  Verification of this was done using the 

FLUENT CFD code [3].  This comparison is shown in Figure 2.8.  This thermal 

matching is important because core stability is dependent on the temperatures the 

coolant is exposed to for the different coolant channels. 

 

 

VHTR and GRTS Radial Temperature Profiles
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Figure 2.8  VHTR and GRTS Core Temperatures 
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To further aid in temperature matching, insulation will be used on a portion of the 

vessel wall.  This was found to be necessary [3] to maintain the GRTS outer vessel 

wall temperature at the same value as that of the outer vessel wall of the VHTR for 

similar power and flow situations.  The amount of surface area covered by 

insulation keeps the ratio of surface area exposed to radiative heat transfer between 

the GRTS and VHTR the same as the power ratio between the GRTS and VHTR. 

 

Another important scaling parameter is the change in temperature of the coolant 

from the top to the bottom of the core.  To accurately capture the buoyancy effects, 

there is a 1:1 ratio with the VHTR. 
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3.  LITERATURE REVIEW 

 

Flow stability in the GRTS and in turn, the VHTR is thought to be affected 

primarily by both the flowrate and the thermal boundary conditions that the flow 

experiences at the coolant channel walls.  Convective heat transfer at the wall 

boundaries occurs by mixed convection.  This is a combination of forced and free 

convection.  Traditionally these two heat transfer mechanisms have been studied 

independent from one another [14], with many independent correlations being 

developed to predict heat transfer.  Early work done in this area rarely dealt with 

combinations of the two, even though in reality it is difficult to have only one of 

these forms of convective heat transfer without the other present. 

 

This chapter will present work that has been done for mixed convection flows that 

relates to the GRTS geometry and conditions.  There are many different ways to 

classify the studies that have been done: circular tube geometry vs. parallel plate 

geometry, laminar vs. turbulent, experimental, theoretical, or numerical, different 

thermal boundary conditions, different L/D, etc.  This chapter will group them in 

the following: analytical, numerical, experimental, and a final section on parallel 

channel flows.  This chapter also contains a section describing the commercial CFD 

code FLUENT. 

 

3.1  Analytical Studies of Mixed Convection Flows 

 

Much analytical work has been done in this area by different methods.  As early as 

1942 Martinelli and Boelter [15] analyzed mixed convection for flow in a vertical 

pipe.  Even earlier, in 1938, Ledinegg analyzed flow instabilities [16] by methods 

applicable to the GRTS geometry. 
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Traditionally the influence of buoyancy has been determined from a comparison 

between forced and free convective forces.  In this traditional criterion, when the 

value of Gr/Re2 is on the order of 1.0, then both forced and free convective effects 

must be considered.  When this value is very small, free convection effects can be 

neglected.  When this value is very large, forced convection effects can be 

neglected.  This criterion comes from the following analysis [17, 18]. 

 

 

 

Figure 3.1  Boundary Layer Velocity Profile [17] 
 

 

The governing equations for steady-state incompressible flow in two-dimensions 

are: 
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where 

x = direction of bulk flow 
y = direction normal to bulk flow 
u = flow velocity in the bulk flow direction 
v = flow velocity normal to bulk flow direction 
ρ = fluid density 
P = pressure 
ν = kinematic viscosity 

 

The pressure terms include any hydrostatic terms that may be present.  A number of 

simplifications can be made when applying these equations to the region of 

boundary layer flow, as in Figure 3.1.  These simplifications depend on the 

following three assumptions for this boundary layer flow region: (1) u is large 

compared to v, (2) the boundary layer is thin compared to the characteristic length, 

and (3) velocity changes across the boundary layer are much greater than changes 

in the main flow direction.  When these simplifications are applied to Eqns. 3.1 – 

3.3, the y-momentum equation can be neglected entirely due to an order of 

magnitude argument.  By this same reasoning, the third term on the right-hand-side 

of Eqn. 3.2 can be neglected.  The following momentum equation results for flow 

shown in Figure 3.1, which is known as the boundary layer equation: 

 










∂
∂+

∂
∂−=

∂
∂+

∂
∂

2

21

y

u

x

P

y

v
v

x

u
u ν

ρ
    3.4 

 

This equation can be put in a more convenient form when applying it to the flow 

situation in Figure 3.2, where the gravity body force acts in the negative x direction 

[19].  The Boussinesq approximation is employed for this flow.   
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Figure 3.2  Boundary Layer Velocity 
Profile Next to Heated Wall [19] 

 

 

For this flow situation, the pressure variation across the boundary layer is small 

compared to the pressure variation in the direction of flow.  Therefore the pressure 

in the quiescent region is impressed on the boundary layer region, so the same 

pressure is felt at the wall for a given x-position.  In the quiescent region, there is 

no flow velocity, therefore the x-momentum equation simplifies to: 

 

g
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∞−=

∂
∂ ρ       3.5 

 

If density variations are only due to temperature variations, then the volumetric 

thermal expansion coefficient can be used with temperature to give the density. 

 

( ) ( )∞∞ −≈− TTρβρρ     3.6 

 

Substituting Equations 3.5 and 3.6, and including the gravity term into the 

boundary layer equation results in the following convenient form: 
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Nondimensionalizing this equation with the following: 

 

Lxx /* ≡  Lyy /* ≡     3.8a-e 

 

ouuu /* ≡  ouvv /* ≡  
∞

∞

−
−

≡
TT

TT
T

s

*     

  

where L is a characteristic length and uo is a reference velocity results in: 
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The first term on the right hand side of the above equation is the Gr/Re2 value 

multiplied by the nondimensionalized temperature. 
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When this ratio is on the order of 1.0, then this term affects the solution for the 

velocity of the fluid.  This is a result of the body gravity force from changes in 

density due to temperature changes.  This is the traditional criterion used to 

determine if buoyancy effects are important in a flow.  The characteristic length 

depends on the geometry of interest.  Similar to hydrodynamic calculations, the 

hydraulic diameter is most often used for pipes and ducts, while the length of the 

heated section is most often used for flat plate geometries.  The reasoning behind 
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the selection of the characteristic length will be discussed in detail later in this 

thesis. 

 

Early exact solutions for the differential equations describing mixed convection in 

vertical channels and pipes were given by Ostrach [20] in 1954 and Morton [21] in 

1963.  Ostrach [20] used a linearly changing wall temperature profile for vertical 

flow.  He found instability and flow inversion for heating from below.  Morton [21] 

predicted parallel flow for small Ra numbers in downward heated flow.  He 

predicted that the flow would become unsteady and turbulent when the Ra number 

reached 33.  Quientiere [22] presented approximate analytical solutions for mixed 

convection between parallel plates.  He related the heat transfer results to the inlet 

pressure defect and flowrate. 

 

Rogers [23] and Yao [24-26] studied mixed convection by the use of stability 

analyses.  Many early studies describe mixed convection flow as stable counter-

parallel flow.  Rogers and Yao used linear stability analyses to show that this type 

of flow is impossible [23] due to inviscid instability.  They found mixed convection 

in a vertical pipe produces periodic and recirculating cells [24], which are likely 

two counter-rotating spirals [26].  

 

Stelling [27], Ishii [28, 29], Nair [30], and Babelli [31, 32] have all done work on 

flow instability related to the work of Ledinegg [16].  The Ledinegg instability is 

described as situations where steady state flows are subject to large changes due to 

small changes in flow conditions. 

 

One way to define this type of instability is the occurrence of a minimum in the 

system’s demand curve (pressure drop vs. flowrate) [27].  This is because if there is 

a minimum, the flow-rate is not a single valued function of pressure, and instability 

may occur (Figure 3.3) [28]. 
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Figure 3.3  System Demand Curve Subject to Instability 
 

 

For a stable transition [30], the following is true: 
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But if the slope of the external pressure drop-versus-velocity curve (pump 

characteristic) is greater than the slope of the internal pressure drop-versus-flow 

curve (system characteristic), then the system can be unstable. 

 

Babelli and Ishii presented a theoretical procedure to predict flow instability for 

both single-phase [32] and two-phase [31] flows from a force balance method by 

calculating for this minimum in the internal pressure drop-versus-flow curve.  The 

equation for the internal pressure drop for downflow is [29]: 
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int fr orif te gP P P P P∆ = ∆ + ∆ + ∆ + ∆     3.12 

 

where 
∆Pfr – frictional pressure drop 
∆Porif – orifice (minor) pressure drop 
∆Pte – thermal expansion pressure drop 
∆Pg – gravitational pressure drop 

 

By plotting this pressure drop equation versus flowrate, it can be determined if a 

minimum exists, and therefore if the flow is subject to instability. 

 

Reyes [4] used this force balance method to calculate the system pressure drop-

versus-flow curve of the VHTR.  It was found that for helium as the working gas, 

no minimum occurs.  This is a result of the light weight of helium.  This is 

significant, because it predicts that as long as there is some forced flow, even a 

small amount, the bulk fluid will follow the normal coolant route. 

 

3.2  Numerical Mixed Convection Single-Phase Flows 

 

Extensive work has been done to solve the flow field equations for mixed 

convection flows by numerical methods.  The level of detail of the results of these 

studies is highly dependent on the computing resources used.  In the 1960s and 

1970s general results were found for heat transfer effects for mixed convection 

flows by Lawrence [33], and Zeldin [34].  Beginning in the 1980s, numerical 

studies started being able to better resolve the velocity profiles of vertical pipe 

flows with mixed convection as shown in studies by Ingram [35, 36], Aung [37], 

Shadday [7], Cebeci [38], Heggs [39], Morton [40], Wang [41] and Habchi [42].  

Recent numerical studies by Evans [43], Chang [44], and Lin [45] have focused on 

the oscillatory flow reversal behavior that can occur in mixed convection flows.  A 
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number of the previous studies included experimental parts.  Those parts will be 

covered in the next section. 

 

While all of the previous studies provide valuable insight into the effects of 

buoyancy in vertical flows, not all used flow conditions applicable to the GRTS.  

The following studies used upward flow with elevated wall temperatures:  [7], [39], 

[34], and [42]; this is termed aiding mixed flow, because the buoyancy force acts in 

the same direction as the forced flow.  While the flow fields from these studies are 

not directly applicable to GRTS conditions, they do give insight in determining 

when buoyancy effects are important in mixed convection flows.  The following 

studies used upward flow with wall temperatures cooler than the bulk flow: [35], 

[37], [38], [36], [41], and [40]; termed opposing mixed flow.  While the boundary 

conditions in these flows are opposite those in the GRTS, the resulting flow fields 

reported are very similar to that expected in the GRTS where recirculation occurs 

near the channel walls.  The following studies reported on downward flow with 

elevated wall temperatures, as is the condition in the GRTS: [43], [45], [44], and 

[33]; another form of opposing mixed flow.  The two primary thermal boundary 

conditions used for the channel walls in the numerical studies were uniform heat 

flux, and constant wall temperature. 

 

The previous studies were conducted for mixed convection in both pipe and 

parallel plate geometry.  Given the complexity in solving the numerical equations, 

all studies solved the two-dimensional governing equations, either in Cartesian or 

cylindrical coordinates.  The general method used to solve the flows involved 

discretizing the domain and solving the governing equations for each volume.  The 

exact form of the equations solved differed slightly from study to study depending 

on the domain geometry and coordinate system used.  As an example, the following 

are the equations used by Habchi [42] where x is in the vertical direction: 
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where 
U, V – Velocity Vectors 
X, Y – Coordinate Directions 
θ – Non-dimensional Temperature  

 

The equations presented above were for steady state calculations.  The majority of 

the studies were for steady state, thus giving a time average picture of the flow 

field.  Of the studies listed in this section, only [43], [7], [44], and [45] were 

transient calculations and thus give a time-advancing picture of the flow field. 

 

For the studies with upward flow and elevated wall temperatures the following 

results were obtained.  Heggs [39] studied the effect of wall heat conduction on the 

development of reverse flow by varying wall thickness and wall to fluid 

conductivity rates.  He used Re = 50, and Gr = 10,000, giving Gr/Re2 = 4.0, and 

witnessed reversals in most flows.  Zeldin and Schmidt [34] used Re = 500 with 
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Gr/Re values from 0 to 30.  While this was not enough buoyancy for reverse flow, 

they did see a concavity in the center of the flow field, due to acceleration near the 

walls from heating, as opposed to the traditional parabolic shape.  Habchi [42] used 

Gr/Re2 values of 0.1 to 5.0.  These flows exhibited a concavity near the center of 

the flow, with the highest concavity shown for Gr/Re2 = 1.0.  He attributed this to 

using a lower Re number for the higher ratio values studied which thickens the 

boundary layer and thus decreases the concavity.  Shadday [7] used Re = 100 and 

varied the Gr number from 105 to 106 for his transient numerical study.  He found 

flow reversal for Gr = 105.  For Gr = 106, periodic vortex shedding from the heated 

walls to the cooler reverse downward bulk flow in the center occurred.  He stated 

that the vortex formation associated with unstable reverse flow is a 3-D process, 

and therefore could not be accurately modeled by his 2-D model. 

 

The following are results for studies with upward flow past walls cooler than the 

fluid temperature.  Ingram [35], using channel walls with different constant 

temperatures for Gr/Re values from 30 to -80 (positive values correspond to 

opposing mixed flow) found recirculation for opposing mixed flow dependent on 

the temperature difference between the channel walls and the Gr/Re value.  In a 

similar study using different channel wall temperatures Aung [37] used Gr/Re 

values from 0 to 500.  He found flow reversal for most flows with Gr/Re greater 

than 250, but that this value of Gr/Re was the only one studied with stable, reverse 

flow, while for flows with higher values of Gr/Re the flow became unstable.  

Cebeci [38] studied flow separation for Gr/Re2 values of 0.001 to 1.0.  He found 

that for higher Gr/Re2 values the point of separation moved upstream.  Ingram [36] 

used Gr/Re values from -300 to 70 with equal, constant wall temperatures.  He 

found flow reversal for Gr/Re values of 40 and 70.  Wang [41], studying buoyancy 

effects in the entry region applied constant wall temperatures just to the entry 

region, before an adiabatic region.  He found flow distortions and reversal at the 

entrance before the flow became fully developed in the adiabatic region.  Morton 
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[40], using Re = 50 and Gr/Re = 500 found substantial regions of recirculation.  

Lawrence [33] studied steady state heat transfer and pressure drop effects for aiding 

and opposing mixed convection. 

 

Studies [43], [44], and [45] were transient calculations for downflow with opposing 

mixed convection.  These studies used Gr/Re2 values of 0 to 13.7.  It was found that 

when the influence of buoyancy forces was only minor, a steady flow, with regions 

of symmetric flow reversal occurs, while with higher buoyancy forces, the 

oscillatory flow reversal occurs where vortices are shed at a regular periodic rate 

from the walls.  The Gr/Re2 threshold for the beginning of oscillatory flow reversal 

was found to be 1.2 [45]. 

 

3.3  Experimental Work Done for Mixed Convection 

 

A number of experimental mixed convection studies have been performed.  These 

include work by Lavine [46], Joye [6, 47, 48], Zeldin [34], Lawrence [33], Kemeny 

[49], Scheele [50], and Morton [40].  Only [48], [47] and [50] studied vertical 

downflow.  Lavine [46] studied angled downflow. 

 

One of the most referenced studies was done by Scheele and Hanratty [50] in 1962.  

They conducted upflow and downflow runs for constant wall temperature and 

uniform heat flux boundary conditions using water as the working fluid.  For 

opposing mixed convection in downflow they found flow reversal at the pipe walls 

for G/Re = 52.2 where G is a measure of the buoyancy effects: 

 

2

4

ν
β

k

gqa
G =       3.16 
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where 
a – pipe radius 
β – coefficient of expansion 
q – heat input per area 
k – thermal conductivity of fluid 
ν – kinematic viscosity of fluid 

 

A few other important conclusions came from this study.  They witnessed “bursts” 

of reverse flow periodically breaking from the heated flow to the bulk.  

Temperature fluctuations recorded in their data were interpreted as separation and 

reattachment of the flow.  By studying the transition to unsteady flow, they also 

concluded that it is not a transition to turbulence, just large scale fluctuations.  This 

conclusion has been used by numerous numerical studies supporting the use of 

laminar equations for these types of flows. 

 

Kemeny [49] and Lawrence [33] also conducted similar experiments in the 1960s.  

Kemeny used water and oil in aiding upflow.  He called the unsteady flow non-

laminar.  He witnessed large, periodic motions and found that heat transfer for non-

laminar flow was 30% greater than laminar.  Lawrence [33] used dye and 

temperature measurements to record the location of what he called transition to 

turbulence, which most likely is more correctly identified as non-laminar. 

 

Joye [6, 47, 48] performed experiments for both aiding and opposing flows for Re 

number values from 360 to 35,000 and Gr/Re2 values from 0.2 to 50.  He primarily 

studied heat transfer effects and found that for downflow heat transfer increases for 

mixed opposing convection.  He also witnessed unstable flow for most downflow 

runs. 

 

Lavine [46] performed water tests for an angled downward flow direction for Re 

values from 100 to 3500 and Gr values from 106 to 7x106.  He witnessed flow 

reversal with periodic behavior.  The upflow aiding convection experiment run by 
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Zeldin [34] is unique in that it used a gas, air, as the working fluid.  Similar to the 

numerical part of his study, buoyant forces were not strong enough for reverse 

flow, but a centerline dip of the velocity profile was witnessed.  Morton [40] 

photographed aluminum powder in water to display the flow field for opposing 

upflow convection.  Similar to his numerical results, experimental runs with Re = 

50 and |Gr/Re| = 500 exhibited regions of recirculation. 

 

3.4  Mixed Convection Parallel Flow Studies 

 

In the GRTS and VHTR, channels are subject to different thermal conditions.  

While a number of studies have been done for this parallel channel geometry with 

two phase flow, only a few have been done for single phase.  Chato [51] developed 

an analysis for parallel systems with non-uniform heat inputs and compared it to an 

experiment with three interconnected tubes with no common flowrate.  He solved 

for the critical heat input ratio between two channels that corresponded to two 

metastable flow patterns; one with downflow in both channels, and the other with 

downflow in one, upflow in the other.  He also witnessed near-wall upflow due to 

buoyancy in a single channel while the mainstream in the channel flowed 

downward. 

 

Malkin [8] conducted experimental and mathematical investigations for single 

phase parallel systems.  He found that flow reversal in unstable channels for 

multichannel systems affects thermohydraulic characteristics of the individual 

channel and the pressure drop from the upper connecting plenum and the lower 

connecting plenum [8].  This in turn can affect the overall flow characteristics of 

the system. 

 

Gartia [52] predicted metastable flow regimes for single phase natural convection 

parallel systems analytically and using RELAP5/MOD 3.2.  Keeping all heat inputs 
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constant for the other channels in the system, by raising the heat input for a single 

channel with downward flow, he was able to solve for the critical heat flux 

necessary for flow reversal.  Similarly, by decreasing the heat input for a single 

channel originally with upflow, he solved for the critical heat flux necessary for the 

onset of downward flow.  He found that these critical heat fluxes were not equal.  

He termed the region bounded by these two critical heat fluxes as the metastable 

regime. 

 

3.5  Description of FLUENT [53] 

 

FLUENT is a Computational Fluid Dynamics (CFD) software package that is used 

to model fluid flow and heat transfer.  The FLUENT software package contains 

different programs that are used in the modeling process.  GAMBIT is the 

preprocessor that is used to create the geometry and for mesh generation.  The 

FLUENT program is the solver that is used to solve the fluid and heat 

characteristics of the geometry. 

 

FLUENT is a very powerful tool that can be used to model many different types of 

flow situations.  Just a few of its capabilities are modeling of 2-D and 3-D flows, 

steady-state and transient problems, incompressible or compressible fluid 

modeling, heat transfer, turbulence, species transport and reaction, acoustic 

modeling, and mesh adaptation.  There are also a number of models that can be 

used for specific modeling needs such as fuel cell and magnetohydrodynamic 

modules.  This review will only document the capabilities and models relevant to 

the present thesis. 
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3.5.1  Description of the GAMBIT Preprocessor 

 

GAMBIT is the preprocessor included in the FLUENT software package that is 

used to create the geometry of the model and for mesh generation.  The model 

geometry can be created in GAMBIT or it can be created in another CAD package 

and then imported into GAMBIT for meshing.  In the present thesis study 

GAMBIT was used for both meshing and geometry creation.  Functions to create 

and mesh the model are primarily performed through the graphical user interface 

(GUI), which is mouse driven, although a text command line can be used instead or 

in addition. 

 

There are two primary methods that can be used to create the geometry.  They are 

called bottom-up or top-down.  These methods can be used exclusively or together.  

Bottom-up consists of first creating vertices.  These vertices are connected to create 

edges.  These edges are then used to construct faces, which are then in turn used to 

construct volumes.   On the other hand, the top-down method creates volumes 

using pre-defined GAMBIT shapes with the user specifying the dimensions.  

Boolean operations are then used to manipulate the pre-defined shapes to create the 

desired model.  Using these methods together is a convenient way to construct a 

model.  The top-down method can be used to construct parts of the model with 

common shapes while the bottom-up method can then be used to finish modeling 

parts of the model with complex geometries. 

 

Once the geometry is constructed or imported, it is ready to be meshed.  GAMBIT 

has options to mesh edges, faces or volumes.  The easiest way for mesh generation 

is to use the volume mesh options.  This is done by the user specifying the size and 

shape of the mesh elements to be used for meshing in the volume.  The elements 

chosen by the user consist of the following four shapes: hexahedral, tetrahedral, 

pyramidal and wedge.  Meshing schemes use one or more of the volume shapes. 
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For the models created for this thesis, the T-grid and hexahedral schemes were 

employed.  The T-grid scheme utilizes tetrahedral meshing volumes.  Each of these 

schemes has advantages.  The T-grid scheme creates a minimum number of mesh 

volumes on the interior of a volume in relation to the number of face meshes on the 

boundaries of the volume.  For this reason it is well suited to mesh cylinders and 

annuli without needing a large number of mesh volumes.  In contrast, when the 

hexahedral volumes are used to mesh an annulus, the scheme uses the same number 

of mesh faces on the outer and inner surfaces of the annulus.  This creates 

hexahedral volumes that are large near the outer wall of the annulus while creating 

small volumes near the inner wall.  This can create a large number of volumes to be 

used near the inner surface of the annulus, or center of a cylinder, which is less 

effective computationally if this is not a region of interest.  On the other hand, the 

T-grid scheme uses volumes that are more uniform in size across the distance from 

the outer surface of the annulus to the inner surface.  By dividing the annulus into 

rings with each one containing a row of volumes going around the annulus, this 

scheme uses less volumes for the inner rings as opposed to outer rings.  In this way 

it can keep a uniform mesh volume size across the distance from the outer surface 

to the inner surface of the annulus. 

 

The hexahedral meshing scheme has two primary advantages with respect to this 

study.  The first is given the uniformity of the mesh volumes, it minimizes 

computational time.  The second advantage is the ability to capture near wall 

viscous effects.  These viscous effects have a directional dependence that is normal 

to the wall surface.  Therefore the hexahedral shape is better suited to capture these 

effects. 

 

Sometimes it is more desirable to mesh edges or faces before meshing the volumes.  

This is sometimes necessary because depending on the geometry complexity, 
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GAMBIT may not be able to successfully mesh the volumes without first having 

the faces meshed.  It can also be advantageous to mesh edges or faces because this 

gives the user more control over the mesh.  By meshing an edge the user can 

specify the exact locations where mesh element vertices will be.  This can be used 

to create meshes with smaller elements at locations of interest in the model, and 

have larger elements at less important regions of the model to reduce computing 

time.  GAMBIT also has the capability to create boundary layer meshes so 

FLUENT will be able to better capture effects that occur near walls. 

 

Before the model is ready for importation into FLUENT, boundary conditions and 

zone regions must be specified.  While boundary conditions can be changed in 

FLUENT, they need to be identified as unique boundary conditions in GAMBIT.  

Some of the boundary condition options that exist in GAMBIT are velocity inlets, 

mass flow rate inlets, pressure outlets, walls (used for energy transfer boundary 

conditions), and symmetry boundary conditions. 

 

Zone regions are used to specify whether the mesh in that region represents a fluid 

or a solid.  It is also used to assign specific material properties to the particular zone 

region. 

 

3.5.2  Flow Characterization Methodology in FLUENT 

 

FLUENT is the CFD solver used to solve the governing equations of the geometric 

model.  FLUENT solves the governing equations of the model in the mesh volumes 

using the finite volume method.  FLUENT solves the continuity and momentum 

equations for all fluid mesh volumes.  For problems with heat transfer it also solves 

the energy equation.  Depending on the user specified models, other equations are 

solved to characterize the flow.  In mesh volumes representing solid materials, only 

the energy equation is solved. 
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3.5.3  Continuity and Momentum Equations 

 

The continuity equation used in FLUENT for both incompressible and 

compressible flows is: 

 

( ) mSv
t

=⋅∇+
∂
∂ rρρ

     3.17 

 

where 
ρ – density 
t – time 
v – fluid velocity 
Sm – mass source term 

 

The source term, which can be user specified, is not used in any of the models in 

this study.  The middle term represents the fluid flowing across the control volume 

boundaries. 

 

The following is the momentum equation used in FLUENT: 

 

( ) ( ) ( ) Fgpvvv
t

rrrrr ++⋅∇+−∇=⋅∇+
∂
∂ ρτρρ    3.18 

 

where 
p – static pressure 

τ  - stress tensor 
g
rρ  - gravitational force 

F
r

 - body force 
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The body force is a model-dependent or user specified term that is not used in this 

study.  Buoyancy effects are included in the gravitational force term.  The stress 

tensor can be described by the following: 

 

( ) 




 ⋅∇−∇+∇= Ivvv T rrr

3

2µτ      3.19 

 

where 
µ – molecular viscosity 
I – unit tensor 

 

3.5.4  Heat Transfer 

 

The general energy equation solved by FLUENT in fluid regions of the model is: 

 

( ) ( )( ) ( ) h
j

effjjeff SvJhTkpEvE
t

+








⋅+−∇⋅∇=+⋅∇+

∂
∂

∑
rrr τρρ   3.20 

 

where 
E – energy 
keff – effective conductivity 
T – temperature 
h – enthalpy 

jJ
r

 - diffusive flux of species j 

Sh – energy source term 
 

The first term on the left hand side of the equation represents the time change of 

energy in a control volume.  The second term represents the energy transferred 

across the control volume boundaries. 

 

The terms on the right hand side represent conduction, energy transfer due to 

species diffusion, viscous dissipation, and an energy source term.  The effective 
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conduction is the sum of both traditional thermal conductivity and turbulent 

thermal conductivity, which is a function of the turbulent model used.  Given that 

none of the models used for this study include species diffusion, the respective 

energy transfer due to diffusive flux equals zero.  The term representing energy 

transfer due to viscous dissipation is a function of the turbulence model.  By default 

this term is not calculated, which default was used.  The energy source term can 

come from chemical reactions, be used with radiation models, or be user specified.  

In this study it was used by the radiation model in the gap between the core barrel 

and vessel wall. 

 

The energy term in the general energy equation is given by: 

 

2

2vp
hE +−=

ρ
     3.21 

 

where 
h = sensible enthalpy 

 

For incompressible gases the energy transfer due to kinetic and pressure work is 

usually negligible.  For this reason, by default they are not calculated with the 

solver used for these studies.  This default was used. 

 

Sensible enthalpy for one component is defined as the following for an ideal gas: 

 

dTcph
T

Tref

∫=       3.22 

 

and for a single incompressible gas: 
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ρ
p

cpdTh
T

Tref

+= ∫      3.23 

 

where 
Cp = heat capacity 
Tref = 298.15 K 

 

The following energy equation is used for solid regions: 

 

( ) ( ) ( ) hSTkhvh
t

+∇⋅∇=⋅∇+
∂
∂ ρρ r

    3.24 

 

The first term represents the time change in energy for the solid control volume.  

The second term describes the energy transferred as a result of translational and 

rotational solid motion.  The terms on the right hand side represent conductive heat 

transfer and energy sources, respectively.  The electric heater rods in the GRTS 

were modeled as user-specified energy sources. 

 

FLUENT has the capability to model radiation.  Radiation models can be used to 

model radiation on the interior of the calculation domain, or it can be used as a wall 

boundary condition with respect to the exterior of the calculation domain.  This 

section describes modeling of radiation in the interior of the model while section 

3.5.6 describes the radiation boundary condition. 

 

Radiation effects should be considered when the radiative heat flux is not small 

compared to convective or conductive heat flux.  The radiative heat flux is 

calculated with the following: 

 

( )4
min

4
max TTqrad −= σ     3.25 
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where 
σ – Stefan-Boltzmann Constant 

 

Given that the temperature terms in Eqn. 3.25 are raised to the fourth power, 

radiative heat flux usually becomes important at high temperatures. 

 

The general radiative heat transfer equation used in FLUENT is the following: 

 

( ) ( ) ( ) ( ) ( )∫ Ω′′⋅Φ′+=++
π

π
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π
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srdI s
s

rrrrrr
rr

  3.26 

 

where 
I – radiation intensity 
r
r

- position vector 
s
r

- direction vector 
ds – path length 
a – absorption coefficient 
σs – scattering coefficient 
n – refractive index 
T – temperature 
s′r  - scattered direction vector 
Ф – phase function 
Ω′  - solid angle 

 

The first term represents the change of radiation intensity for a specific direction at 

a specific location for a given length, ds.  The value (a + σs) is the optical thickness, 

which is the depth of material through which the radiation must pass for the 

radiative intensity to be reduced by a factor of 1/e.  This is a function of the 

material, wavelength and temperature.  The refractive index (n) is a measure of 

how much the speed of light is reduced for a certain material.  The last term in 

equation 3.26 represents scattering that occurs. 

 

FLUENT provided five radiation models to model radiation on the interior of the 

calculation domain.  They use different methods to apply the general radiative heat 
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transfer equation to the control volumes of interest.  While these models have some 

overlapping in their applicability, certain models work better for certain situations.  

Some factors that must be considered when choosing which radiation model to use 

include: optical thickness, scattering and emissivity, gray or non-gray radiation, and 

computer resources available. 

 

Following will describe the Discrete Transfer Radiation Model (DTRM), the 

radiation model used for the upcomer in this study.  This model treats radiation 

emitted from the radiation emitting surfaces (outer core barrel) as rays that travel 

through the radiation absorbing fluid medium (helium).  The user controls the 

number of rays that are used.  This is done by two ways.  The first is a function of 

the number of mesh control volume boundary faces on the radiation emitting 

surface.  The user specifies the number of faces to be grouped together to create a 

surface cluster from which directional rays emit.  Then, the user specifies the 

number of directional rays emitted from each surface cluster by inputting solid 

angle divisions of a sphere representing radiation emitting from a point.  Therefore 

the number of rays in a model is the product of the number of surface clusters and 

directional rays. 

 

The radiation energy that is deposited in the fluid medium by these rays is 

calculated with the following form of the general radiative heat transfer equation: 

 

π
σ 4Ta

aI
ds

dI =+      3.27 

 

where 
a – gas absorption coefficient 
T – local gas temperature 
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This assumes the refractive index is one, and that there is not any scattering.  This 

equation represents the change in radiation intensity along a ray (ds) due to energy 

absorption by the fluid medium.  When the absorption coefficient is constant, as it 

is for this study, this equation can be solved to give: 

 

( ) ( ) asas eIe
T

sI −− +−= 0

4

1
π

σ
     3.28 

 

where I0 is the initial radiation intensity at the emitting surface.  When the radiation 

reaches a solid the radiative energy is partly absorbed and partly reflected.  This 

proportion is a function of the emissivity of the surface, which is user specified. 

 

3.5.5  FLUENT Solver and Discretization 

 

There are two primary numerical methods available to solve the governing 

equations for the individual control volumes: pressure-based and density based.  

Both of these methods solve the velocity fields from the momentum equations, but 

the pressure-based solver uses pressure-velocity coupling equations to solve for the 

pressure field, while the density solver uses an equation of state. 

 

As stated above, FLUENT solves the governing equations and any other scalar 

equations for the specific model for all the control volumes.  FLUENT integrates 

these equations on a control volume basis resulting in discretized equations for 

each control volume.  Implicit or explicit discretization is available.  Implicit 

discretization schemes solve the equations for a given control volume for a given 

iteration using quantities from that same iteration resulting in an algebraic system 

of equations.  Explicit discretization schemes use values from the previous iteration 

for the iteration of interest.  This results in being able to solve every control volume 
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equation sequentially because it is only dependent on the values of the previous 

iteration, which are known. 

 

The convection term in the discretized governing equations uses variable values at 

the mesh volume face, but by default, FLUENT stores the variable values at the 

control volume center.  Therefore spatial discretization is needed.  FLUENT uses 

various schemes to solve for the face value.  This study uses 1st and 2nd order 

upwind schemes for the momentum and energy equations.  These schemes use the 

control volume center values upwind, with respect to the bulk flow velocity 

direction, to solve the control volume face values.  The body-force weighted 

scheme was used for the pressure equation face value.  This assumes the gradient of 

the difference between the gravity body-force and pressure is constant. 

 

3.5.6  Boundary Conditions 

 

There are a number of options to specify conditions at locations where flow or 

energy can cross the model domain boundary.  Inlets can be characterized by 

specifying the flow velocity, the mass flowrate, or an inlet pressure.  Associated 

with the inlet are a flow direction and the incoming fluid temperature.  Outflows 

can be specified either as a pressure boundary or simply by calculating the flow 

field at the boundary by solving the interior mesh volumes first.  A backflow 

temperature is also specified for outlets.  This is to assign a temperature to fluid 

that flows back into the computational domain through the outlet as a result of the 

interior nodes calculation. 

 

At calculation domain boundaries that are specified as walls, energy transfer can be 

specified by various boundary conditions.  Models used for this thesis study used 

the following boundary conditions for heat transfer; constant wall temperatures, 

convection, and radiation. 
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The following equation is used for constant wall temperature and convective heat 

transfer boundary conditions, either between the calculation domain and the 

exterior, or between fluids and solids in the domain: 

 

( ) radfwf qTThq +−⋅=     3.29 

 

where 
q = heat flux 
hf = heat transfer coefficient 
Tw = wall temperature 
Tf = fluid temperature 
qrad = heat flux due to radiation 

 

If the convective heat transfer boundary condition is used on the exterior of the 

calculation domain, then the following version is used: 

 

( )wextext TThq −⋅=      3.30 

 

where 
hext = external heat transfer coefficient 
Text = external temperature 

 

The external heat transfer coefficient and the external temperature are user-

specified. 

 

When a wall is specified to have a radiation boundary condition at the exterior of 

the calculation domain the following equation is used to calculate qrad: 

 

( )44
wextrad TTq −= ∞σε      3.31 
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where 
εext = emissivity of external wall 
σ = Stefan-Boltzmann constant 
T∞ = environment temperature external to calculation domain 

 

In Eqn. 3.31 the emissivity and environment temperature are user-specified. 

 

3.5.7  Turbulence Modeling 

 

All flows in the GRTS that meet instability criteria are laminar flows.  Following 

results found by Scheele and Hanratty [50], that the flow exhibits laminar flow 

characteristics even after unsteady flow has developed, no turbulence modeling was 

used in the GRTS models.  Most of the studies in the literature review for flows 

with Re < 1500 also used laminar flow equations. 

 

While the majority of flows modeled in the development of the generalized 

stability map for downward pipe flows subject to buoyancy forces had Reynolds 

numbers below 2300, some had larger Reynolds numbers, indicative of turbulent 

flow conditions.  A small study was conducted to investigate the influence of 

turbulence on the tendency of the flow to reverse using the semi-empirical k-ε 

model.  It was found that modeling flows with Reynolds numbers larger than 2300 

as laminar gave a conservative prediction of when flow reversal occurred.  

Therefore for simplicity, all the flows were modeled as being laminar.   
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4.  ANALYTICAL WORK 

 

The following chapters detail the work that was done in identifying and 

characterizing low flow core channel instability that may arise in the GRTS and for 

downward heated pipe flow due to buoyancy.  This chapter describes the analytical 

calculations performed to identify conditions that meet buoyancy induced flow 

instability criteria.  Chapters 5 and 6 deal with the CFD modeling that was done to 

characterize these flows.  Chapter 7 presents the work that was done in developing 

the general stability map for heated downward gas flows in pipes as a function of 

pipe radius, working gas, inlet velocity, and thermal boundary conditions. 

 

4.1  Determination of Buoyancy Influenced Flows 

 

Two factors were considered in identifying when instability may occur in the 

GRTS: power and flowrate.  As presented in the Literature Review, buoyancy 

forces are thought to become influential when Gr/Re2 is on the order of 1.0.  This 

ratio was inspected for various GRTS power levels while varying the flow.  Table 

4.1 gives the GRTS power levels that were considered.  These power levels are 

given as a percentage of the designed 100% GRTS power, obtained from VHTR 

scaling.  100% GRTS power was calculated as the product of 100% VHTR power, 

and the VHTR/GRTS power scaling factor.  In this analysis it was assumed that the 

GRTS power was evenly distributed along the axial direction, therefore producing 

a flat axial heat flux profile. 

 

For each power level, an associated 100% flowrate was calculated.  This 100% 

flowrate is different for each power level.  It was calculated as the product of the 

100% VHTR power, the VHTR/GRTS power scaling factor, and GRTS power 

level percentage.  In this way the 100% flowrate for each specific GRTS power 

level was scaled to give the same ∆T as the full power VHTR.  This is based on the 
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assumption that heat loss from the vessel is scaled by the power scaling factor.  The 

flow rate was then varied at each power level as a percentage of the 100% flowrate 

for the associated power level (Table 4.1). 

 

Table 4.1  Power and Flowrate Levels Inspected for Buoyancy Influence 

Power Levels (%) Flowrate Levels  
(% of Associated Power) 

100.0 100.0 
80.0 80.0 
60.0 60.0 
40.0 40.0 
20.0 20.0 
5.0 5.0 
3.0 2.0 
2.0 1.0 
1.0 0.5 
0.5  

 

 

Using the previous GRTS power levels with their varying flowrates, calculations 

were done to compute the corresponding Gr/Re2 values.  This calculation did not 

consider the radial thermal profile.  The heat was divided equally among all the 

coolant channels. 

 

22Re v

TLgGr ∆= β
      4.1 

 

where 
β = .003 K-1 
L = 78 in; the heated length in GRTS 

 

The heated length was used as the characteristic length for two reasons, even 

though this is not usually done for pipes.  The first is that this is more conservative 

when predicting when buoyancy forces affect the flow.  The second is that the ∆T 
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for this process occurs along the length of the coolant channel.  When considering 

buoyancy differences in the channel that can cause flow reversal, it is the difference 

in density between a light fluid being vertically below a heavier fluid.  Therefore 

the characteristic length was chosen to better represent the vertical length 

associated with this buoyancy difference. 

 

The thermal expansion coefficient in Eqn. 4.1 was calculated with the following 

equation [19]: 

 

pave T









∂
∂−= ρ

ρ
β 1

     4.2 

 

The derivatives were calculated as the change in density and temperature for the 

temperature rise for normal VHTR operations.  In equation 4.1 the velocity was 

computed using the following: 

 

aN

M
v

ave

FP

ρ
,=       4.3 

 

where 
MP,F – total core mass flowrate at a specific power and flowrate percentage 
N – number of core channels 
ρave – helium density at 670 oC 
a – flow area of one coolant channel 

 

The average coolant density for normal VHTR operation across the core was used 

in Equations 4.2, and 4.3 given the uncertainty at this point in the study of how the 

various boundary conditions would affect the coolant density.  No further iterations 

were performed with better density estimates because this part of the study was to 

simply qualitatively identify boundary conditions that may cause instability. 
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Knowing the value of ∆T in equation 4.1 is not a trivial matter.  This is because this 

value changes with changing flowrate and power.  Heat produced in the GRTS can 

escape the core either through absorption by the coolant, or by heat transfer from 

the vessel.  Given that the flowrate was scaled by the same ratio as the power, and 

using the assumption of scaled heat loss from the reactor, the resulting 100% flow 

for each power level should give a ∆T equal to that for normal VHTR operations.  

But as the flow is decreased, its residence time increases allowing for an increase in 

heat absorption, thereby increasing its ∆T.  But at the same time more heat can 

escape to the environment through the vessel.  Both of these processes occur at the 

same time, so the heat transfer occurs by a balance between these two processes.  

To deal with this interdependence, bounding cases were used to compute the 

Gr/Re2 ratios.  In the first case, it was assumed that all the power produced in the 

vessel was absorbed by the coolant.  This produced very large, unrealistic ∆T’s, but 

provided an upper bound for the Gr/Re2 ratio.  In the second case, it was assumed 

that the ∆T remained constant at 360 oC for all cases.  Thus in this bounding case, 

only the velocity was varied in the Gr/Re2 calculation.  This provided the lower 

bound for these values. 

 

4.2  Buoyancy Influenced Flows 

 

Power level and flowrate combinations are presented in Table 4.2 that have a 

Gr/Re2 value on the order of 1.0 computed by the bounding cases identified above.  

The respective Gr/Re2 values are also presented.  These power level and flowrate 

combinations were identified for FLUENT modeling of the instability phenomena 

expected in the GRTS. 
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Table 4.2  GRTS Flow Conditions Susceptible to Flow Instability 

Gr/Re2 Flowrate Levels 
(Corresponding to Power 

Level) 
Fluid absorbs 

all heat 
Constant ∆T 

 
GRTS Power 

Level 
   

40.0 % 0.71870 0.28748 
20.0 % 5.74963 1.14993 

 
0.5 % 

5.0 % 367.976 18.3982 
40.0 % 0.17968 0.07187 
20.0 % 1.43741 0.28748 

 
1.0 % 

5.0 % 91.9940 4.59970 
20.0 % 0.35935 0.07187 2.0 % 
5.0 % 22.9985 1.14993 
20.0 % 0.15971 0.03194 
5.0 % 10.2216 0.51108 

 
3.0 % 

2.0 % 159.712 3.19424 
20.0 % 0.05750 0.01150 
5.0 % 3.67976 0.18399 

 
5.0 % 

2.0 % 57.4963 1.14993 
5.0 % 0.22999 0.01150 
2.0 % 3.59352 0.07187 
1.0 % 28.7482 0.28748 

 
20 % 

0.5 % 229.985 1.14993 
2.0 % 0.89838 0.01797 
1.0 % 7.187037 0.07187 

 
40 % 

0.5 % 57.4963 0.28748 
2.0 % 0.39928 0.00799 
1.0 % 3.19424 0.03194 

 
60 % 

0.5 % 25.5539 0.12777 
2.0 % 0.22460 0.00449 
1.0 % 1.79676 0.01797 

 
80 % 

0.5 % 14.3741 0.07187 
2.0 % 0.14374 0.00287 
1.0 % 1.14993 0.01150 

 
100 % 

0.5 % 9.19941 0.04600 
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5.  THERMAL PROFILE COMPUTER MODELING 

 

CFD analyses were initially planned to be run for all the power levels and flowrates 

identified in Table 4.2 to characterize the thermal profiles of the given cases of the 

GRTS.  Upon beginning to run the simulations, it was found that the core 

temperatures for simulations with power levels 5.0 – 100 % exceeded 4000 K.  

Given that the integrity of the vessel would be lost due to these excessive 

temperatures before the conditions for flow instability would be met, these 

simulations were not finished.  Therefore, only simulations for the 11 flowrates 

corresponding to power levels 0.5 – 3.0 % were run and finished.  This is sufficient 

given that the GRTS facility is designed to operate at a maximum of 3.0 % power, 

therefore these are the only runs that would eventually be able to be benchmarked 

against experimental data. 

 

Construction and meshing of the geometries was done in GAMBIT, while the CFD 

analyses were performed in FLUENT 6.3.26. 

 

5.1  Need for Computer Modeling of Thermal Profile 

 

Ideally, the step of modeling a separate thermal profile model would not be needed.  

If sufficient computational power were available, it would be possible to make one 

complete GRTS CFD model that included the heater rods, all solid parts, and flow 

channels that would be able to capture the instability behavior of the different 

coolant channels.  Unfortunately this is not possible given the computational and 

memory requirements that would be necessary. 

 

When solving the thermal and flow characteristics by CFD analysis, the quality of 

the mesh is imperative.  Flow vectors and temperatures are only solved for at each 

mesh volume.  Therefore to capture behavior, such as flow recirculation, it is 
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necessary to have enough mesh volumes in the region of interest to capture this 

behavior.  This dictates a lower limit for mesh resolution. 

 

Given the very small dimensions of the coolant channels in the GRTS, a very fine 

mesh is needed to capture the coolant channel instability that may occur.  For a 

complete GRTS model with solid regions and flow channels, the necessary mesh 

volumes required to capture the expected instability, in addition to the necessary 

mesh volumes to characterize the thermal profile as a result of heat transfer from 

the heater rods through the core, is beyond the ability of the computational 

resources available.  For this reason the GRTS stability analysis was done in two 

steps. 

 

Starting with the final objective; the second step was to model the flow regions of 

the GRTS with a very fine mesh to capture the expected instability.  This model, 

the channel stability model, modeled all fluid regions of the GRTS.  For each core 

coolant channel, the channel wall temperature was user-specified as a constant wall 

temperature boundary condition.  This elevated wall temperature, in relation to the 

helium temperature is what is expected to be necessary for flow instability to occur 

at low flows.  Chapter 6 contains the work done for this step. 

 

Since the coolant channel wall temperature is a user-specified input in the channel 

stability model, the first step was to model the solid core with coolant channels to 

solve for these temperatures.  This chapter presents the work done associated with 

this step.  Determination of the thermal profile is important because different 

coolant channels will have different wall temperatures due to the geometry and heat 

profiles of the core.  These different channels will have different susceptibility to 

instability.  In comparison to the second step, a much coarser mesh was used in the 

coolant channels since the focus of this step was to obtain coolant channel wall 

temperatures, thus reducing computational effort for this step. 



 

55 

 

5.2  GAMBIT Modeling of Thermal Profile Model 

 

5.2.1  Geometry of Model 

 

Figure 5.1 gives an axial cross section of the geometry that was used to model the 

core to determine the thermal profile.  A 1/4th model is possible because the thermal 

profile is symmetric, therefore it is possible to treat the side walls in the geometric 

model as adiabatic walls.  GAMBIT and FLUENT have explicit “symmetry” 

boundary conditions for situations like this, which were used. 

 

 

 

Ceramic Core Material 

Heater Rods 

Upcomer Gap Insulation Coolant Channels 

Core Barrel 

Vessel Wall 

 

Figure 5.1  Axial Cross Section of Thermal Profile Model 
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Vertically the core was divided into nine sections, as is the physical design.  Given 

that a model of this size would require such a large number of mesh volumes, two 

separate models were used; an upper and lower half.  The upper model consists of 

the upper five axial core sections.  The lower model consists of the lower four axial 

core sections.  The lower model is shown in Figure 5.2.  The upper model looks 

identical except that it has five axial sections.   

 

 

 

Figure 5.2  Bottom Four Thermal Profile Model 
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5.2.2  Mesh of Model 

 

Given that different regions of the model (heater rods, core barrel, flow channels, 

etc.) are of different dimensions, different size mesh volumes were used for 

different regions in order to capture temperature changes across these regions.  For 

all regions the T-grid meshing scheme with tetrahedral mesh volumes was utilized.  

Table 5.1 gives information pertaining to the mesh of a single axial level.  Figure 

5.3 shows a single meshed axial level. 

 

 

 

Figure 5.3  Mesh of Single Axial Level 
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Table 5.1  Mesh Information for Single Axial Core Section 

Volume Mesh Edge Length (in.) Mesh Volumes  
in Volume 

Single Coolant Channel 0.25 1133 
Single Heater Rod 0.35 929 
Ceramic Core Section 0.35 275,561 
Core Barrel 0.25 43,230 
Upcomer Gap 0.35 78,979 
Vessel Wall 0.25 34,067 
Insulation 0.35 157,848 

 
Total Mesh Volumes for Single Axial Core Section 631,730 
Total Mesh Volumes for Bottom 4 Model 2,526,920 
Total Mesh Volumes for Top 5 Model 3,158,650 

 

 

5.3  FLUENT Modeling of Thermal Profile Model 

 

5.3.1  Validation 

 

Given the numerous options available in FLUENT when running a simulation, it is 

important to perform a validation study to the extent possible for the problem of 

interest.  Ideally validation should be done by comparing the CFD solution to 

experimental data.  When there is a lack of experimental data, often the best that 

can be done is to use FLUENT recommendations on which options to use, and/or 

validate the CFD code against other studies researching the same physics as in the 

problem of interest. 

 

The thermal profile model was validated by modeling a small axial slice of the 

GRTS in FLUENT (Figure 5.4) and comparing the resulting thermal data against 

analytically obtained data of the GRTS thermal profile using the 1-D heat 

conduction equation by Dr. Jose Reyes [3].  In this model the coolant channels are 

not modeled and instead the core heat production is homogenized for the annular 
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core.  Good agreement was found between the FLUENT model and the analytical 

data.  The same models and methods used for this model were employed for the 

Bottom 4, and Top 5 GRTS thermal profile models.  

 

 

 

Figure 5.4  Thermal Profile Used for Model Validation 

 

 

5.3.2  Models Used 

 

Steady-state simulations were run using the segregated solver in FLUENT 6.3.26.  

The implicit discretization scheme was utilized using 1st order upwind 

discretization for the momentum and energy equations.  Values of 0.25 – 0.80 were 

used for over-relaxation values for the continuity, energy and pressure equations 

being solved. 

 

Flow was modeled as laminar flow.  The Discrete Transfer Radiation Model was 

used to model radiation in the upcomer gap. 
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5.3.3  Boundary Conditions 

 

Boundary conditions refer to both mesh faces on the model boundary and material 

specifications for distinct regions composed of specific materials. 

 

The core was divided into nine axial sections in order to create a step-wise cosine 

power curve (Figure 5.5).  All the heater rods for a given axial section were 

specified as uniform heat sources (W/m3) of the same value.  The total heat 

produced from all heater rods for a specific axial section equaled the fraction of 

heat for that specific axial section calculated by the step-wise cosine power curve.  

The total heat produced in all axial sections corresponded to the power level of 

interest for the specific simulation. 
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Figure 5.5  Step-wise Power Curve as a Function of Axial Section 
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Mass flowrates and temperatures were specified for the coolant channel inlets.  The 

total flowrate for the specific simulation was divided equally among all the flow 

channels.  An inlet temperature of 490 oC was specified. 

 

Coolant channel outlets were specified as pressure outlets.  By using this boundary 

condition the inlet boundary conditions dictate the channel flow as opposed to the 

outlet conditions.  The backflow temperature was varied depending on the 

simulation to approximate the fluid temperature at the outlet.  When the simulation 

was fully converged none of the coolant channels had reverse flow, therefore the 

backflow temperature did not affect the thermal profile solution. 

 

Heat transfer to the environment was modeled to only occur at the outer radial 

surface of the model, not at the top or bottom of the model.  Given the temperatures 

and materials at the outer radial surface of the model, convective heat transfer was 

used to model heat loss from the insulation, while radiative heat transfer was 

modeled as the method of heat loss from the uncovered sections of the vessel wall.  

The convective heat transfer coefficient was calculated assuming free convection 

from a vertical plane wall [19].  The vessel wall was modeled with 0.8 emissivity 

for radiative heat transfer.  The environment temperature used for both forms of 

heat transfer was 293.17 K [12]. 

 

5.3.4  Materials 

 

The working fluid in the coolant channels was helium with data taken from the 

FLUENT materials database, except for viscosity, where a temperature dependent 

second order polynomial was used calculated from data contained in Incropera 

[19].  Since the focus of this model was not the flow field, for simplicity a constant 

density was used. 

 



 

62 

The thermal conductivities of the solid component properties were input from the 

GRTS Calculation Notebook data [12].  The heat capacities were estimated from 

similar materials.  These are listed in Table 5.2. 

 

 

Table 5.2  Solid Material Properties Used in Thermal Profile Models 

Material Property Value Units 

Density 2719.0 kg/m3 
Heat Capacity 871.0 J/kg-K 

 
Core Barrel 

Thermal Conductivity 21.27 W/m-K 
Density 2210.0 kg/m3 
Heat Capacity 709.0 J/kg-K 

Reflector and 
Core Material and 

Heater Rods Thermal Conductivity 1.05 W/m-K 
Density 2719.0 kg/m3 
Heat Capacity 871.0 J/kg-K 

 
Vessel Wall 

Thermal Conductivity 17.7 W/m-K 
Density 190.0 kg/m3 
Heat Capacity 840.0 J/kg-K 

 
Insulation 

Thermal Conductivity 0.05 W/m-K 
 

 

5.3.5  Linking the Upper and Lower Models 

 

The primary factors affecting the coolant channel wall temperatures are the power 

production for that specific axial section, and the coolant flowrate and temperature 

flowing through the channels of that level.  The two models were linked by using 

the coolant outlet temperature for each coolant channel from axial level five as the 

inlet temperature for its corresponding channel in axial level four.  By linking the 

models this way, it neglects two main things.  The first is that there is no axial heat 

transfer between the fourth and fifth axial sections.  The second is that in the real 

model the flowrates in the individual channels will vary from channel to channel 

due to the different channel flow resistances caused by buoyancy forces.  These 
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things were neglected primarily because of modeling constraints, but in this 

preliminary model, the effects should be minimal.  In construction of the GRTS, 

the core ceramic sections will be constructed as separate axial sections, therefore 

heat transfer will occur more preferably in the radial direction.  While equal 

flowrates were used in all coolant channels for this model, in the channel stability 

model different flowrates are allowed to occur. 

 

5.3.6  Convergence 

 

Two checks were used to verify convergence.  The first was the values of the 

residuals for the equations being solved.  The second was to confirm that the 

thermal profile was not changing with additional iterations. 

 

The default values for residual convergence used in FLUENT is 10-3 for flow 

equations and 10-6 for the energy equation.  Once these values are reached 

FLUENT automatically stops iterating and concludes the solution to be converged.  

If the flow field has not stopped changing, this can result in a false convergence.  

For this study the residuals were lowered to convergence values of 10-15. 

 

When the simulation is started, the user inputs an initial thermal profile and flow 

field.  As the iterations are performed, the true thermal profile and flow field are 

approached.  Usually this occurs with FLUENT getting closer to the correct 

solution after each iteration, until finally the solution does not change anymore 

from iteration to iteration.  Therefore the second check of convergence is that the 

thermal profile and flow field are not changing from iteration to iteration.  For this 

study a channel outlet temperature was monitored for this verification. 

 

In this study it was found that the residuals drop below 10-3 much quicker than the 

thermal profile and flow field reach their steady-state solutions.  For this reason the 
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residuals were lowered to 10-15, so FLUENT would not automatically stop iterating 

before the thermal profile was converged.  Manual inspection of the residuals and 

channel outlet temperature were performed to determine when the simulation was 

converged.  When the channel outlet temperature stopped changing by 10-4, the 

simulation was allowed to run for approximately 30 more iterations, and then it was 

stopped.  Residuals at this point were on the order of 10-8 to 10-12, well in the range 

indicating convergence.  The number of iterations varied from 120 – 350 for the 

different simulations. 

 

5.4  Thermal Profile Results 

 

Coolant channel wall temperatures for the 11 simulations performed are presented 

in this section.  These wall temperatures were used as boundary conditions in the 

channel stability model described in the next chapter. 

 

Every axial level contained 30 distinct channels, 27 full channels and three half 

channels on the domain boundary that correspond to the 114 GRTS coolant 

channels.  There were nine axial levels modeled which gives a total of 270 distinct 

channel wall temperatures reported for each simulation run.  Table 5.3 presents 

general results: the maximum channel wall temperature of the 270 for each 

simulation, the ∆T between the high channel wall temperature and low channel 

wall temperature for a given axial level, and the axial levels where these maximums 

occurred. 
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Table 5.3  Coolant Channel Wall Results 

Power 
Level 

Flow 
(Corresponding 
to Power Level) 

Max Wall 
Temp 
(oC) 

Axial 
Location 

Max 
∆T (oC) 

Axial 
Location 

40 % 1167.85 Level 2 387.3 Level 2 
20 % 1491.95 Level 3 515.0 Level 3 

 
0.5 % 

5.0 % 1984.15 Level 4 714.0 Level 4 
40 % 1362.05 Level 2 490.3 Level 2 
20 % 1908.75 Level 2 704.8 Level 2 

 
1.0 % 

5.0 % 2897.35 Level 3 1096.4 Level 4 
20 % 2238.65 Level 2 894.6 Level 2 2.0 % 
5.0 % 4251.85 Level 3 1679.3 Level 3 
20 % 2399.05 Level 2 997.2 Level 2 
5.0 % 4692.55 Level 3 1872.5 Level 3 

 
3.0 % 

2.0 % 4888.85 Level 3 2111.4 Level 4 
 

 

As can be seen from Table 5.3, very large ∆T’s occur for given axial levels 

resulting in a wide range of temperatures for the different coolant channels.  In 

addition, some of the maximum coolant channel wall temperatures are quite high.  

It is evident that operation of the GRTS would not occur for power level and 

flowrate combinations that give temperatures this high.  But modeling the fluid 

regions for these extreme temperatures and extreme ∆T’s between channels may 

give insight into total core stability and inter-channel recirculation. 

 

Figure 5.6 is presented as an example to show the average coolant channel wall 

temperature shape as a function of axial position.  Figure 5.7 shows a FLUENT 

temperature contour plot of the Bottom 4 model.  
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Figure 5.6  Ave. Coolant Channel Wall Temperatures: Power – 0.5 %, 
Flowrate – 20 % 

 
 
 
 
 

 

Figure 5.7  Thermal Profile for Bottom Four Model for P = 0.5 %, F = 40 % 
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6.  CHANNEL STABILITY COMPUTER MODELING 
 

Using the coolant channel wall temperatures obtained in the modeling described in 

Chapter 5 as user-specified boundary conditions, the fluid regions of the GRTS 

were modeled with a very fine mesh to capture the expected instability behavior.  

Simulations were planned for the 11 flow situations identified previously 

corresponding to power levels of 0.5 – 3.0 %.  Initially it was desired to perform 

time-dependent simulations with this model, but due to the computational resources 

necessary to do this, only steady-state runs were performed.  The model was 

constructed in GAMBIT and the governing equations were solved using FLUENT 

6.3.26.  In addition to the runs identified above, a single run was performed using 

CO2 as the working coolant with the 1.0 % power level coolant channel wall 

temperatures. 

 

6.1  GAMBIT Modeling of Channel Stability Model 

 

6.1.1  Geometry of Channel Stability Model 

 

Figure 6.1 gives a cross sectional illustration of the fluid flow path from the point at 

the top where it enters the upper plenum from the upcomer, to the outlet from the 

lower plenum.  A number of simplifications were used in the model used for this 

part of the study, shown in Figure 6.2.  The simplifications were done because of 

the computational restraints associated with a model with so many mesh volumes.  

By applying the following simplifications, it was possible to greatly reduce the 

number of mesh volumes without greatly affecting the flow behavior in the 

channels through the GRTS core. 
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Figure 6.1: Cross Section of GRTS 
Figure 6.2: GAMBIT Channel Stability Model 
    

 

The first simplification was to use a 1/4th model of the core.  To do this it was 

necessary to alter the outlet from the lower plenum.  When the “symmetry” 

boundary condition is employed in FLUENT it works under the assumption that all 

other mirror images of the model have the same boundary conditions and therefore 

result in the same solution.  If the model in Figure 6.1 were split in half, the two 

resulting models would not have the same solution, due to the outlet being on one 

of the sides.  Therefore, with the outlet on the side, only a 1/2 model could be used.  

Therefore the outlet was moved to the bottom of the lower plenum to allow for a 

1/4th model to be used. 
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Another simplification that was used was to neglect the presence of support rods in 

the lower plenum.  Figure 6.3 gives a close up of how the support rods are arranged 

in the lower plenum.  At the top plane of this figure, the larger circles represent the 

support rods, while the smaller circles represent the coolant channels entering the 

lower plenum.  In the GRTS, the fluid must flow around these support rods.  When 

modeling this in GAMBIT, this introduces a lot of complexity.  While the geometry 

construction of this is not difficult, it greatly increase the number of mesh volumes 

necessary.  Therefore, in an effort to further minimize the number of mesh 

volumes, and consequently, computation time, the presence of these rods was 

neglected. 

 

 

 

Figure 6.3:  Cross Sectional View of GRTS Lower Plenum 

 

 

The third simplification involved the upper plenum.  In order to reduce mesh 

volumes even further, not the entire upper plenum was modeled. 
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While all of the above simplifications were done in order to reduce the number of 

mesh volumes, consideration was taken to assess how these changes would affect 

the flows.  Given that the flows that were studied were low flow, low power 

situations, moving the outlet from the side of the vessel to the bottom is thought to 

have little impact.  In normal operation, when the flow has a high velocity, this 

change in the outlet position, and the associated decrease in the amount of turning 

the fluid must do, would affect the flow fields in the lower plenum greatly, which 

may affect the flow in the channels.  But for these low flow situations, it is 

expected that the resulting change in the lower plenum flow field will be small and 

will not affect the coolant channel flow fields, which is the region of interest. 

 

The only effect the presence, or lack of presence of the lower plenum support rods 

may have on the coolant channel flow stability, is by affecting the tendency for 

inter-channel recirculation.  The absence of these support rods actually creates a 

situation that is more favorable for inter-channel recirculation, therefore this change 

has a conservative effect on the flow stability. 

 

In neglecting the upper half of the upper plenum, it neglects effects that may be 

present as a result of the coolant flowing into the upper plenum from the upcomer.  

But without modeling part of the upcomer, this information is already lost to the 

model.  Therefore no additional information is lost by reducing the length of the 

upper plenum.  In addition, given the low flow rates and the large flow area of the 

upper plenum, the flow behavior is expected to be relatively calm, with minimal 

transverse flows. 

 

6.1.2  Mesh of Channel Stability Model 

 

The T-grid meshing scheme using tetrahedral mesh volumes was used for this 

model.  The tetrahedral volumes in the coolant channels are much smaller than 
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those employed for the thermal profile model.  Figure 6.4 shows the meshed model 

with close-ups of an individual channel.  Table 6.1 gives mesh information. 

 

 

 

 

 

Figure 6.4(a-c): Channel Stability Model Mesh (a) Full 
channel stability model, (b) Single channel mesh, (c) top view 
of single coolant channel 
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Table 6.1  Mesh Information for Channel Stability Model 

Volume 
 

Mesh Size (in.) Mesh Volumes in Volume 

Upper Plenum Vol. #4 1.0 18,901 
Upper Plenum Vol. #3 0.75 45,118 
Upper Plenum Vol. #2 0.35 160,225 
Upper Plenum Vol. #1 0.25 194,774 
Single Coolant Channel 
Through Upper Reflector 

0.22 2471 

Single Coolant Channel 
Through Core 

0.15 6216 

Single Coolant Channel 
Through Lower Reflector 

0.22 3183 

Lower Plenum Vol. #4 0.25 150,427 
Lower Plenum Vol. #3 0.35 100,166 
Lower Plenum Vol. #2 0.75 27,596 
Lower Plenum Vol. #1 1.0 6973 
Outlet 1.25 4885 

 
Total Mesh Volumes for Fluid Region Model 2,464,608 

 

 

6.2  FLUENT Modeling of Channel Stability Model 

 

6.2.1  Validation 

 

Given the lack of experimental data available specific to this model, validation had 

to be performed against other work done for mixed convection studies.  A review 

of the literature for mixed convection flows resulted in very little specific 

experimental data for gas flows for specific boundary conditions applicable to the 

GRTS.  Given that CFD codes solve the flow and thermal characteristic for every 

mesh volume in the model, the majority of experimental data available for mixed 

convection studies does not give the detail necessary to validate the computer code.  

Most experimental data only gives general behavior of the flow.  For this reason, 
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FLUENT was validated against a numerical study performed by Evans [43] 

researching mixed convection in a single pipe with conditions similar to those of 

the GRTS. 

 

The author used FLUENT to model a time-dependent problem where nitrogen 

flows downward through a pipe with the pipe walls at elevated temperatures 

compared to the nitrogen temperature, as was modeled and studied in the numerical 

study [43].  Evans’ numerical study found that recirculation occurred as oscillatory 

bursts of nitrogen flowing back upward near the walls.  It found that this oscillatory 

recirculation pattern occurred at regular intervals.  Evans’ numerical study was 

done in two-dimensions.  The author used FLUENT with the same dimensions as 

the numerical study but in three-dimensions.  While the exact time-dependent 

behavior was different, the same oscillatory behavior was witnessed.  This 

validation confirmed which models to use in FLUENT for the channel stability 

model that would capture buoyancy effects.   

 

6.2.2  Models Used 

 

Steady-state simulations were run using FLUENT 6.3.26 using the segregated 

solver.  The implicit discretization scheme was utilized using 2nd order upwind 

discretization of the momentum and energy equations. The pressure equation used 

the body force weighted scheme.  The PISO pressure-velocity coupling algorithm 

was used.  Values of 0.25 – 0.50 were used for over-relaxation values for the 

continuity, energy and pressure equations being solved. 

  

All models used were those recommended by the FLUENT User’s Guide [53] and 

used in the validation test when the oscillatory behavior was captured.  The helium 

coolant was modeled as an incompressible ideal gas; applicable for flows with low 

velocity exposed to large temperature differences, thus allowing buoyancy effects 
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to occur.  The flow was modeled as laminar.  Gas properties were those available in 

the FLUENT materials database, except for viscosity, where a temperature 

dependent second order polynomial was used calculated from data contained in 

Incropera [19]. 

 

6.2.3  Boundary Conditions 

 

The wall temperatures were user-specified with the temperatures obtained from the 

thermal profile models.  As stated above, distinct temperatures were input for each 

of the 270 channel walls; 30 channels for each of the nine axial levels. 

 

Given that the upper half of the upper plenum was neglected in this model, the 

entire top surface in the model was specified as a mass inlet.  An inlet temperature 

of 490 oC was used with a mass flowrate corresponding to the specific simulation.  

The flow was uniform across the entire inlet. 

 

The bottom of the model was specified as a pressure outlet, thus minimizing its 

influence on the interior of the model. 

 

6.2.4  Convergence 

 

The same convergence criteria were used as in the thermal profile model.  The 

temperature was monitored at points in certain coolant channels and at the outlet.  

6000 iterations were performed for the various simulations.  This large number of 

iterations required was a result of the very small mesh volume sizes, and the low 

over-relaxation values used. 
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6.3  Channel Stability Model Results 

 

FLUENT simulations were run for the following four runs. 

 

 

Table 6.2  FLUENT Runs of Coolant Channel Model 

Power Level (%) Corresponding Flowrate 
Level (%) 

0.5 5.0 
1.0 5.0 
2.0 5.0 
3.0 2.0 

 

 

These simulations were performed first because they are the limiting cases 

identified in Chapter 4 for these power levels.  The boundary conditions in these 

simulations result in the largest Gr/Re2 values. 

 

None of the above simulations resulted in any upflow in any coolant channels.  

Given the results in [4], where Dr. Reyes calculated the system pressure drop-

versus-flow curve of the VHTR, it was expected that the overall system would be 

stable, as was seen.  But the absence of any upflow in individual channels was a 

surprise given that the average Gr/Re2 values ranged from 5 – 50 when calculated 

using the heated length as the characteristic length.  Given the results for these 

limiting cases for these four power levels, the simulations with higher flowrates 

were never run. 

 

In these four runs the flowrate was always slow enough that the bulk coolant 

channel temperature for each axial level was always able to rise until reaching the 

coolant channel wall temperature of that specific axial level before entering the 

next axial level.  This is important to verify that the calculated Gr/Re2 value 
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corresponds to the density change of the coolant.  Table 6.3 contains average 

coolant temperatures for each specific axial level for the four runs.  Figures 6.5 – 

6.10 are plots produced in FLUENT for the 1% power simulation to provide a 

visual picture of the flow and temperature behavior.  Figures 6.5 – 6.7 show the 

radial and axial temperature variation in the model.  Figures 6.8 – 6.10 show how 

the Y-velocity varies as a function of channel radial position, and variation in a 

single channel. 

 

 

Table 6.3  Average Coolant Channel Temperatures by Axial Level 

Axial Level 0.5 % Power 1.0 % Power 2.0 % Power 3.0 % Power 
 
Up. Reflector 763.2 763.2 763.2 763.3 

9 841.1 963.6 875.6 1076.1 
8 1087.6 1205.5 1272.4 2057.1 
7 1409.9 1707.3 1935.3 3065.9 
6 1700.7 2187.7 2704.3 3636.2 
5 1879.9 2477.6 3265.4 3856.9 
4 1948.2 2665.5 3621.2 4210.6 
3 1892.3 2710.1 3804.5 4420.7 
2 1714.9 2551.0 3723.6 4211.7 
1 1488.5 2285.7 3502.4 3846.7 
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Figure 6.5  View of core vertical temperature variation for 1.0 % power 
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Figure 6.6  View of radial temperature variation for axial level 3 
 

 

 

 

Figure 6.7  View of radial temperature variation for axial level 5 
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Figure 6.8  Top view of temperatures for axial level 3 
 

 

 

 

Figure 6.9  Top view of Y-velocities for axial level 3 
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Figure 6.10  Y-velocity vectors for individual channel on axial level 3 

 

 

Figures 6.6 and 6.8 show the temperature variation of the coolant as a function of 

the channel location in the core.  This is a reflection of the results obtained from the 

thermal profile models.  It had been postulated in the Introduction of this thesis that 

due to the different flow resistances caused by buoyancy forces for the different 

coolant channels that inter-channel recirculation could result where some channels 

have complete upflow while others have complete downflow.  From the results 

obtained for the cases studied, it was seen that the differences in flow resistances 

between the different channels due to buoyancy effects was not great enough to 

cause this inter-channel recirculation. 
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6.4  CO2 Coolant Channel Stability Model 

 

Following the unexpected results described in the previous section, a simulation 

was run of the channel stability model using CO2 at a 1.0 % power level.   All the 

boundary conditions employed were the same as before, except this time CO2 was 

used as the working coolant.  Gas properties were those from the FLUENT 

materials database, except for viscosity, where a temperature dependent fourth 

order polynomial was used calculated from data contained in Incropera [19]. 

 

The purpose of this simulation was to see if a different gas behaved differently for 

the same boundary conditions.  By substituting CO2 for helium, the only variable 

that changes in the Gr/Re2 calculation is the thermal expansion coefficient.  For the 

temperature ranges of interest the expansion coefficients of these two gases are 

very similar.  Therefore from the traditional criterion for buoyancy effects in mixed 

convection flows these two gases should behave relatively similarly. 

 

The results from this simulation were quite different from those using helium.  

Recirculation did occur.  Recirculation occurred in axial levels 7 – 9.  This is 

interesting because these are not the locations of the highest temperatures.  Table 

6.4 contains average coolant temperatures for each specific axial level.  Figures 

6.11 – 6.14 provide plots of the thermal and flow behavior to show flow reversal 

for axial level 8.  Positive Y-velocity vectors are presented because a positive Y-

velocity vector value corresponds to upflow, therefore flow reversal. 
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Table 6.4.  Average Coolant Channel 
Temperatures by Axial Level For CO2 
Simulation 

Axial Level 1.0 % Power, CO2 
  

Up. Reflector 765.6 
9 862.3 
8 1194.9 
7 1689.5 
6 2169.5 
5 2465.3 
4 2658.1 
3 2707.4 
2 2555.1 
1 2294.0 
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Figure 6.11  Top view of CO2 temperatures for axial level 8 
 

 

 

 

Figure 6.12  Top view of positive CO2 Y-vel. vectors for axial level 8 
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Figure 6.13  Y-velocity CO2 vectors for axial level 8 
 

 

 

 

Figure 6.14  Positive Y-velocity CO2 vectors for axial level 8 
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6.5  Discussion 

 

One reason for the surprising results for the helium and carbon dioxide simulations 

of the channel stability model may be due to the step-wise cosine power curve that 

results in the model having step-wise thermal boundary conditions.  When the 

Gr/Re2 values were calculated in Chapter 4 this assumed a linear power 

distribution, and therefore the Gr/Re2 values were for the overall channel, using the 

entire channel length as the characteristic length.  But in the FLUENT model, the 

step-wise thermal boundary conditions resulted in the fluid actually going through a 

series of buoyancy changes.  Presented below are recalculated Gr/Re2 values for 

each individual axial section where the temperature rose with respect to the 

previous axial section for the four helium simulations.  Carbon dioxide data is not 

presented because the associated values are very similar to the 1% power level 

helium run because they used the same thermal boundary conditions.  Gr/Re2 

values are presented using both the individual axial length as the characteristic 

length, and using the channel diameter. 

 

 

Table 6.5  Axial Level Gr/Re2 Values: Axial Length is Characteristic Length 

Axial Level 0.5 % Power 1.0 % Power 2.0 % Power 3.0 % Power 
     
9 1.49 0.48 0.13 1.04 
8 4.72 1.64 0.47 3.26 
7 6.17 2.40 0.79 3.35 
6 5.57 2.30 0.92 1.90 
5 3.43 1.39 0.67 0.73 
4 1.31 0.90 0.43 1.18 
3  0.21 0.22 0.70 
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Table 6.6  Axial Level Gr/Re2 Values: Diameter is Characteristic Length 

Axial Level 0.5 % Power 1.0 % Power 2.0 % Power 3.0 % Power 
     
9 0.107 0.034 0.010 0.075 
8 0.339 0.117 0.034 0.234 
7 0.443 0.172 0.057 0.241 
6 0.400 0.165 0.066 0.136 
5 0.246 0.100 0.048 0.053 
4 0.094 0.065 0.031 0.084 
3  0.015 0.016 0.050 

 

 

The Gr/Re2 values for the specific axial levels are much smaller than the calculated 

values from Chapter 4.  When the Gr/Re2 values are calculated using the diameter 

as the characteristic length, the resulting values are on the lower end of the 

traditional criterion for when buoyancy effects are important.   

 

The values for the 1.0% power level give some insight why recirculation for the 

carbon dioxide simulation occurred near the top of the core.  Even though the 

highest coolant channel wall temperatures occur near the bottom of the core, the 

largest Gr/Re2 values, corresponding to density differences, occur in the upper half 

of the core. 
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7.  MIXED CONVECTION STABILITY 

 

Given the results shown in the last chapter, the general recommendation that 

buoyancy forces must be considered when the Gr/Re2 value is on the order of 1.0 

appears to be insufficient.  The development of a mixed convection stability map 

will give a better prediction when free convection forces are influential to the flow 

field.  Flow reversal for boundary conditions applicable to the GRTS was studied.  

Transition to flow reversal was studied as a function of pipe radius, working gas, 

inlet velocity, and wall temperature through developing a stability map using 

FLUENT. 

 

7.1  Need for Stability Map 

 

Traditionally the effects of free convection are thought to be influenced primarily 

by ∆T, and flow velocity.  This is shown from the non-dimensionalized x-

momentum equation derived in Chapter 3: 
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In addition to ∆T, and the flow velocity, the characteristic length and the thermal 

expansion coefficient affect the analytical calculation of the buoyancy force to 

inertial force ratio.  As stated in Chapter 3, selection of the characteristic length 

usually follows guidelines used for hydrodynamic studies, where the hydraulic 
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diameter is used for pipes and ducts, and the flow length is used for flat plate 

geometries.  The diameter does not appear to be an influencing factor for the 

present problem, and instead has been used by investigators in the field for 

convenience [48].  The characteristic length in this calculation is associated with 

the difference in temperature, and therefore difference in buoyancy the fluid 

experiences in the flow with respect to the lighter fluid being below the heavier 

fluid.  Therefore the characteristic length associated with the ∆T is the vertical 

length required for the fluid temperature (T∞) to reach the wall temperature (Ts).  

This length is usually an unknown in the problem, because the distance required for 

the fluid temperature to reach the wall temperature is affected by the flow velocity.  

For slow flows, or for small channels, the fluid may reach the wall temperature 

very quickly, and this may be the reasoning for using the diameter as the 

characteristic length.  But even if the fluid does reach the wall temperature 

relatively quickly, the diameter, while it may be a good estimate of the 

characteristic length, is not associated with the vertical distance related to the ∆T.  

A mixed convection stability map will be useful to better understand this point. 

 

In Eqn. 3.9 the thermal expansion coefficient is the only parameter that is a 

function of the gas material.  This parameter is a measure of the change in density 

of the gas as a function of temperature, but does not give any measure to the 

absolute value of the density of the gas.  Given the results from the previous 

chapter where recirculation in the channel stability model was absent for the helium 

flows, but present when carbon dioxide was used, it would seem this parameter 

does not fully account for how different gases affect the flow stability, because the 

thermal expansion coefficients for these two gases are very similar in value.  For 

many gases this value does not differ greatly from gas to gas to sufficiently affect 

the Gr/Re2 calculation.  Therefore results from the mixed convection stability map 

will be useful to find ways to better characterize the influence of gas material on 

flow instability. 
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7.2  GAMBIT Modeling for Stability Map 

 

7.2.1  Geometry Construction 

 

As the influence of pipe radius was one of the parameters studied for this stability 

map, 16 different radii, and therefore 16 different sized pipe geometries were 

initially created in GAMBIT.  The pipe radii studied are contained in Table 7.1.  A 

pipe with radius of 0.79 cm was studied because this is the dimension of the 

coolant channels in the GRTS.  All pipes had the same vertical dimensions.  Each 

pipe was split vertically into 3 sections: an isothermal entrance section, a heated 

section, and an adiabatic section.  The dimensions of each of these sections are 

shown in Figure 7.1.  For all the models used, the pipe wall was not modeled, only 

the fluid parts.  This is possible by imposing a boundary condition on the fluid 

mesh volumes that would be in contact with the wall. 

 

 

 Table 7.1  Radii of Pipe Geometries (cm) 

0.5 4.0 
0.79 4.5 
1.0 5.0 
1.5 5.5 
2.0 6.0 
2.5 6.5 
3.0 7.0 
3.5 7.5 
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Figure 7.1  Vertical Length of Pipe Geometry 

 

 

7.2.2  Mesh of Model 

 

Given that each model with a different radius was of a different dimension, each 

mesh of each model was different.  A general procedure was followed in the 

meshing of each of these models.  An initial edge mesh was applied to the 

circumference of the tube that resulted in 20 – 34 edge nodes (Figure 7.2).  Then a 

boundary layer was applied to the model that would provide a sufficient number of 

mesh volumes near the pipe walls, where recirculation was expected to occur 

(Figure 7.3).  Following, an edge mesh was applied to the vertical length of the 

pipe to control the size of the mesh volumes.  For this step a smaller edge mesh was 
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used in the heated section, where the recirculation was expected to occur, compared 

to the other sections of the pipe.  Finally the cooper meshing scheme was employed 

to create hexagonal mesh volumes using the edge meshes as a pattern for mesh 

vertex placement.  Portions of the mesh model of radius 2.0 are shown in Figures 

7.4 – 7.5.  Each model contained 200,000 – 450,000 mesh volumes.   

 

 

 

 

 

Figure 7.2  Circumferential Edge Mesh 
Figure 7.3  Boundary Layer Mesh 
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Figure 7.4  Face Mesh 
Figure 7.5  Segment to Show Axial Length Mesh 

 

 

The previous edge and mesh volume sizes were chosen as a result of a grid 

independence study.  The 3 cm radius model was meshed using the same meshing 

procedure explained above.  A number of meshed models were created with 

progressively finer meshes and then FLUENT was used to solve for the thermal 

and flow fields.  For all of these models, Y-velocities and temperatures were 

recorded at two specific locations near the walls near the top of the heated section.  

It was found that when the edge mesh around the circumference of the pipe was 

refined to contain 20 edge nodes, increased from 18, the resultant Y-velocities 

changed by less than 1.5% and the temperatures did not significantly change.  

Therefore the meshes used for the stability map always had a mesh more refined 

than the mesh corresponding to 18 circumferential edge nodes. 
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7.3  FLUENT Modeling 

 

7.3.1  Models Used 

 

Steady-state simulations were run using FLUENT 6.3.26 using the segregated 

solver.  Values of 0.3 – 1.0 were used for over-relaxation values for the continuity, 

energy and pressure equations being solved. 

 

Similar to the channel stability model, the gases were modeled as laminar 

incompressible ideal gases, using the PISO pressure-velocity coupling algorithm 

and the body force weighted scheme for pressure discretization.  The momentum 

and energy equations were discretized with the 2nd order upwind scheme.  Gas 

properties were those available in the FLUENT materials database, except for 

viscosity, where a temperature dependent second or fourth order polynomial was 

used calculated from data contained in Incropera [19].  Carbon dioxide, helium, and 

nitrogen were used as the working fluids. 

 

7.3.2  Boundary Conditions 

 

As stated above, the model was divided into three axial regions.  The entrance 

isothermal region walls were modeled with a uniform wall temperature of 300 K, 

the same as the incoming fluid.  The heated section also used uniform wall 

temperatures, but at elevated temperatures that corresponded to the simulation of 

interest.  The final section walls were modeled as adiabatic walls. 

 

A flow velocity was used at the inlet at the top of the pipe.  The bottom of the pipe 

was specified as a pressure outlet, thus minimizing its influence on the interior of 

the model. 
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7.3.3  Convergence 

 

Similar to the convergence criteria used in the other two models, the residual 

convergence values were lowered to 10-12 and the simulation was allowed to run for 

800-1000 iterations.  This was more than sufficient for the simulation to reach the 

steady-state solution. 

 

7.4  Test Matrix 

 

Separate simulations were run for boundary conditions combinations consisting of 

a pipe radius, a working gas, inlet velocity, and elevated wall temperatures.  

Following each simulation it was determined if this boundary conditions 

combination produced reverse flow.  Therefore a very large number of simulations 

were run.  A predetermined complete testing matrix was not developed for this 

stability map study for two reasons:  (1) the uncertainty associated with which 

boundary conditions resulted in stable or unstable flow fields, and (2) the large 

computer resources available to run these smaller models.  A preliminary testing 

matrix was used for the three gases for the different pipe radii using an inlet 

velocity of 5 cm/sec and varying the heated wall temperatures from 350 – 500 K in 

the boundary conditions combination from simulation to simulation.  The results 

from these initial simulations helped determine the boundary conditions that should 

be used for the other simulations. 

 

It was determined that transitions to instability for each gas material and pipe radius 

combination should be obtained by two methods.  The first was to hold the inlet gas 

velocity at 5 cm/sec while varying the heated wall temperature from simulation to 

simulation.  The second was to hold the heated wall temperature at 400 or 425 K, 

while varying the inlet gas velocity from simulation to simulation.  Transition to 
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instability was determined by identifying the two inlet velocities (for constant wall 

temperature), or two wall temperatures (for constant inlet velocities) consecutive in 

the testing matrix that span a relatively small Gr/Re2 range where one gave stable 

and the other unstable results.  Transition to flow reversal was identified as 

corresponding to a Gr/Re2 value in this range.  By this method, two ranges of 

Gr/Re2 values were obtained for each gas material, tube radius combination where 

the transition to instability would occur, one for constant inlet velocity, and the 

other for constant heated wall temperature. 

 

Simulations were initially run using helium as the working fluid.  Given that the 

boundary conditions corresponding to the transition to instability were unknown at 

the onset of testing, a very large number of helium simulations were run.  In total 

326 helium simulations were run for different combinations of pipe radius, inlet 

velocity, and heated wall temperature.  For the nitrogen and carbon dioxide cases 

only the following pipe radii were used:  0.5, 0.79, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 

and 7.0 cm.  Because of this, and a better understanding of how to predict the 

transition to instability boundary conditions, a smaller number of simulations were 

run for these gases; 210 using nitrogen and 207 using carbon dioxide. 
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8.  STABILITY MAP RESULTS 

 

This chapter contains the results from the CFD simulations run as part of the 

development of the mixed convection stability map.  The occurrence or lack thereof 

of flow reversal was recorded for each simulation.  Given the large number of 

simulations performed, this chapter presents Gr/Re2 ranges corresponding to 

simulations that identify where transition to flow reversal occurred for the various 

boundary conditions. 

 

8.1  Flow Progression 

 

The following figures give a representative view of the progression of the flow 

fields from simulation to simulation as the Gr/Re2 value is increased.  This 

progression can be described as having three steps.  The first step is when the 

Gr/Re2 value is low enough for the specific boundary conditions so flow reversal 

does not occur (Figure 8.1).  Once the Gr/Re2 value has been raised sufficiently, 

steady recirculation begins to occur for small regions near the heated section 

(Figure 8.2).  Finally, with boundary conditions corresponding to a large enough 

Gr/Re2 value, the flow becomes unsteady with large vortices being shed 

periodically from the walls, in agreement with the results in [43-45].  Given that the 

simulations performed for the stability map development were steady-state runs, 

this only gives a snap shot in time of the behavior occurring. 

 

The figures shown correspond to 2 cm radius nitrogen simulations using an inlet 

velocity of 5 cm/sec.  They present Y-velocity contour plots of the midline in the 

pipe for the region with the characteristic behavior.  Positive Y-velocity values 

correspond to upflow, while negative values correspond to downflow. 
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Figure 8.1  Pipe mid-plane using nitrogen; radius = 2.0 cm; 
flowrate = 5 cm/sec; heated temp. = 302 K showing all downflow 
 
 
 

 

Figure 8.2  Pipe mid-plane using nitrogen; radius = 2.0 cm; 
flowrate = 5 cm/sec; heated temp. = 310 K showing pockets of 
recirculation 
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Figure 8.3  Pipe mid-plane using nitrogen; radius = 2.0 cm; 
flowrate = 5 cm/sec; heated temp. = 320 K showing 
asymmetric recirculation 

 

 

Figures 8.4 – 8.9 give additional views to illustrate the flow behavior for the 

symmetric and asymmetric cases corresponding to simulations of Figures 8.2 and 

8.3.  Figures 8.4 and 8.5 give contour plots of the Y-velocity for axial cuts at the 

interface between the heated and bottom sections for the simulation with heated 

wall temperatures of 310 K corresponding to Figure 8.2.  This shows the symmetric 

behavior of the Y-velocity flow.  The contour scales are different for the two plots.  

Figure 8.4 gives the entire Y-velocity range, while Figure 8.5 corresponds to 

locations with only positive Y-velocities. 
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Figure 8.4  Y-velocity contours of axial interface between heated and 
bottom sections using nitrogen; radius = 2.0 cm; flowrate = 5 cm/sec; 
heated temp. = 310 K 

 

 

 

Figure 8.5  Positive Y-velocity contours associated with Figure 8.4 
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Figures 8.6 – 8.9 are similar to the figures above but are for the simulation with 

heated wall temperatures of 320 K, corresponding to Figure 8.3, to show the 

asymmetric behavior that occurs corresponding to higher Gr/Re2 values.  Figures 

8.6 and 8.7 correspond to the axial interface between the entrance and heated 

sections, while Figures 8.8 and 8.9 correspond to the axial interface between the 

heated and bottom sections. 
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Figure 8.6  Y-velocity contours of axial interface between the 
entrance and heated sections using nitrogen; radius = 2.0 cm; 
flowrate = 5 cm/sec; heated temp. = 320 K 
 
 
 

 

Figure 8.7  Positive Y-velocity contours associated with Figure 8.6 
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Figure 8.8  Y-velocity contours of axial interface between the 
heated and bottom sections using nitrogen; radius = 2.0 cm; 
flowrate = 5 cm/sec; heated temp. = 320 K 
 
 
 

 

Figure 8.9  Positive Y-velocity contours associated with Figure 8.8 
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8.2  Transition to Flow Reversal 

 

Transition to flow reversal was identified for the two cases described in the 

previous chapter.  The first was to hold the inlet gas velocity at 5 cm/sec while 

varying the heated wall temperature from simulation to simulation.  The second 

was to hold the heated wall temperature at 400 or 425 K, while varying the inlet gas 

velocity. Transition to flow reversal was determined to occur between simulations 

with boundary conditions that corresponded to the following Gr/Re2 values; the 

simulation with the largest Gr/Re2 value without flow reversal and the one with the 

lowest Gr/Re2 value with flow reversal.  These are presented in the following 

graphs and tables.  In all of the data presented the Gr/Re2 value was calculated 

using the pipe diameter as the characteristic length. 

 

The points on the graphs represent the average Gr/Re2 values of the two 

simulations described above for the given boundary conditions, with the error bars 

representing the range of these two Gr/Re2 values.  Two graphs have insets to give 

close-ups of some of the data.  The tables present the specific boundary conditions 

that correspond to these transition simulations.  There are six graphs and six tables 

corresponding to the three gas materials used and the two methods used to induce 

transition.  Temperature induced implies the velocity was held constant and the 

temperature was varied.  Velocity induced implies the opposite. 
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Figure 8.10  Results for helium temperature induced simulations 
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Figure 8.11  Results for helium velocity induced simulations 
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Figure 8.12  Results for nitrogen temperature induced simulations 
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Figure 8.13  Results for nitrogen velocity induced simulations 
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Figure 8.14  Results for carbon dioxide temperature induced simulations 
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ê
2 

  
  
 j

CO2: Velocity Induced Transition Point

 

Figure 8.15  Results for carbon dioxide velocity induced simulations 
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Table 8.1  He: Temperature Induced Transition Range: Vel = 5 cm/sec 

Radius (cm) 
 

Low Temp. (K) High Temp. (K) Gr/Re2 Range 

0.5 Never Greater than 553 (5000 K) 
0.79 Never Greater than 874 (5000 K) 
1.0 Never Greater than 1107 (5000 K) 
1.5 Never Greater than 1660 (5000 K) 
2.0 340 350 18.8 23.5 
3.0 310 320 7.1 14.1 
4.0 305 310 4.7 9.4 
5.0 305 310 5.9 11.8 
6.0 302 305 2.8 7.1 
7.0 302 305 3.3 8.2 

 
 
 

 

Table 8.2  He: Velocity Induced Transition Range: Temp. = 425 K 

Radius (cm) 
 

Low Vel. (cm/s) High Vel. (cm/s) Gr/Re2 Range 

0.5 0.1 0.13 21768 36788 
0.79 0.26 0.33 5337 8598 
1.0 0.6 0.7 1502 2044 
1.5 4.2 5 44.1 62.6 
2.0 8.3 10 14.7 21.4 
3.0 20 25 3.5 5.5 
4.0 30 40 1.8 3.3 
5.0 50 63 0.9 1.5 
6.0 50 63 1.1 1.8 
7.0 75 100 0.5 0.9 
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Table 8.3  N2: Temperature Induced Transition Range: Vel = 5 cm/sec 

Radius (cm) 
 

Low Temp. (K) High Temp. (K) Gr/Re2 Range 

0.5 Never Greater than 553 (5000 K) 
0.79 330 340 6.40 7.44 
1.0 320 330 5.40 7.06 
1.5 305 310 1.77 3.53 
2.0 302 305 0.94 2.35 
3.0 301 302 0.71 1.41 
4.0 301 302 0.94 1.89 
5.0 300.5 301 0.59 1.18 
6.0 300.5 301 0.71 1.41 
7.0 300.1 300.5 0.17 0.82 

 
 
 
 

 

Table 8.4  N2: Velocity Induced Transition Range: Temp. = 400 K 

Radius (cm) 
 

Low Vel. (cm/s) High Vel. (cm/s) Gr/Re2 Range 

0.5 3.6 3.9 19.35 22.71 
0.79 8.75 10 5.33 6.07 
1.0 15 20 1.47 2.62 
1.5 30 35 0.72 0.98 
2.0 50 75 0.21 0.47 
3.0 75 100 0.18 0.31 
4.0 100 125 0.15 0.24 
5.0 116 125 0.19 0.22 
6.0 125 133 0.20 0.23 
7.0 115 125 0.26 0.31 
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Table 8.5  CO2: Temperature Induced Transition Range: Vel = 5 cm/sec 

Radius (cm) 
 

Low Temp. (K) High Temp. (K) Gr/Re2 Range 

0.5 335 340 4.12 5.05 
0.79 310 320 1.86 3.72 
1.0 305 310 1.18 2.35 
1.5 302 305 0.71 1.77 
2.0 301 302 0.47 0.94 
3.0 300.5 301 0.35 0.71 
4.0 300.5 301 0.47 0.94 
5.0 300.25 300.5 0.29 0.59 
6.0 300.25 300.5 0.35 0.71 
7.0 300.05 300.25 0.08 0.41 

 
 
 
 
 
 

Table 8.6  CO2: Velocity Induced Transition Range: Temp. = 400 K 

Radius (cm) 
 

Low Vel. (cm/s) High Vel. (cm/s) Gr/Re2 Range 

0.5 10 12.5 1.89 2.94 
0.79 20 25 0.74 1.17 
1.0 35 40 0.37 0.48 
1.5 50 75 0.16 0.35 
2.0 75 100 0.12 0.21 
3.0 110 125 0.11 0.15 
4.0 125 133 0.13 0.15 
5.0 125 133 0.17 0.19 
6.0 125 133 0.20 0.23 
7.0 110 125 0.26 0.34 
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8.3  Discussion and Trends 

 

Different gases and pipe radii give different Gr/Re2 values for the transition to 

instability.  Not only are the values very different from gas to gas, but there is also 

a very large Gr/Re2 change from radius to radius for each gas.  Transitions to 

instability occur for a number of cases using both nitrogen and carbon dioxide with 

Gr/Re2 values from 0.1 – 0.3, which is on the lower end of the traditional criterion.  

Given that the criterion predicts when buoyancy forces are important, and this 

study gives results when actual upflow occurs, Gr/Re2 values above the criterion 

may be expected in this study.  But these lower end Gr/Re2 values with respect to 

the traditional criterion suggest that there may be flows with boundary conditions 

corresponding to Gr/Re2 values below the traditional criterion where buoyancy 

effects may be important, but where flow reversal has not necessarily occurred.  

From the data presented, the traditional criterion is a good estimate for when 

buoyancy forces must be considered, but it appears too simplistic with respect to 

pipe diameter and gas material.  It does not sufficiently account for all the factors 

that affect whether the buoyancy force is important.  

 

The general trend in the data shows two regions.  In the first region, for small radii, 

the transition to instability is very dependent on pipe radius.  After this small radius 

region, the transition is relatively independent of radius.  This point of radius 

independent results occurs at a radius of approximately 2.0 cm for nitrogen and 

carbon dioxide, and 3.0 cm for helium.  It is interesting to note that in flooding 

studies pipe radius is also an important parameter used to distinguish between when 

the Wallis and Kutateladze correlations are used to predict flooding [54]. 

 

This dependency of transition on pipe radius is attributed to differing physics.  

Considering cases for small radii pipes, the physics can be described in the 

following manner.  Neglecting the forced down flow for a moment, and only 
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considering a case for stagnant gas in the heated pipe, a large enough temperature 

difference between the pipe wall and the gas will cause upflow in the form of a 

boundary layer.  As the temperature difference between pipe wall and gas is 

increased, the buoyancy force increases, causing the upflow boundary layer to 

travel faster, resulting in a flattening of the boundary layer.  The point of onset to 

upward boundary layer flow corresponds to the point with the thickest boundary 

layer, because it is the point of slowest upward velocity. 

 

Considering both the boundary layer upflow with the forced downflow, the 

boundary layer upflow should form around the pipe circumference, restricting the 

flow area available for the forced downflow.  This results in a higher flow velocity 

for the forced downflow, and the higher viscous forces between the two flows 

associated with this.  This is similar to the reasoning presented in [7].  The result is 

that upflow does not occur when predicted solely from the Gr/Re2 value because of 

the additional viscous forces associated with counter parallel flow, and instead the 

transition to upward boundary layer flow is suppressed.  The upward boundary 

layer flow will not occur until the buoyancy forces are strong enough to overcome 

the larger viscous forces associated with counter parallel flow.  In addition, the 

higher buoyancy forces present at this point create an upward boundary layer flow 

that is flatter, which does not restrict as much of the flow area for the downward 

forced flow.  When upflow does finally occur for the small radii cases, it bypasses 

the symmetric upflow region and immediately enters the asymmetric flow region. 

 

In larger pipe radii, the physics are essentially the same, but the difference is that 

with a larger radius, the velocity profile is not as steep to reach the velocity 

maximum in the pipe center.  This is because the upward boundary layer 

proportionately restricts less flow area of the pipe as opposed to small pipes.  This 

reduces the magnitude of the viscous forces between the upward boundary layer 

flow and forced downflow.  Therefore this suppression of transition to upward flow 
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is not seen for the larger pipe radii.  In larger radii, the phenomena acts more like 

buoyancy flow next to a vertical heated plate, where the upflow from one side of 

the pipe is not affected by flow on the other side of the pipe. 

 

Different results occurred depending on the method used to study the transition to 

flow reversal.  For the method when the wall temperature was held constant, a 

boundary conditions combination was always found where flow reversal occurred.  

For the small radii models of helium and nitrogen, the velocity had to be lowered to 

a very small value for flow reversal to occur.  This resulted in very large Gr/Re2 

values.  For simulations with gas velocity of 5 cm/sec, flow reversal did not always 

occur.  Helium simulations with radii of 0.5 – 1.5 cm, and the 0.5 cm nitrogen 

simulation never resulted in flow reversal with the wall temperature raised to 5000 

K.  Checks were made and the coolant did reach a temperature of 5000 K, so this 

lack of flow reversal was not a result of the fluid moving too quickly to reach the 

temperature for which the Gr/Re2 value was calculated. 

 

Given the results reported, all factors varied in this study affect the flow stability.  

It has always been quite evident that ∆T and flowrate influence the stability of the 

flow.  This is because these two parameters are the primary factors affecting the 

competing forces of mixed convection: buoyancy and inertial forces.  The shape of 

the data in Figures 8.10 – 8.15 shows that the radius is also an important factor, 

while the different Gr/Re2 values between gases illustrate there is an effect due to 

gas properties on the flow stability for mixed convection conditions in pipes.  The 

Gr/Re2 values for transition to flow reversal increase with decreasing radius, and 

decrease for increasing gas density. 
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 8.4  Stability Map Correlation 

 

As part of this thesis study, it was desired to develop a general mixed convection 

stability map, and corresponding correlation that could be used to predict when 

flow reversal will occur for downward flow opposing mixed convection conditions.  

Given the results in the previous section, ∆T, flowrate, pipe radius, and working 

gas were all considered when developing the stability map correlation.  Different 

forms and combinations of these parameters were plotted against each other to 

investigate overall trends.   

 

The traditional criterion where buoyancy forces should be considered when Gr/Re2 

values are on the order of 1.0 was first investigated.  This criterion predicts that 

plotting the Grashof number vs. the square of the Reynolds number should result in 

a linear plot with a slope of 1.0.  Figure 8.16 presents the solutions with a linear 

trendline fit to the solution set.  Figures 8.17 – 8.18 present the solutions with the 

following three curves: 

 

2Re0.1 ⋅=Gr      8.1 

 

2Re1.0 ⋅=Gr      8.2 

 

2Re9.9 ⋅=Gr      8.3 

 

These curves represent the traditional criterion with an associated upper and lower 

bound corresponding to “on the order of 1.0” interpreted as having values of 0.1 – 

9.9.  Figure 8.18 is a close-up of Figure 8.17. 
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Figure 8.16  Correlation investigation using Gr vs. Re2 
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Figure 8.17  Transition solutions with traditional buoyancy criterion  
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Figure 8.18  Close-up of Figure 8.17 

 

 

Inspection of the previous graphs shows that even though the traditional criterion 

successfully bounds the solution set corresponding to transition to flow reversal, it 

does not tightly bound the solutions and does not predict the shape of the solutions 

very well. 

 

Given the influence that pipe radius and gas material have on the flow stability as 

seen in the previous section, these parameters were then used to attempt to correlate 

the solutions.  Both density and radius act to increase the Gr/Re2 value for 

transition to flow reversal for decreasing values of these parameters.  The product 

of these two parameters was plotted against the Gr/Re2 values.  Initially a plot was 

made for the cases that held flow velocity constant while varying wall temperature 

(Figure 8.19).  Then a plot was made for both varying temperature and varying 

velocity (Figure 8.20).  Log scales were used for both axes.  The legend gives the 

gas used for each solution set, and whether it was temperature or velocity induced.  

While the solution sets seems to fit for the temperature induced cases, there does 

not seem to be a good overall correlation when considering both cases.   
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Figure 8.19  Correlation investigation using Gr/Re2 vs. Den * D for the 
temperature induced cases 
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Figure 8.20  Correlation investigation using Gr/Re2 vs. Den * D 
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Plotting the Grashof vs. the Reynolds number on log-log axes showed a strong 

correlation between these two parameters.  The solutions show a general trend, and 

the solution sets from the different gas material and transition cases are well 

overlapped.  This is shown in Figure 8.21 which contains the various gas material 

and transition modes.  Fitting a power-law trendline to all of the solution points is 

presented in Figure 8.22. 
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Figure 8.21  Correlation investigation using Gr vs. Re showing solution sets 
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Figure 8.22  Correlation investigation using Gr vs. Re showing trendline 

 

 

The trendline fits the solutions reasonably well, though not as strongly at both low 

and high Reynolds numbers.  Considering that the results showed a radius 

dependency for small radii pipes and the expected differing dominating forces for 

the small radii pipes as opposed to the large radii pipes, two different correlations 

were developed, each corresponding to a range of pipe radii.  Figure 8.23 presents a 

correlation and the solutions for pipe radii 2 cm and above, while Figure 8.24 is for 

pipe radii below 2 cm. 
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Figure 8.23  Flow reversal correlation for 2 cm and greater pipe radii 
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Figure 8.24  Flow reversal correlation for pipe radii below 2 cm 

 

 

The trendline equation in Figure 8.23 associated with pipe radii above 2 cm is: 

 

357.1Re7.56 ⋅=Gr      8.6 
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The equation in for the line in Figure 8.24 for pipe radii below 2 cm is: 

 

809.0Re6.1064 ⋅=Gr      8.7 

 

Given that the solution points represent the average values of transitions to 

instability, there is an associated error with these solution points.  Considering this, 

the following regions of transition to instability were developed associated with 

each correlation.  These regions were developed by encompassing all solution 

points of transition to recirculation with their respective range due to averaging.  

These are shown in Figures 8.25 – 8.26. 

 

 

1.0E+00

1.0E+01

1.0E+02

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

1.0E+08

1.0E+09

1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05

Re

G
r 
   

 .

 

Figure 8.25  Region of transition to flow reversal for larger pipes 
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Figure 8.26  Region of transition to flow reversal for smaller pipes 

 

 

Employing conservatism, the lower bounds in each of the preceding figures are 

recommended to be used for the correlations for transition to flow reversal for 

downward gas flows for opposing mixed convection for Re numbers below 24,000.   

 

357.1Re18⋅=Gr   for     r ≥ 2 cm   8.8 
    Re < 24,000    

 
 

809.0Re400⋅=Gr   for     r < 2 cm   8.9 
    Re < 24,000    

 
 

For all points below these lines, flow reversal should not occur. 
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8.5  Heated Length Sensitivity Study 

 

8.5.1  Boundary Conditions 

 

A sensitivity study was performed to see if using different heated lengths 

appreciably affected the results.  Six boundary conditions combinations from both 

transition to flow reversal methods used in the stability map development were 

used for comparison.  These are listed in Tables 8.7 – 8.8.  They are numbered for 

convenience for comparing results obtained in this sensitivity study. 

 

 

Table 8.7  Control Boundary Conditions Combinations 
For Temperature Induced Flow Reversal 

Gas Radius (cm) Vel. (cm/ sec) Ave Temp for 
Flow Reversal (K) 

1.  Carbon Dioxide 2.0 5.0 301.5 
2.  Helium 3.0 5.0 315 
3.  Nitrogen 3.0 5.0 301.5 

 

 

Table 8.8  Control Boundary Conditions Combinations 
For Velocity Induced Flow Reversal 

Gas Radius (cm) Temp (K) Ave Vel. for Flow 
Reversal (cm/ sec) 

4.  Carbon Dioxide 3.0 400 117.5 
5.  Helium 4.0 425 35 
6.  Nitrogen 4.0 400 112.5 

 

 

The heated length region in the stability map models was 45 cm in length.  For this 

sensitivity study, heated lengths of 5, 15, 60 and 120 cm were used.  Two or three 

heated lengths arbitrarily chosen were used with the control boundary conditions 
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for comparison.  14 boundary conditions combinations were investigated.  These 

are listed in Table 8.9. 

 

 

Table 8.9  Heated Length Cases Investigated 
Boundary Condition 

Combination 
Heated Lengths 

Used (cm) 
1.  CO2: Temp-Induced 5, 120 
2.  He: Temp-Induced 5, 120 
3.  Nitrogen: Temp-Induced 5, 60 
4.  CO2: Vel-Induced 5, 15, 120 
5.  He: Vel-Induced 5, 15, 60 
6.  Nitrogen: Vel-Induced 15, 120 

 
 

 

8.5.2  Heated Length Sensitivity Study Results 

 

Gr/Re2 values corresponding to transition to flow reversal for the cases with 

different heated lengths were close or equal in value to those for the control cases.  

For cases with values different from the control cases, the difference in Gr/Re2 

value corresponded to whether the heated length was shortened or lengthened.  For 

cases when a shortened heated length section gave different results from the control 

cases, the Gr/Re2 value corresponding to transition to flow reversal was greater 

than the control case.  When the heated length was lengthened, some cases showed 

a smaller Gr/Re2 value corresponding to flow reversal in comparison to the control 

case. 

 

A larger Gr/Re2 value corresponding to flow reversal for the shortened heated 

length simulations is not surprising.  This is a result of the fluid residence time 

being too short for it to reach the wall temperature needed to create a sufficient 

buoyancy force to cause flow reversal. 
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Six boundary conditions combinations contained heated lengths longer than that of 

the control cases.  Of these six cases, four had equal Gr/Re2 values corresponding 

to flow reversal.  The other two had only slightly smaller Gr/Re2 values 

corresponding to transition to flow reversal. 

 

Figure 8.27 plots Reynolds vs. Grashof values corresponding to transition to flow 

reversal for the 14 boundary conditions combinations investigated as part of the 

heated length sensitivity study.  The bounding curves of the appropriate correlation 

developed in the previous section are also displayed.  All values are contained in 

the variation from the stability map simulations. 
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Figure 8.27  Heated Length Sensitivity Study Results 
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8.6  Comparison with Experimental Data 

 

In a review of studies done for mixed convection flows, very little data was found 

that could be used with the correlations developed in section 8.4 due to different 

boundary conditions.  The majority of experimental research that has been 

conducted in this area has been performed for liquids.  In addition, many mixed 

convection studies have specifically looked at the effect that the flow field has on 

heat transfer, not necessarily flow reversal characteristics.  So while these studies 

do present boundary conditions when there is reversed flow, they do not report 

when the transition to flow reversal occurs. 

 

Figure 8.28 presents experimental data with the bounding curves of the correlation 

for pipes with radii greater than 2 cm.  Table 8.10 gives details about the 

experimental data.  
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Figure 8.28  Experimental data comparison with flow reversal correlation 
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Table 8.10  Experimental Data Details 

Point Researcher Fluid Geometry Flow Reversal Characteristics 

 
#1 

 
Joye [48] 

 
water 

 
downflow 

Mixed convection, no 
specification if flow reversal 
was present 
 

#2 Joye [48] water downflow Same as above 
 

#3 Zeldin [34] air upflow No flow reversal, just a dip in 
the velocity profile 
 

#4 Lavine [46] water 80o downflow Reversal occurred 
 

#5 Lavine [46] water 80o downflow Same as above 
 

#6 
 

King [55] water downflow Onset of flow reversal for high 
pressure injection 

#7 
 

King [55] water downflow Same as above 

 
 

None of the above data is for downflow opposing mixed convection using gas.  Of 

the above data, only Zeldin conducted his experiments with a gas.  But the 

experiments were for an aiding mixed convection situation; upflow with heated 

walls.  His experiments never provided enough heat to produce flow reversal, only 

a concavity dip in the velocity profile. 

 

King [55] presented results corresponding to the onset of flow reversal.  He 

conducted experiments related to the high pressure injection system into the cold 

leg of a nuclear system for loss of coolant accidents.  His geometry consisted of 

cold water from a vertical pipe being injected downward into the top of a horizontal 

pipe with water of a lower density.  He controlled the differences in density by the 

use of dissolved salt in the water.  He developed a semi-empirical correlation 

predicting the maximum injection velocity that resulted in the lower density fluid 
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flowing up the injection line in the form of a plume due to buoyancy differences.  

His correlation was a relation between the maximum velocity and buoyancy 

difference between the heavy and light fluids, independent of fluid viscosity and 

injection line diameter.  To compare his data with the correlation developed in this 

thesis, a viscosity value corresponding to water at 300 K was used with the 

injection line diameter used in his study as the characteristic length.  Given that his 

correlation is for such a small range, only the two points representing the ends of 

his experimental data range are presented, as opposed to his complete correlation.  

 

The other four data points, while all for water, show good agreement with the 

correlation, given the different boundary conditions used.  But none of these studies 

were designed to specifically identify when the transition to flow reversal occurs.  

Experimental data for the boundary conditions used in this numerical study is 

necessary to validate the correlations developed herein. 
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9.  CONCLUSIONS AND FUTURE WORK 
 

9.1  Conclusions 

 

In this study, downward flow opposing mixed convection has been studied using 

the FLUENT computer CFD code.  This work was comprised of two primary 

objectives.  The first was associated with the INL LDRD project titled Developing 

Core Flow Analysis Methods for the VHTR and GFR Designs.  The second was the 

development of a general stability correlation for downward flow opposing mixed 

convection conditions for various gases. 

 

As part of the INL LDRD project a scaled down model of the VHTR has been 

designed from which experimental data is planned to be acquired to validate the use 

of computer codes in predicting flow and thermal behavior of the VHTR.  This 

thesis describes the work and results of FLUENT modeling of the GRTS design to 

assess core channel flow reversal susceptibility at low flow conditions.  This is the 

first step in validating the computer codes for use with the VHTR. 

 

Calculations of the buoyancy forces were performed for different power levels and 

flowrates of the GRTS.  The traditional mixed flow criterion of Gr/Re2 ≈ 1.0 was 

utilized to identify power level, flowrate combinations where buoyancy forces 

should be considered.  These power level and flowrate boundary conditions were 

used in the FLUENT GRTS models.  It was found that for GRTS low flow 

conditions, core channel flow reversal will not occur.  Hypothetically, it would be 

possible to increase the thermal boundary conditions to cause core channel flow 

reversal to occur, but the vessel would lose integrity long before this occurred.  The 

core channel stability is attributed to the low density of the helium gas.  It was 

found that when the heavier gas of CO2 was used in the FLUENT GRTS models, 

flow reversal did occur. 
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The second objective of this thesis study was the development of a general stability 

correlation for downward pipe flow opposing mixed convection conditions for 

various gases.  FLUENT models were developed where gas at 300 K flowed down 

a pipe being exposed to elevated wall temperatures to study boundary conditions 

necessary to induce flow reversal.  The four parameters varied for this study were: 

pipe radius, elevated wall temperature, gas flowrate, and working gas.  Radii 

ranging from 0.5 – 7.5 cm were used.  Elevated wall temperatures were varied from 

300.05 – 5000 K.  Flowrates varied from 0.2 – 150 cm/sec.  Helium, nitrogen and 

carbon dioxide were studied.  Separate simulations were run that corresponded to 

combinations of the four parameters of interest.  The transition to flow reversal was 

studied by two methods.  The first was to hold the flow steady at 5 cm/sec and vary 

the elevated wall temperature from simulation to simulation.  The second was to 

hold the elevated wall temperature at 400 or 425 K and vary the flowrate. 

 

It was found that while the traditional criterion that buoyancy forces must be 

considered when the Gr/Re2 value is on the order of 1.0 is a good estimate, it is 

insufficient to give a good prediction for when flow reversal occurs.  Radius and 

gas properties were found to greatly influence the flow’s ability to reverse.  Gr/Re2 

values corresponding to the onset of flow reversal increase for both decreasing pipe 

radius, and decreasing gas material density.  It was found that for pipe radii below 

approximately 2.0 cm, the Gr/Re2 value corresponding to the onset of flow reversal 

was greatly dependent on pipe radius, while for radii above 2.0 cm, this 

dependence was not seen.  For simulations using helium with pipe radii below 2.0 

cm, flow reversal never occurred for simulations with a gas flowrate of 5 cm/sec 

for elevated wall temperatures up to 5000 K.  For the other method of varying 

flowrate with constant elevated wall temperatures, flow reversal only occurred for 

extremely low gas flowrates. 
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A general trend was witnessed for the onset to flow reversal with respect to 

Grashof and Reynolds numbers.  Two correlations were developed corresponding 

to the region when pipe radius is an important factor for flow reversal, and for 

larger pipe radii when radius is not important.  Equation 8.8 is for pipe radii 2 cm 

and above, while equation 8.9 is for pipe radii below 2 cm: 

 

357.1Re18⋅=Gr   for     r ≥ 2 cm   8.8 
    Re < 24,000    

 
 

809.0Re400⋅=Gr   for     r < 2 cm   8.9 
    Re < 24,000    

 

For Grashof numbers below that predicted with the correlation, flow reversal 

should not occur. 

 

9.2  Future Work 

 

It is recommended that detailed downflow stability experiments be conducted to 

validate the FLUENT results.  In particular, experiments should be conducted with 

different gases, using various constant wall temperature boundary conditions for 

various inlet flowrates and pipe sizes with an accurate method to identify when 

flow reversal occurs. 

 

Given the pipe radius dependent results, it is recommended work be done on an 

analytical model from first principles to account for the different forces influencing 

the flow behavior.  
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In addition to experimental validation, it is suggested that additional FLUENT 

simulations be performed with respect to the downward flow opposing mixed 

convection correlation using additional gases. 
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