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SUMMARY  

Fluoride-salt-cooled high-temperature reactors (FHRs) are a new and developing 

class of reactors that features low-pressure liquid fluoride salt cooling and the graphite-

matrix coated-particle fuel developed for high temperature gas reactors (HTGRs) and are 

designed for a high-temperature power cycle.  FHRs have several economic and safety 

benefits due to higher core power densities compared to HTGRs: near-atmospheric 

pressure operation, higher safety margins for fuel failure and coolant boiling, and passive 

decay heat removal using natural circulation.  One of the potential fuel designs for FHRs 

is the plate type configuration in which the molten salt coolant flows in the wide, narrow 

channels between the array of parallel fuel plates.  

To aid the further development of FHR designs that employ a plate-type fuel 

design, this work addresses the need to improve the understanding of the fluid flow 

dynamics and heat transfer characteristics for a molten salt coolant.  The nature of the 

molten salt requires the flow to be in the transition regime, making predictions based on 

the literature difficult.  In the present study, a test section representing a single coolant 

channel is designed and fabricated, and a heat transfer test facility is fabricated to measure 

the heat transfer coefficient and frictional pressure gradient of a surrogate fluid that 

matches the pertinent dimensionless parameters of molten salt in a plate-type FHR.  In 

addition to the plain coolant channel, a channel with lozenge-shaped dimple features is also 

developed to study potential heat transfer enhancement.  Based on these experimental 

results, models are developed to predict the heat transfer and pressure drop for such flows 

experienced in the plate-type FHR.  These models are compared with a steady state 



 xix 

computational fluid dynamics (CFD) model and a model developed in the thermal-

hydraulic program TRACE for a single coolant channel.  The experimental study serves as 

a preliminary verification of the models that use CFD and TRACE.  The correlations 

developed in this study are then used to estimate the temperatures in the core and the overall 

cooling capacity, demonstrating the benefits of an FHR over conventional reactors.  

Insights from these experiments and analyses will  guide the further development of plate-

type FHRs by improving the confidence levels in the predictions of safety analysis codes, 

thereby assisting the licensing of these reactors.   
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CHAPTER 1. INTRODUCTION  

In 2024, nuclear energy accounted for ~19% of the electricity generated in the U.S. 

(EIA, 2025), representing ~48% of the carbon-free electricity (Office of Nuclear Energy, 

2023).  Nuclear power is one of the only forms of electricity generation that can produce 

large amounts of energy, > 1000 MWe per plant, in a relatively small area without emitting 

carbon dioxide, such as those emitted by burning fossil fuels.  With the impact that carbon 

emissions have on the climate, which has resulted in an average global temperature 

increase of 1.28°C above preindustrial levels (NASA, 2025), increasing the amount of 

carbon-free power through nuclear energy is more crucial than ever.  Nuclear power can 

provide sustained loads and operate near full capacity at all times except during refueling, 

which is staggered per unit at most plants to keep the load as high as possible.  This is not 

the case for other renewable energy sources, such as solar and wind power, which provide 

intermittent energy loads that depend on environmental conditions.  With the increase in 

projected energy use across the globe between 33% and 75% by 2050 (EIA, 2023), adding 

nuclear energy is the most effective way of providing a large load of consistent carbon free 

electricity.  Additionally, with the recent rise of investment in artificial intelligence, the 

need for electricity to run and cool data centers is increasing rapidly, and many large 

technology companies are looking to nuclear energy to help reach their goals of net-zero 

carbon emissions (Morey, 2024).   

In recent years, between 2013 and 2023, 13 nuclear reactors totaling over 10,000 

MW of capacity have shut down in the U.S.  Figure 1.1 shows that with the retiring of 

nuclear plants, this trend is projected to continue over the next 25 years as the total capacity 
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of nuclear energy is expected to drop by ~20%.  There is currently only one nuclear power 

plant under construction in the U.S. since the completion of two AP1000 units at the Alvin 

W. Vogtle Nuclear Station in 2023 and 2024, which were the first two plants to complete 

construction in over 20 years.  The first Natrium reactor, designed by TerraPower, began 

construction in 2024 and is a sodium-cooled fast reactor (SFR).  While other plants have 

been planned, cost overruns and delays have halted the growth of nuclear power in the U.S.  

In addition to the economic challenges the industry has faced, the 2011 meltdown of three 

boiling water reactors (BWRs) in Fukushima, Japan, due to the failure of backup cooling 

systems following a tsunami, had eroded public confidence in the safety of nuclear energy.   

 

Figure 1.1: Projected nuclear energy production (EIA, 2023) 

To overcome these challenges, the next generation of nuclear power plant designs 

must resolve these economic and safety concerns associated with nuclear energy.  A 

roadmap for the future of nuclear energy was laid out at the Generation IV international 
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Forum (US DOE, 2002) and includes six reactor types including reactors operating at both 

the fast and thermal neutronic spectrum.  The Natrium reactor is the first Generation IV 

reactor to receive a license to begin construction in the U.S and is cooled with sodium 

instead of water.  Further design work, testing, and understanding of the coolant and 

neutronic behavior of these reactor concepts are required to obtain licenses to build these 

other concept reactors.  There are a variety of coolants proposed for Generation IV reactors 

in addition to liquid sodium, including helium, molten salts, molten lead, and supercritical 

water (Zohuri, 2020).  Each reactor type has features that allow them to be safer and more 

economical than Generation III reactors, such as higher efficiencies, lower construction 

costs, and inherent safety mechanisms.   

Molten salt reactors are one of the categories of Generation IV reactors that require 

further proof of reliability and performance safety to be licensed.  These reactors are 

typically separated into two subcategories, liquid-fueled and solid-fueled reactors.  Liquid-

fueled reactors consist of a coolant and fuel mixture that is kept in a molten state and heats 

up when entering the core as the fission reactions within the mixture generate heat.  This 

heat is removed from the mixture by a secondary coolant in a heat exchanger outside the 

core.  Solid-fueled reactors behave similarly to Pressurized Water Reactors (PWRs) where 

the heat is transferred from the fuel to the coolant in the core.  Solid-fueled molten salt 

reactors, however, use a solid coated-particle tristructural-isotropic (TRISO) fuel, which 

has a higher enrichment than the fuel used in PWRs, and is similar to the fuel used in the 

high temperature gas-cooled reactors (HTGRs).  To differentiate between the two types of 

molten salt reactors, liquid-fueled reactors are typically referred to as MSRs, while solid-
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fueled reactors are considered fluoride salt-cooled high temperature reactors (FHRs) 

(Holcomb, 2020).   

FHRs have several features that make them an attractive technology for the future 

of nuclear energy.  In FHRs, the coolant temperature typically operates around 700°C, 

compared to Light Water Reactors (LWRs), which are limited to around 300°C due to 

boiling.  This allows the power cycle to be significantly more efficient in converting 

thermal energy to electricity, making the plant more economical.  The coolant also has a 

large margin between the operating and boiling temperature, which is typically around 

1400°C.  This margin drastically improves the safety, especially in accident scenarios and 

transients where coolant and fuel have large tolerances to heat up without causing damage.  

Another benefit is that FHRs can operate at near-atmospheric pressures as the coolant 

remains in a single phase at these operating conditions.  This drastically reduces the cost 

of the reactor as the thick pressure vessel used for PWRs is not required.  Moreover, during 

reactor shutdown, the reactor must continue to be cooled to remove decay heat.  FHRs have 

the ability to passively cool the reactor, relying on natural convection.  The reactivity 

control in FHRs is less demanding than in PWRs due to a strongly negative reactivity 

coefficient, which means that as the fuel heats up, more neutrons are absorbed without 

causing fission, causing a negative feedback loop that results in the fuel cooling (Holcomb, 

2019).  FHR concepts that are being considered are the pebble-bed design (Scarlat and 

Peterson, 2014; Zhang et al., 2018; Blandford et al., 2020), the prismatic design (Wang et 

al., 2016; Brown et al., 2017), a pin-bundle design (Greene et al., 2011), and a plate-type 

fuel design (Varma et al., 2012).  The types of reactor concepts range in size from small 

modular reactors (SMRs), such the 125 MWth small modular advanced high-temperature 
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reactor (SmAHTR), to a large 3400 MWth Advanced high temperature reactor (AHTR), 

which implements plate-type fuel. 

A key development step in the licensing of plate-type FHR designs, such as the 

AHTR, is that the heat transfer characteristics and fluid flow dynamics must be well 

understood so that the thermal hydraulics can be appropriately modeled for improved 

confidence in the safety and performance of the reactor.  There is currently a lack of 

experimental datasets and thermal hydraulic transport models for high Prandtl number 

fluids, particularly for the narrow channel geometries in the transition Reynolds number 

region with thermally developing flow, which are the proposed conditions for the AHTR.  

Available models for rectangular channels cover fully developed laminar flow (Wibulswas, 

1966) and recommend the use of circular channel correlations for turbulent flow, which is 

an approximation and does not account for high Prandtl numbers, developing flow, or hot 

spots that may occur in the corner regions of rectangular geometries.  This is addressed in 

the present work through experimental and computational studies that measure and 

improve the understanding of the heat transfer and pressure drop in a representative FHR 

coolant channel.  This study is conducted using a surrogate fluid, which matches the 

pertinent dimensionless parameters relevant to the energy and momentum transfer in such 

fluids and geometries.  The results of this study will lead to a better understanding of high 

Prandtl number flows in narrow channels, in turn leading to better predictive models for 

FHR applications.   
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1.1 Literature review  

The thermal hydraulics of rectangular channels have been studied extensively for 

fully developed laminar and turbulent flows; however, the transition regime has received 

far less attention.  With the rise of situations where high Prandtl number fluids are required 

in transition flow regimes, studies to bridge the gap of knowledge for thermally developing 

flow in the transition regime of narrow rectangular channels are urgently needed.  This 

information is especially significant for the present area of understanding the heat transfer 

and flow characteristics at AHTR operating conditions. 

1.1.1 Transition flow and rectangular channels 

The flow regime between laminar and turbulent can be characterized by an 

intermittent flow field where the flow is a combination of turbulent and laminar flows, with 

unpredictable switching between these regimes.  Transition flow is typically more sensitive 

to the duct geometry and entrance configuration than turbulent flow, and surface roughness 

also plays a role in establishing the fluid flow dynamics and heat transfer.   

Often, correlations for pressure drop and heat transfer for transition flow are based 

on interpolation between well-established correlations for laminar and turbulent flow 

regimes.  Hrycak and Andrushkiw (1974) developed friction factor correlations for pipe 

flow in the transition regime, and also provided means to calculate the critical Reynolds 

number, which can vary due to entrance geometry, roughness, and other geometric 

parameters and fluid properties.  Churchill (1977) developed a widely used friction factor 

correlation that covers all three regimes and depends on the Reynolds number and surface 

roughness.   
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For rectangular channels, in the absence of specific data for the cross-section of 

interest, it is generally recommended to use circular channel correlations with a hydraulic 

diameter, Dh.  However, it has been shown that there is better agreement with experimental 

data if a laminar equivalent diameter, Dl,  is used (Jones, 1976), resulting in prediction 

improvement from ±20% to ±5%. The laminar equivalent diameter provides similarity 

between round and rectangular ducts, and unlike the hydraulic diameter, the laminar 

equivalent diameter considers the aspect ratio of a rectangular channel and is shown for a 

rectangular channel in Equation ρȢρ with the approximation developed by Ebadian and 

Dong (1998).  There is a large discrepancy, especially in narrow channels, between the 

hydraulic diameter and the laminar equivalent diameter.  For the aspect ratio of an AHTR 

channel, Dl is only 71% of Dh, and there is no evidence in improvement of heat transfer 

correlations when using the equivalent diameter definition.   
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A notable difference between flow in circular channels and rectangular channels is 

that as rectangular channels approach turbulence, secondary flows begins to develop 

(Prandtl, 1927).  The primary flow is in the axial direction whereas the secondary flow is 

in the cross-stream direction.  Nikuradse (1926) was the first to experimentally detect these 

distortions in the axial profiles of turbulent flows in rectangular ducts.  While the velocity 

of such secondary flows is small, they can increase the friction factor by approximately 

10%.  Detailed measurements of secondary flows showed that they form as a result of 

opposing forces exerted by the Reynolds stresses and static pressure gradients in the normal 
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plane (Hoagland, 1960; Leutheusser, 1963; Brundrett and Baines, 1964).  The secondary 

flow pattern detected by Nikuradse (1926) occurs primarily in the corners of rectangular 

ducts as shown by the cross-section of a channel in Figure 1.2.   

 

Figure 1.2: Secondary flow pattern in a rectangular duct (adapted from Nikuradse 

(1926)) 

Studies on fully developed turbulent flow in rectangular channels have been 

conducted and show better agreement when the secondary flows are taken into account 

(Launder and Ying, 1973).  The majority of studies focus on square channels or wider 

aspect ratios (0.2 < Ŭ < 1) and typically consider fluids with Pr @ 1 such as for air or at 

most for the Pr of water (0.7 < Pr < 6.46).  Studies that have included narrower channels 

with an aspect ratio, Ŭ as small as 0.1, focus on fully turbulent flow in the range 104 < Re 

< 105 (Novotny et al., 1964).  Few studies have focused on narrow channels in the transition 

region, similar to the geometry and flow expected in AHTR channels.   

For circular channels, it is widely accepted that the onset of transition from laminar 

to turbulent flow occurs at the critical Reynolds number, Recrit å 2300 (Bergman et al., 

2011).  For rectangular channels, the onset of transition depends highly on the entrance 

configuration and aspect ratio.  Allen and Grunberg (1937) showed that Recrit is inversely 

proportional to the ratio of the maximum velocity to mean velocity (Vmax/Vm).  From 

experimental data on the critical Reynolds number in rectangular channels (Cornish, 1928; 
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Davies and White, 1928), Shah and London (1978) developed Equation ρȢς, estimating 

Recrit and Vmax/Vm as a function of aspect ratio.  For the aspect ratio of a coolant channel in 

the AHTR, Recrit å 3000.  Another consequence of rectangular channels and the secondary 

flows in their corners is the development of hot spots.  Savino and Siegel (1964) found that 

due to lower velocities at the corners, the heat transfer is reduced, resulting in wall 

temperatures peaking in the corners.  This peaking value is vital to nuclear fuel safety as it 

indicates the hottest temperature on the surface of the fuel plates.   

ὙὩ  
τφυπ

ὠ Ⱦὠ
ρȢς 

Fluids with high Pr have a sufficiently longer thermal development length than the 

hydrodynamic development length.  In the thermally developing region, the thin thermal 

boundary layer allows heat from the walls to more easily be transferred to the bulk fluid, 

increasing the heat transfer.  This increase in heat transfer must be taken into account if the 

thermal entrance region is a significant length of the channel.  Wibulswas (1966) solved 

the thermal entrance length problem for rectangular ducts with various aspect ratios for 

both the constant temperature and constant heat flux boundary conditions for laminar flow.  

The analytical results of Chandrupatla and Sastri (1977) for the thermal entrance region for 

square ducts agreed well with the experimental results of Perkins et al. (1973).  For 

transition and turbulent flow, there is a lack of analytical and experimental studies on 

thermally developing flow, and in their absence, it is generally recommended to use 

circular duct correlations.  These correlations, however, do not consider the secondary 

flows that lead to hot spots in the corner regions of rectangular channels.   
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More recently, Wang et al. (2013) studied the flow of water through a narrow (Ŭ = 

0.05) rectangular channel across the transition regime.  The experimental data from this 

study are compared with correlations from the literature and updated correlations are 

suggested.  Their study shows that the Prandtl number significantly influences the critical 

Reynolds number.  The onset of transition and the transition to turbulent flow are shown 

to occur at decreasing Re as the Pr increases.  The Re range of the transition region was 

also shown to decrease with increasing Pr for 2.2 < Pr < 3.5.  Garimella et al. (2000) 

studied the heat transfer coefficient for simultaneously developing flow in rectangular 

tubes for slightly higher Prandtl numbers (6.48 to 16.2).  Their study primarily focused on 

the laminar and transition regimes and developed correlations to span the laminar, 

transition, and turbulent flow regimes.  Their study also demonstrated that transition from 

laminar to turbulent flow did not occur at a unique Reynolds number value but gradually 

over a range.  Jo et al. (2014) studied heat transfer in a narrow rectangular channel (Ŭ = 

0.0435) for upward and downward flow directions for water with 2.64 < Pr < 6.46. They 

explored the effect of the entrance region and proposed heat transfer correlations for 

laminar and turbulent flows.   

Experiments on the heat transfer in the transition region of molten salts in a circular 

tube have shown good agreement with correlations such as those by Gnielinski (1976) and 

Hausen (1959) as described by Yu-ting et al. (2009).  A test facility consisting of a forced 

flow and natural convective loop through a circular test section was developed to validate 

models for the molten salts used in FHRs using Dowtherm A to simulate 2LiF-BeF2, the 

primary heat transfer fluid commonly known as FLiBe (Zweibaum et al., 2016). Initial 

results show good agreement between the data and laminar friction factor values for 
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circular tubes.  Liu et al. (2018) also used Dowtherm A as a surrogate fluid to study the 

transitional flow through an FHR pebble bed, and new correlations are proposed for 14 < 

Pr < 19.  Table 1.1 summarizes these key studies for transition and high Pr flow.   

Table 1.1: Summary of key transition flow experimental studies 

Rectangular channel transition flow studies 

Experimental 

Study 
Fluid 

Prandtl number 

range 
Flow Regime 

Garimella et 

al., 2000 

Ethylene glycol 

solution 
6.48 - 16.2 

Laminar/Transition 

simultaneously developing 

Wang et al., 

2013 
Water 2.1 - 3.45 Transition 

Jo et al., 2014 Water 2.64 - 6.46 
Transition/Turbulent 

developing flow 

High Prandtl number flow (Pr > 13) 

Experimental 

Study 
Geometry Fluid Flow Regime 

Yu-ting et al., 

2009 
Circular tube LiNO3 Transition 

Zweibaum et 

al., 2016 
Circular tube Dowtherm A Laminar 

Liu et al., 

2018 
Pebble Bed Dowtherm A Transition/Turbulent 

1.1.2 Computational models 

For the AHTR, Yoder et al. (2014) performed CFD studies on a 1/3rd  symmetric 

section of the fuel assembly.  This study analyzed the flow velocities and temperature 

profile of a full-length fuel assembly at nominal flow conditions.  By including the upper 

plenum in the CFD simulation, this study was able to highlight the jet behavior above the 

assembly.  Sensitivity studies were conducted by varying the conductivity of the solid 

materials within an assembly since the properties are not well defined and rely heavily on 

the manufacturing process.  These studies were conducted with constant thermophysical 

properties for each run and simply used the average properties for the molten salt coolant, 
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FLiBe.  Additionally, the analysis was conducted for a uniform axial power profile.  This 

study makes recommendations on the design to improve local hot spots and recommends 

additional analysis on mixed convection and peak power assemblies.   

System-level models for the AHTR have been developed in RELAP by Avigni and 

Petrovic (2014), and in TRACE by Yoder et al. (2014), to simulate the loss of forced flow 

(LOFF) accident. These models verified the effective cooling capacity of the direct reactor 

auxiliary cooling system (DRACS).  The TRACE model showed good agreement between 

the AHTR design values and the calculated core temperatures and computed the amount 

of flow through the decay heat exchanger during steady state operating conditions.  It is 

also recommended in this study that the correlations for heat transfer and pressure drop 

should be further investigated and that heat transfer correlations for rectangular channel 

flow should be implemented in the TRACE code.  Avigni and Petrovic (2020) developed 

a model that coupled a CFD and system-level code to simulate the viability of utilizing 

bypass channels to perform on-line refueling of the AHTR.  Zweibaum (2015) modeled 

the DRACS in RELAP5 and validated the results with data from the compact integral 

effects test (CIET) facility, which showed good agreement.  System-level analyses have 

been conducted for pebble bed FHRs where several studies (Andreades et al., 2016; 

Blandford et al., 2020) have employed existing codes such as RELAP, TRACE (NRC, 

2010), SAM (INL, 2017), and Flownex (M-Tech Industrial, 2013).  Greene et al. (2011) 

developed a RELAP model for the SmAHTR that implemented a plate-type fuel, similar 

to the design of the AHTR.  This model varied the inlet mass flow rates to the core and 

reported the maximum fuel temperatures during steady state conditions.  (Chandrasekaran 

and Garimella, 2022b) developed a full core sub-channel model to simulate the SmAHTR 
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reactor with a fuel pin geometry during steady state and accident conditions.  This code 

was validated with CFD models (Chandrasekaran and Garimella, 2022a) and provides fast 

simulation times for calculating the temperatures and flow dynamics within the core.  For 

the plate-type FHR designs, no experimental validation of the CFD models or system-level 

models has been conducted for nominal or peak flow conditions. 

1.1.3 Enhanced surfaces 

Surface enhancements are passive heat transfer enhancement techniques in which 

a surface is geometrically altered to disturb the thermal boundary layer, reducing the 

resistance to heat flow from the wall to the bulk fluid.  Passive enhancements are widely 

used as they do not require the use of an external power supply.  Artificial roughness is a 

type of surface enhancement that has been used in nuclear reactors to improve the heat 

transfer of the fuel elements.  Donne and Meyer (1977) performed experiments on single 

rods in a smooth tube with rectangular ribs on the rod serving as the artificial roughness 

sites.  These tests simulated the case of a typical Gas Cooled Fast Reactor fuel element.  

Webb (1987) considers three possible surface roughness geometries: three dimensional 

(uniform), ridge-type (repeated ribs), and groove-type, as shown in Figure 1.3.  The 

geometry of these artificial roughness types is characterized by parameters such as pitch 

and height, which can be non-dimensionalized by the channel height and hydraulic 

diameter, respectively.  Olsson and Sundén (1998) experimentally studied the flow and 

heat transfer for rib-roughened rectangular channels where various rib configurations were 

assessed for flow ranging from laminar to turbulent.  Karwa et al. (1999) specifically 

investigates transition and turbulent flow in rectangular ducts for chamfered repeated ribs. 

Their study shows a maximum two-fold heat transfer enhancement with a three-fold 
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pressure drop penalty when compared to a smooth duct. The duct aspect ratio was also 

shown to have a strong effect on the heat transfer and friction factor.  Liao and Xin (2000) 

investigated the enhancement inside tubes using three-dimensional surfaces and twisted 

tapes for a wide range of Prandl and Reynolds numbers and showed greatest heat transfer 

enhancement of 5.8-fold in the laminar regime.  Wang et al. (2007) experimentally 

investigated implementing vortex generators for heat transfer enhancement for flow in 

rectangular channels for Re in the transition and turbulent regimes with heat transfer 

improvements ranging from 10-45%. 

 

Figure 1.3: Surface enhancement types 

 Varma et al. (2012) suggests incorporating lozenge shaped surface dimples on 

plate-type fuel to promote thermal boundary layer detachment, improving the heat transfer, 

especially for laminar flows during natural circulation after reactor shutdown conditions.  

The dimple shape is considered as it enhances heat transfer with a low pressure penalty 

compared to other surface enhancement techniques.  The dimples can be readily added to 

the plate surface as the plates are manufactured using isostatic molds.  Fan et al. (2009) 

reviewed dimpled channel studies which showed that for spherical concave dimples, 

vortices that increase the local and downstream Nu are generated.  These studies also 

revealed that the heat transfer enhancement outweighed pressure drop penalty, for 
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conditions including identical pumping power, pressure drop, and flow rate.  Hwang et al. 

(2008) investigated heat transfer enhancement for various dimple arrangements.  This 

study determined that dimple protrusions performed better than concave dimples and that 

dimples on both sides of the channel showed the greatest heat transfer enhancement by a 

factor of 14 for Re = 1000.  Lan et al. (2011) performed computational analysis on heat 

transfer enhancement of concave dimples in microchannels, showing enhancement factors 

as high as 4.77.  Zhang et al. (2021) studied heat transfer enhancement in tubes using 

ellipsoidal dimples.  This numerical study showed an average of 25% heat transfer 

enhancement for turbulent flows.  Wang et al. (2023) conducted a numerical study focused 

on heat transfer enhancement for plate-type nuclear fuel.  This study focuses on improving 

hot spots using dimple surface enhancements in narrow rectangular channels.  The effect 

of rotating the dimples and adding slits in the direction of the streamline is measured to 

determine the optimal geometry.  Table 1.2 summarizes the key experimental and 

computational surface feature heat transfer enhancement studies.   

Table 1.2: Heat transfer enhancement studies using surface features 

Experimental Study Geometry 
Enhancement 

Technique 

Donne and Meyer, 1977 Fuel rod Ridge-type 

Karwa et al., 1999 Rectangular duct Ridge-type 

Olsson and Sundén, 1998 Rectangular duct Ridge-type 

Liao and Xin, 2000 Tube 3D tape 

Wang et al., 2007 Rectangular duct Vortex generators 

Computational Study Geometry 
Enhancement 

Technique 

Hwang et al., 2008 Rectangular duct 3D (dimple) 

Lan et al., 2011 Microchannel 3D (dimple) 

Zhang et al., 2021 Tube 3D (dimple) 

Wang et al., 2023 Rectangular duct 3D (dimple) 
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1.2 Research needs and scope of present work 

The above review of the pertinent literature shows that while investigative studies 

have been conducted to measure the fluid flow and heat transfer characteristics for 

transition flow, few experiments have been conducted on high Prandtl number fluids, 

which have long entrance lengths that must be considered in the models.  It is also evident 

that circular channel models do not adequately predict the behavior in narrow rectangular 

channels, which develop secondary flows due to the effects from the sharp corners causing 

hot spots.  While the laminar equivalent diameter provides improvement over using the 

hydraulic diameter for existing turbulent friction factor correlations, it is more useful to 

have a common definition for hydraulic diameter with correlations that correspond to the 

specific geometry for both heat transfer and frictional pressure drop.  Additionally, the 

literature on rectangular channels primarily focuses on fluid dynamics, with far fewer 

studies on heated flows.  There is also a lack of experimental studies on transition flow for 

rectangular channels, which is the primary flow regime during nominal flow in an FHR.   

CFD and system-level codes have been used to model plate-type FHR designs; 

however, there is still no experimental validation of this work.  Since FHRs operate at much 

higher temperatures than water-cooled reactors, the fuel temperatures will also reach higher 

temperatures.  Therefore, reducing the uncertainty of the heat transfer in these channels 

will allow for optimizing the heat duty of the fuel, resulting in a more efficient reactor.  

System level codes, such as TRACE, use models that do not consider the effects of channel 

geometry or of thermally developing flow, since they were originally developed for water-

cooled reactors.  Moreover, these studies do not consider the assemblies undergoing peak 

power or non-uniform power profiles which heavily influence the fuel temperatures.  
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Updating these codes for plate type FHRs will allow for improved transient studies and a 

better understanding of potential accident scenarios.   

The addition of roughness or three-dimensional surface features has proven to 

enhance heat transfer in the transition region.  Since FHRs use a more viscous coolant with 

significantly lower Reynolds numbers than conventional water-cooled reactors, significant 

improvement can be achieved through surface enhancement.  An understanding of these 

phenomena for high Prandtl number fluids in rectangular channels is important to improve 

heat transfer in the AHTR design.  In addition to the AHTR, other FHRs using a plate-type 

fuel such as the SmAHTR can benefit from these features. Finally, studies on various 

roughness geometries have not shown good agreement, and few studies consider the 

uniform roughness pattern, and most have only considered repeated or helical ribs.  There 

is also a lack of experimental data that can validate the numerical studies conducted for 

dimpled surface features.  Therefore, there is a need to develop separate friction factor and 

heat transfer correlations specific to narrow rectangular channels for high Prandtl number 

fluids to further develop the understanding of thermal hydraulics in plate-type FHRs.   

1.3 Research objectives 

The primary objective of this study is the investigation of the heat transfer and 

pressure drop characteristics of coolant channels in the plate type FHR and to validate and 

develop empirical correlations for heat transfer coefficient and friction factor for this 

combination of geometry and fluid properties.  The passive enhancement due to the 

addition of dimpled surface features is compared to the plain case to determine the potential 



 18 

heat transfer improvements.  To accomplish this objective, the following tasks are 

performed: 

¶ Heat transfer and pressure drop experiments over a range of Reynolds and Prandtl 

numbers, matching those in the AHTR preconceptual design. 

¶ Heat transfer and pressure drop experiments with a modified coolant channel 

containing dimpled surface features. 

¶ Development of semi-empirical correlations for friction factor and heat transfer that 

account for the effects of geometry and flow development for both the plain channel 

and the dimpled channel. 

¶ Suggestions for improvements to the pertinent heat transfer and friction factor 

models used in safety analysis codes for FHRs.   

¶ Analysis of the cooling capacity of the core of the AHTR using the developed 

models. 

1.4 Thesis organization 

This dissertation is organized as follows:  

¶ Chapter 2 presents the geometry and flow conditions of the AHTR and analyzes 

the surrogate fluids that can be used to experimentally match the pertinent 

dimensionless fluid flow and heat transfer conditions.   

¶ Chapter 3 describes the experimental setup and facilities for measuring the 

pressure drop in a plain and dimpled test section over a range of operating 

conditions representative of a single AHTR coolant channel.   
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¶ Chapter 4 describes the experimental setup and facilities for measuring heat 

transfer in a plain and dimpled test section over a range of operating conditions 

representative of a single AHTR coolant channel.   

¶ Chapter 5 presents the development of models to predict the heat transfer and 

pressure drop of a plain and enhanced surface AHTR coolant channel over a range 

of operating conditions.   

¶ Chapter 6 evaluates the performance of the AHTR using the models developed 

from the experimental results and evaluates the effects of various design 

considerations.   

¶ Chapter 7 summarizes the important conclusions of this study and provides 

recommendations for future work in the area of nuclear thermal hydraulics for 

plate-type fueled FHRs.    
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CHAPTER 2. AHTR OPERATING CONDITIONS  

 The AHTR vessel geometry is discussed in this chapter, along with analysis of the 

expected flow dynamics and conditions.  Detailed analysis is conducted to select a 

surrogate fluid that allows for experimental validation of the AHTR flow conditions.  

2.1 AHTR description 

The advanced high temperature reactor (AHTR) is a 3400 MWth FHR designed by 

the Oak Ridge National Laboratory (ORNL) (Varma et al., 2012) to support high-

efficiency electricity production or high temperature process heat. The design employs 

factory fabricated components that are sized for rail transport, thereby minimizing on-site 

assembly time.  The pre-conceptual design for the AHTR utilizes a plate-type fuel, 

arranged into a hexagonal fuel assembly.  The primary coolant for the AHTR is FLiBe salt 

(2Li-BeF2), which enters at the bottom of the core, flows upward through the narrow gap 

between plates, and exits the core at the top. The coolant then flows through a primary-to-

intermediate heat exchanger where it transfers its heat to a KF-ZrF4 salt that carries the 

heat to the power cycle as shown in Figure 2.1. The cooled FLiBe is then pumped back 

into the bottom of the core.  The coolant channel, fuel plates, fuel assembly, and reactor 

core are shown in Figure 2.2. 
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Figure 2.1: AHTR heat transfer loop diagram 

The core consists of 252 hexagonal fuel assemblies, each six meters in height.  

These fuel assemblies have a fueled region spanning 5.5 m, where the fuel plates contain 

TRISO particles with a uranium oxy-carbide (UCO) fuel kernel. The TRISO particles are 

less than 1 mm in diameter and are pressed into a high-density graphite matrix as a fuel 

stripe along the outer edge of each side of the fuel plates. There is also a thin graphite 

sleeve over the fuel stripe which keeps the coolant from direct contact with the TRISO 

particle matrix.  Each fuel assembly contains 18 fuel plates, a carbon composite óYô shaped 

support structure, and a removable control blade in the center of the support structure, as 

shown in Figure 2.2b.  This geometry differs from traditional LWRs, which typically 

implement a pin bundle fuel geometry.   
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Figure 2.2: (a) AHTR core, (b) fuel assembly cross-section, and (c) coolant channel 

designs 

The coolant channel is the space between two fuel plates as shown in Figure 2.2c.  

Each fuel plate also has a set of spacer ridges to serve as support and to keep the plates 

equally spaced.  This creates three individual channels between each set of fuel plates: a 

wide channel of high aspect ratio alongside two channels of lesser width with the same 

gap.  All three of these channels are approximately rectangular.  The key dimensions for 

the AHTR are shown in Table 2.1.  
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Table 2.1: AHTR fuel assembly key dimensions 

Parameter Value (mm) 

Fuel assembly pitch 467.5 

Fuel plate thickness 25.5 

Coolant channel (between plates) 7.0 

Coolant channel (between plate and wall) 3.5 

Fuel plate width 238 

Spacer ridges spacing 140 

Total length 6000 

Heated length 5500 

2.2 Flow regime analysis 

 FLiBe salt is the primary coolant of choice for the AHTR.  It has a melting point of 

459°C and a boiling point of 1430°C at atmospheric pressure (Sohal et al., 2010), 

maintaining a stable liquid state for the temperatures designed for the AHTR core. This 

allows for near atmospheric pressure operation in the core, lowering the cost of the pressure 

vessel, and improving safety.  FLiBe also has a higher volumetric heat capacity than water 

in PWRs, making it an efficient reactor coolant. A major difference in the fluid dynamics 

of molten salt from water is the high viscosity.  FLiBe at reactor temperatures has a 

viscosity on average of 69 times higher than water in a typical PWR (Belyakov, 2019).  

This fluid property has a significant impact on the flow regime of the molten salt in narrow 

coolant channels.   

 In the preconceptual design of the AHTR (Varma et al., 2012), the average 

temperature of the molten salt as it enters the core is 650°C.  The average temperature of 

the coolant when it leaves the core is 700°C for nominal conditions. The nature of the fuel 

assembly configuration in a reactor calls for some assemblies to operate above or below 

the average power density.  This means that some assemblies will experience higher 

temperatures than 700°C and thermal-hydraulic properties must also be considered for a 

range above the average outlet temperature.  Given this specified 50°C average temperature 
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rise, for a 3400 MW(t) reactor, the total required primary coolant flow rate through the core 

is roughly 28,500 kg s-1.  From this value and the geometric parameters prescribed in 

Section 2.1, the flow rate in the coolant channels can be determined.      

 Each fuel assembly will have a slightly different flow rate based on their power 

profile; however, on average this leads to roughly 113.1 kg s-1 of coolant per assembly.  

This flow can be divided between intra-assembly flow (flow in the channels between fuel 

plates) and inter-assembly flow (flow between adjacent assemblies) as the assemblies are 

spaced 17.5 mm apart.  The flow rate specified for intra-assembly flow results in an average 

velocity of 1.94 m s-1.  While the inter-assembly flow rate is not specified in the AHTR 

preconceptual report, it can be calculated based on the geometric parameters to be 

approximately 0.52 m s-1.  This is determined by accounting for the total flow rate and the 

cross-sectional flow areas of the intra and inter-assembly flows, which are approximately 

6.60 m2 and 3.47 m2, respectively.  The focus of this study is primarily on the intra-

assembly flow, since this is where most of the heat transfer occurs between the fuel and 

the coolant.    

 The intra-assembly flow is through channels formed by the 18 fuel plates.  This 

results in 15 channels with a thickness of 7 mm between fuel plates and 6 edge channels 

with a thickness of 3.5 mm between the fuel plate and the carbon composite fuel channel 

box or support.  This study focuses on the 7-mm thick channels between two fuel plates as 

this is where the major portion of the flow in the system occurs.  The spacing consists of 

the two smaller side channels and the wider, center channel between the two spacers.  The 

calculations in this study focus on the wider center channel region.  The primary difference 

between the center channel and the outer channels is the aspect ratio (a ratio of the gap 

between plates to the width of the channel), and results from the center channel can be 

applied to the outer channels by accounting for the change in aspect ratio. The center 

channel will be referred to as the coolant channel from this point forward.   
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 The spacing between the points where the spacer ridges meet the next fuel plate is 

140 mm, while the spacing between the ridges where they jut out from the plate is 126 mm.  

The average of these two values is used as the approximate size for a rectangular channel 

that represents the center coolant channel, giving it dimensions of 133 mm by 7 mm. This 

results in an aspect ratio of 1:19 or 0.0526.  The hydraulic diameter of a rectangular channel 

is described by Equation ςȢρ, where w is the width of the channel and S is the spacing 

between the plates.  Given these dimensions, the Dh of the coolant channel is 0.0133 m.  

Ὀ
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 From this information, the flow regime in the channel can be determined.  The flow 

regime is dependent on the Reynolds number (Re), which describes the ratio of the inertial 

forces to the viscous forces and is calculated using Equation ςȢς.  
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 Given the thermophysical properties at the average temperature in the core of 

675°C, the geometry of the channel, and the prescribed average velocity of 1.94 m s-1, the 

average Re is 8267.  This value falls in the transition regime between laminar and turbulent 

flow.  The Re ranges from approximately 7400 to 9150 as it moves up the channel and 

increases in temperature.  Other designs of molten salt reactors, such as the SmAHTR, have 

also been designed to operate in the transition regime with an inlet Re å 3460 (Greene et 

al., 2011).  This is a significantly different fluid flow dynamic than what is seen in PWRs 

where the average Re is ~ 500,000 which is decidedly in the turbulent regime. This 

difference in flow regime is mostly due to the significantly higher viscosity of molten salts 

compared to water.   
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 By varying the geometry or flow rate, the Re can be varied to some extent; however, 

higher flow rates require additional pumping power and longer channels to achieve the 

required temperature increase.  Although the geometry of the AHTR is different from that 

of existing LWRs as it utilizes fuel plates rather than fuel rods, the hydraulic diameters are 

comparable. Increasing the plate spacing and increasing the Dh would increase the Re; 

however, this would decrease the heat transfer in the channel by lowering the aspect ratio 

of the channel and would also cause the thermal development length to increase.  Therefore, 

it is difficult to design a molten salt reactor that operates in the turbulent regime without 

requiring significantly more material or pumping power, which decrease the economic 

viability of the reactor.  While the thermal hydraulics are better understood in the laminar 

regime, operation in this regime would yield poor heat transfer rates. For these reasons, the 

transition regime must be better understood to determine accurate core dynamics for the 

AHTR.  A summary of the key parameters that define the flow are shown in Table 2.2. 

Table 2.2: Key nominal flow parameters 

Parameter Value 

Inlet temperature 650°C 

Outlet temperature 700°C 

Assembly mass flow rate 113.1 kg s-1 

Average velocity 1.94 m s-1 

Hydraulic diameter 13.3 mm 

Average Reynolds number 8267  

Inlet Reynolds number 7400 

Outlet Reynolds number 9150 

Average Prandtl number 13.3 

Inlet Prandtl number 14.7 

Outlet Prandtl number 11.9 
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2.3 Developing flow considerations 

An additional factor that must be considered in the flow of molten salts is 

developing flow.  The two types of developing flow in thermal hydraulics are 

hydrodynamic development and thermal development.  Hydrodynamically developing 

flow refers to flow in a channel that has a changing velocity profile along the axial length 

of the channel.  The flow is hydrodynamically fully developed when the velocity profile 

no longer changes along the axial length.   

Thermally developing flow refers to the shape of the temperature profile changing 

along the axial length of the channel.  Flow is considered to be thermally fully developed 

when the shape of the temperature profile no longer changes along the axial length.  The 

area where the flow is developing is typically called the entrance region or entrance length.  

The difference in length between the hydrodynamic entrance region and the thermal 

entrance region is dependent on the Prandtl number, which is the ratio of the momentum 

diffusivity and the thermal diffusivity as shown in Equation ςȢσ.    
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For a Pr > 1, the thermal entrance length is longer than the hydrodynamic entrance 

length since the thermal boundary layer is thinner and therefore takes a greater length to 

fully develop. This is the case for most oils and molten salts. For Pr < 1, the hydrodynamic 

entrance length is longer and for Pr = 1, both lengths are equal.  For water in the primary 

loop of a PWR, Pr å 1; therefore, the entrance length is similar for both the thermal and 

hydrodynamic cases. However, for molten salts, and FLiBe in particular, the momentum 
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diffusivity is much greater than the thermal diffusivity, mostly due to the high viscosity 

and specific heat, yielding a Pr ranging from 11.9 to 14.7 during nominal operating 

conditions.  Therefore, flow in the AHTR core has a much longer thermal development 

length than the hydrodynamic entrance length.  

Another factor that determines the entrance length is the flow regime.  Turbulent 

flows typically have significantly shorter entrance lengths since the turbulent eddies 

promote mixing, thereby accelerating the flow development.  Since the AHTR will operate 

in the transition regime, it is likely that developing flow will be a factor in the flow 

dynamics and heat transfer in the coolant channels.  

While fully developed flow is well characterized for many geometries, the 

parameters that describe the fluid flow and heat transfer require additional considerations 

for developing flows.  The pressure drop for developing flows can be described by the 

apparent friction factor.  Since the velocity profile is changing, there is also a pressure drop 

due to the change in momentum.  The apparent friction factor includes both the friction 

and momentum change effects.  The apparent friction factor must take the length of the 

channel into account and typically uses a dimensionless value such as x+ = x/(Dh Re).  The 

heat transfer can be described by the Nusselt number, which also must consider the length 

for thermally developing flows.  The thermally developing Nu is typically described as a 

function of x* =  x/(Dh Re Pr).   

To determine whether the flow in the AHTR channel is developing thermally, 

hydrodynamically, or both, development lengths can be calculated based on analytical and 

empirical models from the literature.  Figure 2.3 shows the thermal and hydrodynamic 
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development lengths for a single coolant channel.  The range of Re captures part of the 

laminar and transition regimes.  These values were calculated from the correlations 

developed by Chen (1973) for the hydrodynamic entrance length and an analytical solution 

for the thermal entrance length (Ghiaasiaan, 2018) for flow between a set of parallel plates 

and are defined by Equations ςȢτ and ςȢυ, respectively.  The solutions for the thermal 

hydraulics of rectangular channels approach those of parallel plates as the aspect ratio 

approaches zero, and since the AHTR coolant channel has a small aspect ratio, parallel 

plate correlations are reasonable approximations for entrance lengths. These entrance 

lengths have been shown to be accurate for laminar flow.  In transition flow, however, as 

turbulence begins, these models may break down.   

ὒ   Ὀ πȢπρρ ὙὩ
πȢσρυ

ρ πȢπρχυ ὙὩ
ςȢτ 

ὒ   πȢπρρυτσω ὙὩὖὶὈ ςȢυ

 

Figure 2.3: Development length over a range of Reynolds numbers for an AHTR 

coolant channel 
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A range from 1000 < Re < 8000 is shown in Figure 2.3, and it is clear that the 

hydrodynamic entrance length is small compared to the thermal entrance length.  As 

turbulence is likely to begin around Re å 3000, the hydrodynamic entrance length is less 

than 0.5 m.  This is less than 10% of the length of the AHTR channel and therefore should 

not have any significant effects on the fluid dynamics when compared to hydrodynamically 

developed flow. The Pr in the AHTR core is expected to range between 10.5 and 18, 

accounting for some assemblies being colder or warmer than the average.  Figure 2.3 shows 

that the entrance length will likely fall somewhere between the lines shown for these 

values.  For Re in the laminar regime, this is a significant portion of the 6-m channel length, 

and thermal development must be considered when estimating the heat transfer in the 

coolant channel.  In the transition regime, thermal development may still play a role in the 

heat transfer; although the entrance length may be shorter than the laminar correlations 

suggest due to mixing.   

There are both benefits and drawbacks that the flow in the AHTR channels is likely 

to be developing thermally.  The benefit of thermally developing flow is that the heat 

transfer coefficient is higher than the fully developed value.  This will keep the fuel at a 

lower temperature or can allow for higher heat fluxes at the start of the channel.  This is 

due to the thinner thermal boundary layer than fully developed flow, creating a lower 

thermal resistance for the heat transfer from the wall to the fluid.  One of the drawbacks is 

that the heat transfer coefficient is not constant in the thermally developing region. The 

heat transfer will decrease as the flow thermally develops until it reaches the development 

length.  This could lead to hot spots in the fuel if the local heat transfer coefficient is not 

considered. For this reason, it would be beneficial to have a varied heat flux profile over 
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the length of the channel to maintain safe fuel temperatures.  It is difficult to create a heat 

flux profile in a reactor with the highest heat flux at the bottom of the channel as the neutron 

flux is generally highest in the center of the channel (Todreas and Kazimi, 2021).  

2.4 Surrogate fluid analysis 

Surrogate fluids have been used in experimental studies as a way to characterize 

the fluid dynamics and heat transfer characteristics for fluids that may be difficult to work 

with in the laboratory setting.  Some challenges associated with using FLiBe as an 

experimental fluid is high material and equipment costs to withstand the high temperature 

conditions required by the molten salt.  FLiBe is also highly toxic and poses a risk to those 

working directly with the fluid.  By matching the dimensionless parameters such as the 

Reynolds and Prandtl numbers of the molten salt, surrogate fluids that operate at conditions 

achievable in the laboratory space can be used to capture the pertinent thermal hydraulics.   

In the case of the fluid flow dynamics, the Reynolds number is considered and must 

be matched between the AHTR conditions for FLiBe and the experimental conditions for 

the surrogate fluid.  This can be done by scaling the velocity of the molten salt to match 

the Re, as described by Equation ςȢφ.  If the hydraulic diameter is kept the same between 

the experimental setup and coolant channel, then the velocity for the experiments only 

needs to be scaled by the fluid properties.  The heat transfer can be compared between the 

molten salt and the surrogate fluid by matching both the Re and the Pr.  Since the Pr is 

solely a function of the thermodynamic properties of the fluid, a limited number of 

surrogate fluids are applicable.   
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Studies have been conducted to suggest the surrogate fluids that may be applicable 

to the study of heat transfer in molten salts.  Cabral et al. (2022) identified four surrogate 

fluids that may be able to match the Pr range of molten salts. This includes Dowtherm A, 

water, Freezium 60, and Zitrec S-25.  This study shows that of these surrogate fluids, the 

only one that can match the Pr range with FLiBe is Dowtherm A. The other proposed 

surrogates are shown to match with other molten salts such as FLiNak and NaF-ZrF4.  

Dowtherm A can match the Pr number range of 9.6 to 28 for FLiBe at experimental 

temperatures between 45°C and 150°C.   

Based on the studies that have identified applicable surrogates for FLiBe, Dowtherm A is 

chosen as the experimental fluid in these tests for its ability to match the pertinent 

dimensionless parameters of FLiBe for heat transfer and pressure drop.  By measuring the 

pressure drop and heat transfer for Dowtherm A, dimensionless analysis can be 

performed using the friction factor and Nusselt number to understand the pressure drop 

and heat transfer of FLiBe.   

Figure 2.4 compares the Pr of Dowtherm A and FLiBe at different temperature 

ranges for each fluid.  Here it can be seen that each Pr value for the temperature range of 

FLiBe in the AHTR coolant channel can be matched with a Pr for Dowtherm A.  However, 

these curves do not match exactly; therefore, the change in Pr as the FLiBe heats up in the 

coolant channel will be slightly different than that in an experimental channel with 

Dowtherm A.  This difference is referred to as distortion and can be calculated for a range 
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of temperatures and is described by Equation ςȢχ, a technique used by Cabral et al. (2022) 

when identifying surrogate fluids. 

ὈὭίὸέὶὸὭέὲ
ὖὶ ὖὶ

ὖὶ
ςȢχ 

 The distortion is based on the range of temperatures chosen for each fluid.  First, a 

range of temperatures of interest, such as the inlet and outlet FLiBe temperatures in the 

AHTR coolant channel (650°C-700°C), is determined.  Then the Pr associated with each 

end of the range is calculated for the molten salt.  This Pr range can then be used to find 

each end of the range of temperatures of the surrogate fluid that match the Pr numbers of 

the molten salt range.  The distortion at each end of this range will be zero.  As steps are 

taken along each temperature range, the Pr will vary slightly and this is the distortion of 

the Pr.  The distortion is likely to increase for large ranges, although if the range is kept 

small, such as during a segmented analysis, it can be kept to a minimum.   

A 6-m channel is not practical for a laboratory setup due to space and cost 

constraints; therefore, a segment of the full channel is represented by the experiments in 

this study. This also keeps the distortion minimal, as a smaller range of temperatures is 

required for a shorter channel.  Cabral et al. (2022) assessed the full range of compatible 

temperatures between FLiBe and Dowtherm A.  The minimum and maximum distortion 

for this range was -2.11% and 7.81%, respectively, which is quite low for such a large 

range (105°C range in Dowtherm A temperature).  Since the experiments to follow are 

conducted at much smaller ranges (approximately 5°C ï 10°C), this distortion drops 

drastically to a maximum of 0.086% for a 10°C change in Dowtherm A temperature. The 

distortion for a range in the experiments is shown in Figure 2.5.   
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Figure 2.4: Prandtl number comparison of FLiBe and Dowtherm A 

 

Figure 2.5: Distortion of Pr for experimental range of temperatures 

In addition to having similar Prandtl numbers as FLiBe at temperatures attainable 

in the laboratory, Dowtherm A also has similar thermophysical properties when comparing 

the bulk to wall temperatures ratios.  It is important that these ratios are similar as they are 
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typically used as correction factors for heat transfer and pressure drop correlations.  For 

example, for the average conditions of an AHTR channel where Pr = 13.2, the bulk-to-

wall Prandtl number ratio is 1.20 for FLiBe and 1.22 for Dowtherm A for the experimental 

conditions matching the average Re = 7240.  The ratio of the bulk viscosity to wall viscosity 

for FLiBe and Dowtherm A is also similar: 1.20 for FLiBe and 1.34 for Dowtherm A.  

Since the Prandtl number ratios are close between Dowtherm A and FLiBe, the correction 

factor for fluid properties should be based on Prandtl number ratios. 

The thermophysical properties of Dowtherm A are calculated from the measured 

temperatures using the equations reported by Zweibaum et al. (2016), which are relevant 

in the range of 20°C to 180°C. These property correlations were compared with those 

provided by the manufacturer (Dow Chemical, 1997) and showed excellent agreement for 

this range. These equations are shown through Equations ςȢψ ï ςȢρρ where T is in °C. 

” ρπχψ πȢψυ Ὕ ςȢψ 

‘
πȢρσπ

ὝȢ
ςȢω 

ὧ ρυρψςȢψς Ὕ ςȢρπ 

Ὧ πȢρτς πȢπππρφ Ὕ ςȢρρ 

  

  



 36 

CHAPTER 3. PRESSURE DROP IN PLAIN AND DIMPLED 

CHANNELS 

This chapter discusses the design, approach, and results of the experimental 

investigation to determine the pressure drop in a single AHTR channel for both a plain 

channel and a channel with dimpled surface features.  These tests were conducted on a 

representative test section under dimensionless conditions similar to those at which the 

AHTR would operate.  A test facility with the working fluid, Dowtherm A, was built for 

this investigation and the friction factors were deduced from the data and compared with 

values predicted by correlations for similar test conditions.   

3.1 Test facility component selection 

The test facility was designed to allow for the flow rates and temperatures that 

match the range of Reynolds and Prandtl numbers outlined in the AHTR preconceptual 

design. The specific geometry of the test section was chosen to match the exact geometry 

of the AHTR fuel plates.  Thus, no additional dimensional analysis of the geometry is 

needed to compare the results in the test section to that of an AHTR coolant channel.  The 

length of the test section was chosen to be sufficient to measure local variations in the 

pressure drop and heat transfer coefficient with uncertainties < ±10%.  The total height of 

the test section is constrained by the size of the test facility.  Multiple iterations of the test 

section were used to arrive at a configuration that ensured even flow distribution, including 

multiple designs of the header.  The final design of the test section incorporates the header 

design shown in Figure 3.1 along with a computational fluid dynamics (CFD) simulation 
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conducted in ANSYS Fluent (ANSYS, 2024) to predict the flow distribution before the 

header was fabricated and demonstrated even flow distribution after 0.2 m of development 

length.  This configuration was chosen as the flow demonstrates even distribution at a 

length less than 0.25 m or half the length of the calming section of the channel.  The flow 

is considered uniform when any peaks in the velocity profile of the cross-section are less 

than 5% of the average flow velocity.  The test facility was designed to allow for flow 

conditions that span the entire transition regime, in addition to some laminar and turbulent 

flow.  This was done by choosing a pump that could match the flow rates and the required 

pressure drop in the facility. The pressure drop in each component was estimated using the 

geometry and friction factor correlations and data from the specification manual of the 

Coriolis mass flow meter.  This required the use of a gear type pump that allows for a 

pressure drop up to 690 kPa.  Operating temperatures were chosen to allow for an extensive 

range of Pr that matched the FLiBe conditions. This resulted in a range from 70°C to 150°C 

for the Dowtherm A and a Prandtl number range from 10 to 18.  

 

Figure 3.1: Test section header and flow distribution 
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3.2 Test section design 

Stainless steel was used for structural purposes as well as fluid compatibility.  Other 

metals with higher thermal conductivity, such as copper, were also considered.  However, 

there was no chemical compatibility information available for copper, while 316 type 

stainless steel has excellent compatibility with Dowtherm A according to Mid-West 

Instrument (2018).  A finite element analysis was conducted in Solidworks (Dassault 

Systems, 2020) to ensure that the narrow channel would not deflect more than one percent 

of the channel wall thickness.  The maximum stress was also maintained to less than five 

percent of the yield stress.  Annealed copper also has a yield strength about seven times 

lower than stainless steel, requiring significantly more material for the test section.  Axial 

conduction also becomes a concern due to the high thermal conductivity in copper, while 

these effects are insignificant for the stainless-steel design.  The effects of thermal 

resistance for heat transfer also played a role in the choice of material.  For accurate 

measurements, the wall resistance must be significantly lower than the convective 

resistance.  Based on the required wall thickness for structural purposes, the resulting 

thermal resistance is expected to range between one and five percent of the convective 

resistance for the range of predicted convective heat transfer coefficients in this study.  

Although a copper channel would require much thicker walls, the thermal resistance would 

be approximately three times lower due to its significantly higher thermal conductivity.  

Based on this analysis, it was determined that since the wall resistance is low enough in 

the stainless steel that the preferred material is the one which required less total material.  

For these requirements and the available thicknesses of steel plates, 4.76 mm (3/16 in), 316 

stainless steel was chosen to fabricate the test section. 
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The test section is a 1.3-m long rectangular channel with cross-sectional dimensions 

similar to those of a single AHTR coolant channel, as shown in Figure 3.2.  The space 

between fuel plates is 7 mm while the distance between the spacer ridges is approximately 

133 mm. The dimensions of the test section were chosen to match the values between the 

ridges, since these ridges form a flow channel.  This middle section constitutes the major 

portion of the AHTR coolant channel, and the channels on either side are expected to 

experience similar values of heat transfer and pressure drop. 

 

Figure 3.2: AHTR geometry comparison with  test section cross-section 

The 316 stainless steel body keeps the narrow channel from deformation due to 

internal pressure.  The high strength of the stainless steel also allows the walls to be thin, 
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resulting in a relatively low thermal resistance between the heat source and the fluid.  The 

surrogate fluid enters the test section through the bottom header, which evenly distributes 

the flow into the rectangular channel.  The fluid then flows upward through 0.5 m of 

developing length to ensure a uniform flow entering the local measurement segment.  The 

fluid leaves the local measurement section and flows through 0.26 m of channel before 

exiting through the top header, giving the rectangular channel a total length of 1.3 m.  Seven 

ports on each side of the channel are used for the measurement of the local temperature 

and pressure drop within the channel.  One side of ports is connected to differential pressure 

transducers, while the other side is equipped with thermocouples. 

3.3 Dimpled channel design 

The dimpled channel is designed to have the same geometry as the plain channel, 

with the addition of machined features in the active segment of the channel.  The design of 

the dimple incorporates a slice of an ellipsoid rising 0.8 mm from the surface of the channel 

at the center of the ellipse.  An ellipsoid was chosen as it provides a smooth transition from 

the channel surface, which keeps the pressure drop from increasing significantly while 

providing a mechanism promoting boundary layer detachment. The features are spaced in 

a pattern alternating between seven or eight in each row so that the fluid will not simply 

flow in a straight-line path, promoting mixing.  Figure 3.3 shows several views of the 

design of the dimple features.  Figure 3.3a shows a cross-sectional view of the dimpled 

channel and shows that the dimples do not appreciably inhibit the flow as they are only 

near the surface.  This minimizes the pressure drop penalty as even at the highest point of 

two dimples facing each other, they only take up 23% of the channel spacing. Figures 3.3b 

and 3.3c show the detailed geometry of a single dimple, and Figure 3.3d shows the 
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alternating pattern and spacing and the 16 total rows.  Each dimple has a length and width 

of 26.64 mm and 13.32 mm, respectively.  The spacing between the dimples in each row 

is the width of a dimple and the spacing between adjacent rows is the height of the dimple. 

 

Figure 3.3: Dimpled channel design (a) channel cross-section, (b) height and 

curvature, (c) isometric view, and (d) inside surface in active segment 

The dimpled channel test section was fabricated in the Georgia Tech Montgomery 

Machining Mall.  The dimples were formed on a mill by removing the surrounding 

material.  The inside of the channel, before the test section was assembled, can be seen in 

Figure 3.4 where the front and full-length views show the direction of flow.  The milling 

marks can also be seen in these images, although they have a negligible impact on the flow.  



 42 

This is evident from the side view where the dimpled height can be seen, but the milling 

marks do not have any visible height. 

 

Figure 3.4: Inside of the dimpled channel test section 

3.4 Pressure drop test facility 

3.4.1 Sustainable Thermal Systems Laboratory facilities 

This experimental investigation made use of several infrastructure facilities in the 

Sustainable Thermal Systems Laboratory (STSL).  The heat sink for the test facility is a 

175-kW lab chiller that can supply a glycol-water solution at controlled temperatures 

between -10°C to 20°C.  The flow rate of the glycol-water solution is controlled by a valve 

that adjusts the hydraulic resistance as the pressure drop between the inlet and outlet is 

maintained at a constant value of 105 kPa. The heat source for the test facility is electrical 
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resistance heaters powered by the electrical utilities in the laboratory including single-

phase 120V and single- and three- phase 208V power.  

3.4.2 Test facility description 

A test facility was fabricated to condition the Dowtherm A to the required 

temperatures and flow rates through the test section.  A schematic and photograph of the 

test facility containing a closed loop of Dowtherm A are shown in Figure 3.5 and Figure 

3.6, respectively. Figure 3.6 also shows the test section as it was used for the pressure drop 

experiments where it was placed in a horizontal orientation.  This was done to eliminate 

the hydrostatic pressure drop contribution in the reading from the differential pressure 

transducers.  Frictional and hydrostatic pressure drop were calculated using the friction 

factor correlation of Churchill (1977) and Equation σȢρ for the hydrostatic pressure drop 

for a channel in the vertical orientation.  Figure 3.7 shows that, especially in the low 

Reynolds number range, the hydrostatic pressure drop would be dominant in a pressure 

drop reading.  The choice to make the pressure drop measurements in a horizontal 

orientation significantly reduces the uncertainty in the measurements since only the 

frictional pressure drop contributes to the measured value.    

ɝὖ ” ” ὫὬ σȢρ 

The fluid is driven by a gear pump and flows past a Watlow cartridge heater, which 

sets the inlet conditions to the test section.  The Liquiflo pump is powered by a 1.5 kW 

Baldor motor controlled by an Invertek variable frequency drive (VFD), which transforms 

208 Volt AC wall power to three-phase 208 Volt AC power. The power of the heater is 

controlled by thermocouple feedback to a PID controller that is set to the desired inlet 
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temperature to the test section.  A heat exchanger coupled with the laboratory chiller is 

used to remove the heat added in the test section and preheater, allowing closed-loop, 

steady-state operation of the system.  A piston accumulator is installed upstream of the 

pump to maintain pressure of the loop.  The piston also serves as an expansion tank where 

liquid can flow into the bottom of the cylinder as the fluid in the loop expands.  Compressed 

nitrogen gas can be added or removed from the other side of the piston to set the desired 

facility pressure. 

   

Figure 3.5: Dowtherm A test facility schematic 
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Figure 3.6: Dowtherm A test facility image 

 

Figure 3.7: Comparison of hydrostatic and frictional pressure drop for a vertically 

oriented channel for local and total pressure drop 

3.4.3 Instrumentation 

A summary of the test facility instrumentation and measurement uncertainties is 

shown in Table 3.1.  Data are collected using a National Instruments (NI) compact data 

acquisition (cDAQ) chassis.  The cDAQ is modular and several NI data acquisition 
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modules are installed on the cDAQ to collect the various output signals from the 

instrumentation.  A Coriolis mass flow meter is installed downstream of the pump and is 

coupled to an Emerson flow transmitter.  The transmitter is powered by 120V AC power 

and provides the required power to the flow meter.  The transmitter produces a 4-20 mA 

output signal that is read by a NI 9203 current module.  The uncertainty of the flow meter 

is proportional to the magnitude of the measurement.  Five temperature measurements are 

made with T-type thermocouples with calibrated uncertainties of ±0.25°C. The 

thermocouples are installed immediately upstream and downstream of the cartridge heater 

and the test section as well as downstream of the chiller-coupled heat exchanger.  This 

allows the heat duty to be calculated for each of these components. Thermocouple signals 

were calibrated in LabVIEW at 10°C intervals between 50°C and 190°C using a NIST-

calibrated thermocouple bath.  The voltage differentials generated by the thermocouples 

are collected using a NI 9213 thermocouple module. 
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Table 3.1: Instrumentation and their uncertainties 

Device Type Manufacturer  Model number Range (Span) Uncertainty 

Low-range 

differential 

pressure 

transducer 

Rosemount 3051CD1A22 

A1AM5 

300 Pa ±0.386 Pa 

Mid-range 

differential 

pressure 

transducer 

Rosemount 3051S1CD2A2 

E12A1AB4M5 

1900 Pa ±2.27 Pa 

High-range 

differential 

pressure 

transducer 

Rosemount 3051CD3A22A 

1AB4M5 

200000 Pa ±80 Pa 

Thermocouple Omega TMQSS 0 to 260°C ±0.25 K 

Gauge pressure 

transducer 

Ashcroft T27M0242E 

W100#GXCY 

0 to 689 kPa ±1.72 kPa 

Volumetric flow 

meter 

AW-Lake JVM-60KG-75-

NPT 

0 - 75 L/min ±0.5% of 

reading 

Mass Flow 

meter 

Emerson CMF100M329NU 0 - 1500 g/min ±0.1% of 

reading 

 Three Ashcroft pressure transducers are placed in the facility to measure the gauge 

pressure upstream and downstream of the pump as well as downstream of the test section.  

This allows the total facility pressure drop to be measured.  The gauge pressure in the test 

section can also be monitored using a combination of the transducer downstream of the test 

section and the differential pressure measured across the test section.  This value is 

important to monitor so that it does not exceed the 517 kPa pressure rating of the test 

section.  Six Rosemount differential pressure transducers are used to measure pressure drop 

within and across the test section as shown in Figure 3.8.  The spans or ranges of these 

sensors are adjusted to limit the uncertainty in the data.  Three ranges of differential 

pressure transducers are used.  Four of the differential pressure transducers are used to 

collect local pressure drop data within the test section, one transducer measures the 
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pressure drop across the length of the constant cross section of the test section (between 

the headers), and the last one measures the pressure drop across the entire test section, 

including the headers.  All the pressure transducers (three gauge and six differential) are 

powered by a DC power supply and produce a 4-20 mA signal that is read by an NI 9203 

current module. 

 

Figure 3.8: Pressure transducer and thermocouple arrangement 

3.5 Experimental procedures 

3.5.1 Test facility setup 

Before charging the flow loop with Dowtherm A, the test facility is checked for 

leaks.  This is done by pressurizing the loop with compressed nitrogen to 517 kPa, the 
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pressure rating of the test section.  All other components in the loop have higher pressure 

ratings.  All connections and fittings are sprayed with a soap solution to check for bubble 

formation.  Any fittings found to have leaks are tightened, and the loop is repressurized.  

After 24 hours, the pressure in the loop is checked and if it remained constant, the loop is 

deemed air-tight, and if the pressure dropped, the process is repeated.   

The loop is then charged with Dowtherm A.  The Dowtherm A is poured into a tank 

with a discharge port with tubing reaching to the bottom of the tank and a charging port 

used for pressurizing the tank with nitrogen.  The tank is pressurized, and the discharge 

port is connected to a port at a low point in the test facility.  At a high point in the test 

facility, a JB industries DV-200 series vacuum pump is attached to the facility, and at 

another port, a Yellow Jacket 69075 SuperEvac vacuum gauge is attached to read the 

vacuum pressure.  Once the vacuum pressure falls below 133 Pa, the valves to the vacuum 

pump and gauge are closed and the valve connected to the Dowtherm A tank is opened, 

drawing Dowtherm A from the bottom of the tank.  The facility is filled until the piston in 

the accumulator rises about a quarter of the full height allowing for contraction and 

expansion of the fluid as it cools down or heats up.  The nitrogen side of the accumulator 

is then filled with compressed nitrogen to 140 kPa. For discharging the loop, Dowtherm A 

is first drained via gravity, then compressed air is used to force out any residual fluid. 

3.5.2 Test facility control 

The Dowtherm A loop pump is started using the VFD and is set to the desired 

experimental flow rate in the LabVIEW interface.  The lab chiller loop is also started and 

set to the desired temperature.  The preheater, which is coupled to a temperature feedback 
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controller, is powered and the temperature is increased at intervals of 10°C until the 

experimental conditions are reached.  As the loop is heating to the desired temperature, the 

valves between the chiller and the glycol-water to Dowtherm A heat exchanger are opened.  

A plug valve located immediately upstream of the heat exchanger on the glycol-water side 

is used to finely adjust the hydraulic resistance and therefore provide precise control of the 

flow rate of the glycol-water.  Temperature, pressure, and flow rate measurements from 

the instrumentation are displayed in the LabVIEW interface and monitored until they reach 

steady-state conditions. Once steady-state conditions are achieved, measurements are 

recorded over a ten-minute period at a rate of five Hertz and are exported to a spreadsheet.  

The average values of the measurements over the ten-minute period are used for data 

analysis.  Once the data are collected for a constant flow rate and temperature, the flow rate 

is increased, and the next measurement is made once steady state is achieved. Data are 

collected in this manner for a range of flow rates, where the flow rate is increased after 

each data point is taken. 

After a set of data points are collected at a specific temperature, the temperature is 

increased to the next desired value and data are collected for a similar range of flow rates. 

The test matrices in Table 3.2 and Table 3.3 show the range of Reynolds and Prandtl 

numbers captured in each set of experiments. 
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Table 3.2: Plain channel pressure drop test matrix 

Temperature (°C) Data points Prandtl 

number 

Reynolds 

number range 

50 10 24.3 768-1868 

70 19 17.9 1093-4365 

90 10 14.5 1434-6344 

100 10 13.3 1852-7830 

110 10 12.4 1734-7862 

130 18 11.0 2056-10214 

Total data points 77 11-24.3 768-10214 

Table 3.3: Dimpled channel pressure drop test matrix 

Temperature (°C) Data points Prandtl 

number 

Reynolds 

number range 

50 8 24.3 768-2105 

70 5 17.9 2136-3543 

90 8 14.5 1892-5574 

110 7 12.4 2893-7748 

130 9 11.0 3074-10267 

Total data points 37 11-24.3 768-10267 

3.6 Data reduction 

The test section contains pressure taps along its length to measure both average and 

local pressure drop as shown in Figure 3.8.  The data collected in the experiments are used 

to calculate the local and average friction factor at each data point.  Since the test section 

is placed horizontally in the test facility for these experiments, and the channel cross section 

remains unchanged between differential pressure drop measurements, the pressure 

transducer data accounts solely for the frictional pressure drop, which is the value of 

interest.  For each local pressure drop measurement, a local friction factor was calculated 

and assigned to the given segment in the channel. Additionally, an average friction factor 

was calculated for the channel using two methods. The first method took the four local 
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pressure drop measurements and summed these values to provide the total pressure drop 

over the 0.4 m channel region. The second method used the data from the average pressure 

drop transducer which covers a length of 1.05 m of the test section.  The friction factor was 

then calculated for both methods and the local measurements using Equation σȢς.  Equation 

σȢσ is used to calculate the velocity, V, from the mass flow meter reading where Acs is the 

cross-sectional area of the channel.   
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The resulting friction factor from the two methods used for calculating the average 

friction factor had an average discrepancy of five percent of the average value.  This 

agreement is important for the dimpled channel tests as the method used for the dimpled 

channel tests to calculate the average friction factor is by using the sum of the pressure 

drop in each of the four local segments.  This method of calculating the f is used because 

the dimples are only present in the region where the local measurements are taken, and the 

channel is smooth in parts of the region captured by the average pressure drop transducer.  

Pressure drop tests were conducted with and without the thermocouples inserted into the 

bulk of the fluid and showed no measurable changes in the pressure drop, demonstrating 

that the inserted thermocouples did not appreciably disrupt the flow. 
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3.7 Results and discussion 

Pressure drop readings are taken for both the plain and dimpled channel, and the 

Darcy friction factor is calculated for each test section using Equation σȢς.  Both the local 

and the average friction factor values are calculated from these pressure drop readings for 

each test run. The results from the pressure drop experiments are shown in Figure 3.9. For 

these tests, the Reynolds number is varied from 770 to 10720 and the friction factor 

decreases from 0.0938 to 0.0216 for the plain channel tests, and from 0.102 to 0.0285 for 

the dimpled channel.  

 

Figure 3.9: Friction factor results as a function of Reynolds number 

For these experiments, the hydrodynamic entrance length must be considered, 

although it is expected to be much less significant than thermal development length due to 

the high Prandtl number.  According to Chen (1973), for laminar flow between parallel 

plates of Dh = 0.0133 m, the hydrodynamic development length may vary from 0.164 m to 
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0.38 m. Wiginton and Dalton (1970) characterized entrance lengths for rectangular 

channels, although only as narrow as with an aspect ratio Ŭ = 0.2. For this aspect ratio, the 

hydrodynamic entrance length could vary from 1.2 m to 2.7 m; however, since the entrance 

length has been shown to decrease with a narrower channel, this is likely a significant 

overestimate of the hydrodynamic entrance length.  The pressure drop readings are taken 

0.5 m downstream of the test section channel entrance; therefore, there is likely to be little 

effect on the pressure drop due to hydrodynamic development.  

Figure 3.9 also compares the data with correlations in the laminar, transition, and 

turbulent regimes.  For laminar flow, the plain channel data has an Average Absolute 

Deviation (AAD) of 16.4% from the correlation for fully developed flow between parallel 

plates (Shah and London, 1978).  The Churchill correlation assumes a circular channel 

geometry for the laminar regime and has an AAD of 14.2% from the plain channel data for 

Re < 2600.  It is reasonable to expect the friction factor in the laminar regime to fall between 

the circular channel and parallel plate predictions as shown by Hartnett et al. (1962). 

When Re is between 2000 and 3000, there is no increase in friction factor, as 

exhibited by Churchill (1977) and other correlations in the transition regime.  Instead, there 

is a change in slope, consistent with the slope change between the laminar and turbulent 

regimes of Churchill.  This results in a significantly lower fiction factor for the data from 

the present study, which has an AAD of 31% when compared to Churchill (1977).  This 

gradual change in slope follows the trends in the literature for narrow rectangular channels 

with abrupt entrances similar to the design of the test section (Hartnett et al., 1962). The 

smoother transition in friction factor is advantageous as the pressure drop at the nominal 

flow conditions is lower than for other geometries, lowering the required pumping power.     
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The addition of dimples to the channel is shown in  

Figure 3.10 to lead to higher pressure drops.  For Re < 2600, the dimpled channel 

friction factor is slightly higher than that of the plain channel, increasing the friction factor 

by 14.9% on average for these flow rates.  The pressure drop penalty increases with 

increasing Re, peaking at 1.3 around Re = 2600 before decreasing early on in the transition 

regime.  For Re > 2600, the dimpled channel has an average friction factor 24.3% higher 

than that of the plain channel.  The largest penalty occurred at the highest Re tested, where 

there is an increase in friction factor of 33%. 

 

Figure 3.10: Dimpled channel friction factor penalty (fd / fp) 

Figure 3.11 shows the local friction factor results for the plain and dimpled 

channels.  In the laminar regime, there is minimal variation between the friction factor as 

the flow moves up the channel from the first to the fourth pressure drop reading.  This 
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indicates that the flow is likely to be hydrodynamically developed in this region of the 

channel.  There is greater deviation in the friction factor in the transition and turbulent 

regimes. This can be attributed to the turbulent eddies that are formed near the corners of 

the channel in this flow regime.  Since the pressure measurements are taken from the 

narrow side of the channel and the differential pressure measurement is over a short 

distance (100 mm), the eddies cause the pressure drop variation between adjacent 

measurements.   

 

Figure 3.11: (a) Local friction factor as a function of Re for the plain channel and 

(b) local friction factor as a function of Re for the dimpled channel 

For the local dimpled channel results, there is some variation in the friction factor, 

even in the laminar regime.  These differences can be attributed to the dimples causing 

flow disturbances at lower Re than in the plain channel.  This trend continues in the 

transition and turbulent flow regimes due to additional turbulence being generated from 

the higher flow rates.  The flow through the dimpled channel results in a pressure drop 

penalty due to the increased turbulence for all flow regimes. 
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CHAPTER 4. HEAT TRANSFER IN PLAIN AND DIMPLED 

CHANNELS 

This chapter discusses the design, approach, and results of the experimental 

investigation to determine the heat transfer in a single AHTR channel for both a plain 

channel and a channel with dimpled surface features.  These tests were conducted on a 

representative heat exchanger test section under dimensionless conditions similar to those 

experienced in the core of the AHTR.  The test facility with the working fluid, Dowtherm 

A, used for the pressure drop experiments was modified for this investigation. An 

additional test loop containing the coupling fluid Paratherm was built for these experiments 

to serve as the heat source.  The Nusselt numbers were deduced from the data and compared 

with values predicted by correlations for similar test conditions.   

4.1 Test section design 

A heat exchanger was designed to measure the heat transfer for a coolant channel 

representative of the AHTR.  Dowtherm A, the surrogate fluid simulating molten FLiBe 

salt, flows upward through the rectangular center of the heat exchanger, while Paratherm 

NF (hot-fluid) flows downward through small square channels on either side of the 

rectangular channel heating the Dowtherm A (cold-fluid) as shown in Figure 4.1.  The 

specific geometry of the test section was chosen to match the exact geometry of the AHTR 

fuel plates.  In this case, no additional dimensional analysis of the geometry is needed to 

compare the results in the test section to that of an AHTR coolant channel.   
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Similar to the test section designed for measuring pressure drop, the heat exchanger 

is made from 316 stainless steel.  This allows for thin walls between the two fluids and 

prevents deformation of the narrow channel when the fluids are at different pressures.  The 

cross section of the Dowtherm A channel matches that of the AHTR and the pressure drop 

test section, 133 mm by 7 mm.  The length of the heat transfer area of the channel is 0.87 

m.  This length allows for sufficient heat transfer area between the fluids to maintain an 

uncertainty below ten percent for both the hot-fluid and cold-fluid measured heat duties for 

the range of tested flow rates. The heat duties are calculated as a function of the temperature 

rise or drop in each fluid and required a temperature change of approximately 5°C to 

achieve the desired uncertainty below 10%, given the ±0.25°C uncertainty of the calibrated 

thermocouples.  This height of the heat transfer channels was constrained by fabrication 

limitations as discussed below. 

The heat exchanger was assembled using a brazing process; therefore, the height of 

the heat exchanger was limited by the size of the brazing oven.  The channels on the hot-

fluid side were cut using a CNC milling process in the Georgia Tech Montgomery 

Machining Mall to create 55 parallel sets of 2 mm wide by 2 mm deep channels on both 

sides of the cold-fluid channel.  These channels were capped off by brazing a sheet of 

stainless steel to the open side. The back side of the two sets of hot fluid channels were 

then brazed to 7 mm thick 316 stainless-steel bars to form the cold fluid channel.  The heat 

exchanger was brazed by ARS Solutions of Vandalia, OH.  This design allows for both 

fluids to contact the same piece of stainless-steel metal, minimizing the conduction 

resistance and eliminating any contact resistances as shown in Figure 4.1.  
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Figure 4.2 shows an image of the assembled heat exchanger on the left and an image 

of the Paratherm channels on the right before the heat exchanger was assembled.  After the 

channels for the Paratherm side were milled, the depth of the channels was measured with 

a Mitutoyo ID-S112T digital depth gage at four locations along the length of the plate 

shown on the right in Figure 4.2. 

  

  

Figure 4.1: Cross section and exploded view of heat exchanger test section 
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Figure 4.2: Heat exchanger test section (left) and hot-fluid side channels (right) 

4.1.1 Test section model 

The flow for both the hot and cold fluids is assumed to be simultaneously 

developing.  Paratherm NF is used as the hot-fluid due to the ability to reach temperatures 

as high as 330°C while remaining at near ambient pressures.  Square channels were chosen 

for the hot side as the shape minimizes conduction resistance between the fluids by 

allowing for a thin boundary with constant thickness.  This also creates a fin geometry on 

the hot-fluid side, reducing the convection resistance on the hot side.  Minimizing the 

conduction and hot-fluid convection resistance is critical for effectively measuring the 

cold-fluid heat transfer coefficient.   
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Correlations for developing flow are used in the design of the heat exchanger.  For 

the square channels on the hot side, the correlations of Gnielinski (2013) are used to 

determine the local and average heat transfer coefficients along the length of the channels. 

For the cold side, the correlation by Garimella et al. (2001) for simultaneous developing 

flow in rectangular channels is used to estimate the average and local heat transfer for the 

purpose of test section design.  Figure 4.3 shows the estimated Nu along the length of the 

channel, along with the average values shown as a dotted line.  For the cold side, the mean 

of the local values over the length of the channel is within 4.9% of the average Nu, and for 

the hot side, the mean of the local values is within 13% of the average Nu.  This 

demonstrates that the average value is a good indication of the heat transfer even with 

changing properties as the fluids change temperature since the average appears to be 

approximately the true average of the local values.  This is important because the 

experiments only measure the average heat transfer and the results from this segmented 

model show that the experiments can be appropriately compared with the available 

correlations from the literature. 

 

Figure 4.3: Heat exchanger model for a range of experimental conditions 

The square channels on the hot-fluid side were sized by calculating the convective 

heat transfer coefficient of both fluids and comparing the resistances.  A mass flow rate of 
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0.7 kg s-1 is assumed for the hot-fluid and the cold-fluid Re was varied between 1000 ï 

12000 to represent the experimental range.  This resulted in a minimum cold-fluid to hot-

fluid resistance ratio of 2.27, 4.60, and 10.5 for hot-fluid channel hydraulic diameters of 4 

mm, 2 mm, and 1 mm, respectively.  Based on these estimates, 2 mm channels were chosen 

as a ratio of 4.6 is sufficient in minimizing the influence of the hot-fluid resistance on the 

overall heat transfer coefficient as it keeps the uncertainty of the heat transfer coefficient 

below ±10%.  While 1 mm channels would have provided a larger ratio, the increased 

pressure drop and increase in complexity of fabrication outweighed the resistance ratio 

benefits in the design process.  

4.1.2 Assumptions 

Uniform flow distribution among the hot-fluid side channels was assumed for heat 

transfer calculations.  Each of the channels on the hot-fluid side have the same size, length, 

and hydraulic diameter when including the header regions.  The pressure drop is nominally 

equal across all channels as they have the same inlet and outlet. A CFD analysis on the 

header geometry (Figure 4.4) showed that there is less than five percent deviation from the 

average flow rate for each of the eight entrances to the hot-fluid channels as shown in Table 

4.1. 
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Figure 4.4: Hot-fluid header flow distribution and equal channel lengths 

Table 4.1: Flow rate comparison for hot-side header 

Outlets (rows of 2) Flow rate per 

row (kg s-1) 

Top row 0.205 

Second row 0.195 

Third row 0.194 

Bottom row 0.205 

Axial conduction through the fluid is negligible for Pe = Re × Pr ḻ 1 and axial 

conduction through the wall is negligible when the ratio of axial conduction to convection 

is less than 0.01.  The average Pe number for the hot and cold fluids are 27510 and 49700, 
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respectively, and the average ratio of axial conduction to convection, as described by 

Equation τȢρ, is 1.7 × 10-5.   
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4.2  Dimpled channel design 

The design of the dimples for the heat transfer test section followed a similar 

process as the pressure drop test section.  The dimple shape, size, and pattern matches that 

of the pressure drop test section, shown in Figure 3.3a-c, so that the pressure drop penalty 

can be consistently compared with the heat transfer enhancement to determine the overall 

performance enhancement.  For the heat exchanger test section, the dimples cover the entire 

length of the heat transfer area, about 0.87 m or 26 rows, so there are more rows than in 

the pressure drop tests (16 rows), which stretched 0.54 m. This difference is because the 

pressure drop measurements were taken only in this 0.54-m long segment of the test 

section.  The sheet of metal from which the dimples were milled is the same sheet from 

which the channels for the Paratherm side were etched.  This was fabricated in two steps 

in which the Paratherm channels were first etched, then the metal plate to cap the Paratherm 

side was brazed to seal the channels.  This reinforced the etched plate, ensuring the opposite 

side of the plate remained flat so that the dimples could be accurately milled into the 

surface.  The benefit of using the same plate for both the Paratherm channels and the dimple 

features is that it maintains a consistent conduction resistance between the two fluids, and 

does not incur any additional contact resistances, allowing for the most accurate heat 

transfer measurements.  An image of the plate containing the dimples and the Paratherm 

side channels is shown in Figure 4.5.  As with the pressure drop test section, the milling 
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marks seen on the Dowtherm A side have a negligible height compared to the dimples.  

Figure 4.6 shows the measurement technique implemented to verify the channel depth and 

dimple height using the Mitutoyo ID-S112T digital depth gage.   

 

Figure 4.5: Dimpled plate Dowtherm A side and Paratherm side 

 

Figure 4.6: Verification measurement of the channel and dimple depth 
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4.3 Test facilities 

4.3.1 Dowtherm A test facility 

The Dowtherm A test facility consists of the same components used in the pressure 

drop tests.  The test section from the pressure drop tests is swapped out for the heat 

exchanger test section, which is placed vertically in the test facility.  The center rectangular 

channel of the heat exchanger is connected to the Dowtherm A loop and the outer channels 

are connected to the Paratherm loop.  Figure 4.7 shows the test facility diagram with the 

test section connected to the Paratherm test facility.   

 

Figure 4.7: Dowtherm A test facility schematic for heat transfer experiments 

4.3.2 Paratherm test facility 

The Paratherm heating facility consists of a single loop and is coupled to the 

Dowtherm A test facility by the test section.  A photograph of the test facility is shown in 

Figure 4.8 along with the connection to the test section.  The facility was designed for 
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temperatures of up to 200°C and flow rates up to approximately 0.8 kg s-1.  Components 

are connected with 19.05 mm OD stainless steel tubing with 1.65 mm wall thickness and 

attached with Swagelok fittings. The pipe diameter was chosen to limit pressure drop 

between components to maximize the possible flow rates.  A Watlow circulation heater 

serves as the primary heat source for the facility and the power is controlled by 

thermocouple feedback to a PID controller which is set to the desired inlet temperature to 

the test section.  A cartridge heater is also installed in the facility upstream of the primary 

heater and is turned on to full power (7 kW) when the heat duty of the heat exchanger 

exceeds the maximum power of the circulation heater.  An expansion tank is placed at the 

highest point in the facility and allows for the expansion and contraction of the fluid as it 

is heated or cooled.  The expansion tank is exposed to ambient pressure.  The Paratherm 

facility is connected to the heat exchanger in the Dowtherm A loop with flexible hoses as 

shown in Figure 4.8. The Liquiflo pump is powered by a 2.2 kW Dayton motor controlled 

by an Allen-Bradley variable frequency drive (VFD) that transforms single-phase 208 Volt 

AC wall power to three-phase 208 Volt AC power.  
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Figure 4.8: Paratherm test facility and connection to heat exchanger 

4.3.2.1 Paratherm test facility instrumentation 

The Paratherm facility has three Omega T-type thermocouples located at the inlet 

and outlet of the heat exchanger and downstream of the flow meter.  The voltage 

differentials generated by the thermocouples are collected using a NI-9213 thermocouple 

module, which contains built-in cold junction temperature compensation.  Thermocouple 

signals were calibrated in LabVIEW at 10°C intervals between 50°C and 190°C using a 

NIST-calibrated thermocouple bath, to an uncertainty of ±0.25°C.  The test facility also 

contains a pressure gauge ranging from zero to 689 kPa downstream of the pump indicating 

the gauge pressure.  This pressure approximately indicates the total pressure drop in the 

facility as the expansion tank is open to ambient pressure and is connected to the loop 

upstream of the pump. An AW Lake volumetric gear flow meter is used to measure the 

flow rate of the loop.  The flow meter is powered by a DC voltage supply and outputs a 
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frequency signal.  The frequency signal is input to a frequency-to-analog module which 

produces a 4-20 mA output signal.  The output signal is collected using a NI 9203 current 

module.  The specifications of these instrumentation devices are also listed in Table 3.1.   

4.4 Experimental procedures 

4.4.1 Test facility setup 

In addition to the experimental procedures conducted for the pressure drop 

measurements, the heat transfer experiments require the use of the Paratherm facility to 

heat the coupling fluid.  First, the tubing is connected between the Paratherm loop and the 

test section as seen in Figure 4.8.  Similar to the method of charging the Dowtherm A 

facility, the Paratherm facility is checked for leaks by pressurizing the loop with 

compressed nitrogen to the test section rating of 517 kPa.  Paratherm is poured into the 

expansion tank, which is open to atmospheric pressure and initially closed from the rest of 

the facility. The air in the facility is removed with a vacuum pump using the same 

procedure that was used with the Dowtherm A facility.  After the air is removed, the valve 

between the expansion tank and the loop is opened allowing Paratherm to fill the loop.   

4.4.2 Test facility control 

The same experimental procedures for the startup of the Dowtherm A facility 

during the pressure drop measurements (Section 3.5) are used to condition the flow rate 

and temperature of the Dowtherm A.  At the same time, startup procedures are conducted 

for the Paratherm facility.  This involves first turning on the VFD and setting it to the 

desired experimental flow rate.  Next, the primary Paratherm heater is turned on and the 
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temperature feedback controller is set to the desired temperature.  The temperature of the 

Paratherm is also increased at intervals of 10°C until the experimental conditions are 

reached.  The experimental temperature is set to 60°C above the inlet temperature of the 

Dowtherm A. Temperature, pressure, and flow rate measurements from the 

instrumentation on both the Dowtherm A and Paratherm loops are displayed in the 

LabVIEW interface and monitored until they reach steady-state conditions.  Once steady-

state conditions have been achieved, measurements are recorded over a ten-minute period 

at a rate of five Hertz and are exported to a spreadsheet.  The average values of the 

measurements over the ten-minute period are used for the data analysis.  

Once the data are collected for a constant flow rate and inlet temperature, the flow 

rate of both facilities is increased.  The flow rate of the Paratherm side is increased along 

with the Dowtherm A side to reduce the convection resistance on hot-fluid side since the 

convection resistance also decreases on the cold-fluid side as the flow rate is increased.  

The cold-side resistance must dominate the overall resistance to obtain accurate 

measurements of the cold-side heat transfer.  Figure 4.9 shows the breakdown of the 

resistances between the hot side, the cold side, and the wall resistance for a range Reynolds 

numbers measured on the cold side. 

Increasing the flow rate improves the heat transfer, so the heat duty of the test 

section increases with each run.  Due to the changing heat duty, some facility adjustments 

are made between test runs.  At higher flow rates, the Paratherm circulation heater may 

reach the maximum output where more heat is removed in the heat exchanger than can be 

provided by the preheater. This can be recognized by a drop in temperature of the 

Paratherm over time.  If this occurs, the second preheater, a cartridge heater located 
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upstream of the primary circulation heater, is turned to its maximum power and the 

temperature of the Paratherm is still regulated by the thermocouple feedback to the 

circulation heater power module.   

 

Figure 4.9: Total resistance breakdown for a range of heat exchanger tests 

In the Dowtherm A facility, as the heat duty of the test section increases, the flow 

rate of the chiller-coupled heat exchanger can be increased to meet the required heat 

removal by making small adjustments to the valve on the chiller fluid side.  This allows for 

control of the hydraulic resistance whereby further opening of the valve increases the flow 

rate of the glycol-water solution so that the heat removed in the chiller-coupled heat 

exchanger can match the heat added in the test section.  

After the flow rates of both loops are increased and the conditions reach a steady 

state, measurements are taken.  Data are collected for a range of flow rates, with the flow 

rate increased after each data point is taken.  After a set of data points is collected for all 
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desired flow rates at a specific temperature, the temperature is increased in both loops to 

the next desired value and data are collected for a similar range of flow rates.  The test 

matrices in Table 4.2 and Table 4.3 show the range of Prandtl numbers captured in each 

set of experiments. 

Table 4.2: Plain channel heat transfer test matrix 

Temperature (°C) Data points Prandtl 

number 

Reynolds 

number range 

60 6 19.3 1018-1773 

70 15 17 1006-4518 

80 10 15.4 1349-4989 

90 11 14 1512-6481 

100 11 13 1672-7219 

110 12 12 1840-8754 

120 12 11.3 1972-9657 

130 12 10.7 2157-10458 

Total data points 89 10.7-19.3 1018-10458 

Table 4.3: Dimpled channel heat transfer test matrix 

Temperature (°C) Data points Prandtl 

number 

Reynolds 

number range 

60 12 19.3 1020-4658 

70 12 17 1180-5492 

80 12 15.4 1350-6273 

90 12 14 1510-7078 

100 12 13 1683-7891 

110 12 12 1844-8689 

120 12 11.3 2001-9806 

130 12 10.7 2140-10587 

Total data points 96 10.7-19.3 1020-10587 

4.5 Data reduction 

For each experimental run, an average heat transfer coefficient is calculated for a 

fixed temperature, heat duty, and mass flow rate.  The data from the thermocouples placed 
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at the entrance and exit of each side of the heat exchanger, along with the measurements 

from the Coriolis mass flow meters and the volumetric gear flow meter are used to calculate 

the heat transfer coefficient of the Dowtherm A channel of the test section.  The Nusselt 

number, was calculated from the data using Engineering Equation Solver (EES) (Klein, 

2024).  First the heat transfer was isolated to the active channel region by accounting for 

heat transfer from the hot-to-cold fluid in the header region.  As shown in Figure 4.10, the 

headers are treated as fins and the crossflow regions are treated as part of the active channel 

region.  The heat duty of the headers, ὗ , is subtracted from the average heat duty of 

the test section.  The header heat duty calculation is shown in detail in APPENDIX A.  The 

test section heat duty, ὗ , is determined by calculating the heat duty on the hot and cold 

side of the test section using Equations τȢς and τȢσ and taking the average of these two 

values.  The hot side heat duty includes the heat losses, ὗ , to the environment due to 

radiation and convection.  Since the cold fluid channel is between the two hot fluid 

channels, the losses to the environment from the cold side via the thin side wall is 

negligible. The total active channel heat duty, ὗ ,  is calculated from Equation τȢτ, where 

the header heat duty is subtracted from the heat exchanger heat duty.  The mass flow rate 

of the hot loop is calculated from the volumetric flow rate of the gear flow meter times the 

density of the Paratherm at the flow meter.  The properties of the Paratherm are determined 

from the thermal property table provided by Paratherm (Paratherm, 2024) as a function of 

temperature.  The table values are separated by 1°C and the properties are linearly 

interpolated from the table.  A thermocouple located directly downstream of the gear flow 

meter is used to determine temperature and density of the fluid at this point in the loop.  
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The properties of the Dowtherm A are determined from Equations ςȢψ - ςȢρρ and are also 

functions of temperature. 

ὗ άὅӶȟ Ὕȟ Ὕȟ τȢς 

ὗ  ά ὅӶȟ Ὕȟ Ὕȟ ὗ τȢσ 

ὗ
 ὗ  ὗ

ς
 ὗ τȢτ 

 

Figure 4.10: Active channel region and header of heat exchanger test section 

The UA-LMTD method is then used to determine the heat transfer coefficient on 

the cold-side using Equation τȢυ, where U is the overall heat transfer coefficient, A is the 

heat transfer surface area, and LMTD is the logarithmic-mean temperature difference as 

described for a counterflow heat exchanger in Equation τȢφ.  Figure 4.11 shows the heat 
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transfer resistance on one side of the test section, including the cold fluid convective 

resistance, the hot fluid convective resistance, and the wall conductive resistance which are 

in series.  These resistances are in parallel with an equivalent resistance on the opposite 

side of the channel as heat is added from both sides.   

 

Figure 4.11: Heat transfer resistance in the test section between Dowtherm A and 

Paratherm 
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The resistance network, described by Equation τȢχ, includes the heat transfer for 

both sides of the heat exchanger where ὸ is the wall thickness between the two fluids and 

– is the overall fin efficiency on the hot-fluid side, as calculated in APPENDIX A.  
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Equation τȢψ describes the relationship between UA and the total resistance for both sides 

of the heat exchanger.   
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4.5.1 Hot-side heat transfer coefficient 

The hot-side heat transfer coefficient, Ὤ, is calculated using the following methods 

and an uncertainty of 25% is assigned to this predicted value.  The Reynolds number in the 

square channels on the Paratherm (hot) side of the heat exchanger ranges from 220 to 2470. 

This range spans mostly the laminar regime; however, for the upper Reynolds range of 

experiments, the Paratherm flow likely falls in the transition flow regime.  Gnielinski 

(2013) suggests using the following equations for laminar flow in a pipe.  The Nusselt 

number for laminar pipe flow and square ducts are all within 15 percent for the range of 

Re in this study. 
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The three terms in Equation τȢω account for the fully developed Nusselt number, 

the contribution due to thermal development, and the contribution for hydrodynamic 

development, respectively.   
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For transition flow, Gnielinski (2013) suggests linearly interpolating between the 

laminar equation and the modified correlation (Gnielinski, 1995), shown in Equation τȢρπ. 
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 Gnielinski (1995) is applicable for Re > 4000.  For Reynolds numbers between the 

critical Reynolds number (Recrit) and Re = 4000, Equation τȢρρ is used.  The laminar 

equation is evaluated at Recrit and Equation τȢρπ is evaluated at Re = 4000.  
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To determine Recrit, entrance shape and channel geometry were analyzed.  The 

studies of Hartnett et al. (1962) demonstrated that for an abrupt entrance, a square channel 

is shown to have a lower critical Reynolds number than for narrower channels.  In this 

study, Recrit is shown to be as low as 2200 for a square channel with an abrupt entrance and 

as high as 3100 for parallel plates with an abrupt entrance.  

Beavers et al. (1970) studied various entrance configurations for parallel plate flow 

and experimentally determined the Recrit.  The results from this study showed that an 

asymmetric square entrance resulted in the lowest Recrit of 2600, whereas the symmetric 

square entrance, also referred to as an abrupt entrance in the literature, results in a Recrit of 

3100. The entrance configuration of the Paratherm side of the test section more closely 

resembles that of an asymmetric square entrance, as shown in Figure 4.12.  Combining the 
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effects of an abrupt entrance square channel with those of the asymmetric square entrance, 

it is reasonable to suggest that the Recrit of the Paratherm channels would fall well below 

Recrit = 2200, just as the asymmetric square entrance for parallel plate channels resulted in 

a critical Reynolds number significantly lower than that of a symmetric square entrance.  

 

Figure 4.12: Paratherm entrance configuration 

To determine the critical Reynolds number on the Paratherm side, various Recrit 

were tested in the equations above from 1400 < Recrit < 2400.  This resulted in a range of 

calculated Nu on the Dowtherm A (cold) side of the heat exchanger as shown in Figure 

4.13.  

The Nusselt number and Pr -1/3 product is expected to rise with increasing cold side 

Re; therefore, Figure 4.13 can be used to determine where the transition occurs on the 

Paratherm side.  Choosing Recrit from 1400 - 1600 decreases the Nusselt number and Pr -

1/3 product when the Paratherm side reaches these values; therefore, it is likely that 

transition has not occurred yet and the Paratherm side heat transfer is being overpredicted.  
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Choosing Recrit from 1800-2400 also shows instances of decreases in the Nusselt number 

and Pr -1/3 product at higher Re, which is likely due to underpredicting the Paratherm heat 

transfer until the chosen Recrit.  When Recrit = 1700, there is a steady increase in the Nu and 

Pr -1/3 product, which shows that this is the most likely transition Reynolds number for the 

Paratherm side. 

 

Figure 4.13: Dowtherm A Nusselt number for a range of Recrit for the Paratherm 

channels 

According to Chang et al. (2012), Recrit for a rectangular channel can be described 

by a function of the aspect ratio.  In their study, it is shown that the Recrit can range from 

1127 to 2689 for a square duct to parallel plate flow, respectively.  Since Recrit is also 

dependent on the entrance configuration, based on these studies and the experimental 

observations, Recrit is chosen as 1700 for the Paratherm flow channels and used as the 

transition point to predict the heat transfer on the hot-fluid side.  
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4.5.2 Cold-side heat transfer coefficient 

From Equation τȢχ, the cold-side heat transfer coefficient is calculated, and the 

cold-side Nusselt number is calculated from Equation τȢρς, where  Ὀȟ is the cold-side 

channel hydraulic diameter and Ὧ is calculated using the average temperature on the cold 

fluid in the test section.  

 ὔό
ὬὈȟ
Ὧ

τȢρς 

In cases with low flow rates, Re < 3000, the flow could be subject to mixed 

convection where the buoyancy forces have an impact on the overall convective heat 

transfer.  Mixed convection is generally important when the ratio of Gr/Re 2 å 1, where Gr 

is the Grashof number, which is the ratio of buoyancy forces to viscous forces.  In the data 

set of this study, this ratio ranges from about 0.01 to 0.4; therefore, mixed convection must 

be considered for the cases with a ratio close to 0.4.  The forced flow Nusselt number is 

calculated from the combined Nu value calculated in Equation τȢρς and the value of the 

natural convection Nu, as shown in Equation τȢρσ.   

 ὔό ὔό ὔό τȢρσ 

The natural convection Nusselt number is calculated using a correlation developed 

by Dropkin and Somerscales (1965) for a set of parallel plates.  An uncertainty of 25% is 

assigned to this estimated Nusselt number.  An example calculation of the average Nusselt 

number for a single run can be found in APPENDIX A.  
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4.6 Results and discussion 

While the design of the AHTR is based on a Reynolds number in the transition 

range around Re = 7200, the testing range covered laminar, transition, and turbulent 

regimes to account for flow in assemblies with higher or lower heat fluxes and accident 

conditions.  Figure 4.14 shows the heat duties as measured by the temperature changes and 

flow rates in the heat transfer experiments.  The heat duties have an AAD of 2.88% and 

3.64% for the plain and dimpled channels, respectively, and all points have agreement 

within ±7.4%.  This shows good accuracy of the instrumentation and data reduction 

techniques.  In the higher heat duty tests that have higher temperatures and lower 

viscosities, the Dowtherm A side shows higher heat duties than the Paratherm side, and 

while within the uncertainty error, this can be attributed to possible slippage of fluid in the 

gear flow meter, resulting in a measured flow rate lower than the actual.  This figure also 

shows that the uncertainty in the Paratherm heat duty is larger than the Dowtherm A heat 

duty.  This is due to the different instrumentation accuracies for the flow rate.  The reported 

test section heat duty used in the analysis is the average of the hot and cold fluid heat duties.   
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Figure 4.14: Comparison of hot and cold fluid heat duties 

The Nusselt numbers calculated from the experimental data of the plain channel for 

each set of temperatures are shown on the left in Figure 4.15 for 1000 < Re < 11000.  These 

data demonstrate that with increasing temperature, or decreasing Pr, the Nusselt number 

decreases.  The right side of Figure 4.15 shows the Nu times Pr -1/3 over the same range of 

Re.  This collapses the runs of different temperatures onto one line to compare with 

predictions from existing correlations.  For a rectangular channel with the given aspect 

ratio of 0.0526, the Nusselt number for laminar thermal fully developed flow is 6.603 and 

7.417 for constant temperature and constant heat flux wall conditions, respectively (Kakac 

et al., 1987). The measured laminar flow Nu are significantly higher than these values, 

indicating that the flow is developing thermally.   



 83 

 

Figure 4.15: Dowtherm A experimental Nu as a function of Re 

In the laminar regime, the data are compared with the predictions of Shah and 

London (1978) for flow between parallel plates.  As the aspect ratio of a rectangular 

channel approaches zero, the fully developed values approach that of a parallel plate.  Since 

the rectangular channel in this study has a narrow aspect ratio, it is reasonable to compare 

the data with parallel plate predictions.  Thermally developing flow for the entire length of 

the channel leads to higher heat transfer coefficients than the fully developed value since 

the thermal boundary layer remains thin. This long region of thermal development can be 

attributed to the high Pr of the fluid, which causes the thermal boundary layer to remain 

much thinner than the hydrodynamic boundary layer.  For a sufficiently long channel, it is 

expected that the flow will reach the fully developed value as indicated by Figure 4.16, 

which shows the Nu of the plain channel decreasing with the dimensionless length or 

inverse Graetz number defined by Equation τȢρτ. 
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Figure 4.16: Laminar flow Nusselt number as a function of dimensionless length 

 ὼᶻ Ὃᾀ
ὒ

ὈὙὩὖὶ
τȢρτ 

There is good agreement between the measured Nu and the predictions of Shah and 

London (1978) with an AAD of 7.9% for a range of Re from 1000 to 3100.  Some notable 

differences from the predictions in the laminar regime are the higher slope in the data and 

that transition appears to occur at higher Re than the predictions.  This discrepancy between 

the measured and predicted values can be attributed to the geometry differences. 

The transition from laminar to turbulent flow also appears to occur at higher Re 

than the predictions of Gnielinski (2013).  This is also due to the geometry, as it has been 

shown by Chang et al. (2012), that at lower aspect ratios the transition Re tends to increase 

up to approximately 2700 for parallel plates; however, according to Hartnett et al. (1962), 

the critical Re is also highly dependent on the entrance configuration. 
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In the transition regime, where Re > 3000, the data agree reasonably well with the 

rectangular channel correlation of Garimella et al. (2001), with an AAD of 13.1%.  The 

data, however, show a clearer transition between the laminar and transition regions than 

this simultaneously developing flow correlation.  There is also reasonable agreement 

between the data and the circular channel correlation for all flow regimes developed by 

Gnielinski (2013), with an AAD of 14.4%.  Comparing this correlation with the data, the 

transition occurs at a higher Re in this study, which can be attributed to the narrow 

rectangular geometry.   

Figure 4.17 shows the Nu times Pr -1/3 over a range of Re from 1000 ï 11000, 

comparing the plain channel and the dimpled channel results.  The dimpled channel results 

follow the same trend as the plain channel with a measurable enhancement.  Figure 4.18, 

displays the results from three Pr numbers ranging from 10.7 to 17, each comparing the 

plain channel and dimpled channel Nu at a single Pr.  This figure clearly shows that for a 

given Pr, the dimpled channel Nu has a higher value than the plain channel value at the 

corresponding Re.  This also demonstrates that the enhancement decreases as the Pr 

decreases.   

Figure 4.19 shows the laminar data from the dimpled channel heat transfer results 

as a function of the dimensionless length, x*.  Similar to the plain channel results, the Nu 

decreases with increasing x* indicating that for laminar flow in a dimpled channel, the flow 

is thermally developing.  The Nu data are compared with the correlation by Shah and 

London (1978) and nearly all data points lie above the correlation predictions, 

demonstrating the enhancement due to the dimples in the laminar regime.   
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Figure 4.17: Experimental Nu as a function of Re for the comparing the plain and 

dimpled channels 

The addition of dimples to the channel surface leads to enhancement over the range 

of Re tested in this study as shown in Figure 4.20.  For the laminar data where Re < 3000, 

when comparing the dimpled channel data to correlations developed for the plain channel 

data, the enhancement ranges from 1.0% - 25%.  In the transition regime, the enhancement 

appears to decrease with Re initially, from 3000 < Re < 4000, before increasing again to a 

maximum of 17%.  Around a Re of 7000, the enhancement decreases once again as the 

flow approaches full turbulence.  The dimples cause detachment of the fluid from the 

thermal boundary layer, encouraging mixing, which results in the enhancement 

demonstrated in this study.  As the flow approaches turbulence, there is sufficient fluid 

mixing caused by turbulent eddies that further increase the Nu; however, at these higher 

Re, the dimples cause little additional enhancement.  Over the range of Re under 

consideration, the average enhancement is 7.9%.  Figure 4.20 also demonstrates that the 
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dimples cause the onset of transition flow at a lower Re than the plain channel.  This is 

indicated by the increase in enhancement leading up to Recrit as the maximum enhancement 

occurs near Re = 2700.  As transition flow leads to higher Nu than laminar flow, an onset 

of transition flow at lower Re explains this peaking of heat transfer enhancement.   

 

   



 88 

 

Figure 4.18: Comparison of dimpled channel and plain channel Nu results at high, average and low Pr 
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Figure 4.19: Dimpled channel laminar flow Nu as a function of dimensionless length 

 

 

Figure 4.20: Dimpled channel heat transfer enhancement ratio (Nud / Nup) 
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CHAPTER 5. HEAT TRANSFER AND PRESSURE DROP 

CORRELATION  DEVELOPMENT  

Correlations are developed in this chapter to predict the Nu and f of a single coolant 

channel as a function of the relevant dimensionless parameters for the range of conditions 

expected in the AHTR from the data collected in this study for both the plain and dimpled 

channels.  These correlations are also compared with computational models.  A one-

dimensional model, developed in the thermal hydraulic program TRACE (NRC, 2010), is 

studied for a coolant channel containing FLiBe. This model demonstrates the importance 

of updating thermal hydraulic codes to account for high Pr fluids like molten salts.  These 

codes were originally developed for LWRs and therefore do not typically consider the 

thermal development and natural convective flows that may develop in a FHRs.     

A CFD model of the experimental channel is developed in ANSYS Fluent to 

demonstrate the hydrodynamic and thermal development lengths and to compare CFD 

transition flow models with experimental results.  This model provides additional 

confirmation of the scenarios when developing flow must be considered in the models for 

the AHTR coolant channel.  

5.1 Correlation Development 

 Semi-empirical correlations are developed using collected data with consideration 

for the significant thermal development length of the coolant channel for high Prandtl 

number fluids.  These correlations are developed for Nu and f as a function of the 

dimensionless parameters including the Re, Pr, and dimensionless distance x* or Gr-1.    
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5.1.1 Friction factor correlation 

 The results of the pressure drop experiments demonstrated that the friction factor is 

independent of axial position and that the flow is fully developed hydrodynamically. 

Therefore, f can be described as a function of Re for both the laminar and transition regions. 

Hydrodynamically fully developed flow is further verified by the literature for laminar flow 

(Chen, 1973), which describes the entrance length to be shorter than the development 

segment of the test section.  An expression for the hydrodynamic development length for 

turbulent flow (Zhi-qing, 1982) also demonstrates a shorter entrance length than the 

development section. Therefore, the expressions for f can be based on fully developed flow 

and do not require the axial length as an input.  A correlation for the plain channel friction 

factor is developed in the form of Equation υȢρ, taking the structure of a power law 

relationship.   

Ὢ ὃ ὙὩ υȢρ   

Typically, for laminar fully developed flow, the friction factor is described as a 

function of Re-1, which comes from the solution to Poiseuille flow in ducts.  Solutions for 

rectangular ducts were presented by Shah and London (1978).  This solution overpredicted 

the friction factor measured in this study. A power law correlation was chosen here since 

the Re studied were close to the transition region where additional phenomena such as 

turbulent eddies may begin forming.   

The developed correlation for laminar flow and a comparison with the data is shown 

in Figure 5.1.  The expression has an Average Absolute Deviation (AAD) of 4.3% and 93% 

of points lie within ±10% of the developed correlation.  The resulting value for B, the 
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power of the Re is near -1, demonstrating that the experimental results behaved similarly 

to that of Poiseuille flow.  For the laminar flow results, when setting B to -1 and calculating 

A using a least squares method, A = 73.8, which is lower than the prediction by Shah and 

London (1978) of 89.65 for the given aspect ratio.   

 

Figure 5.1: (left) Laminar p lain channel f correlation compared with experimental 

data (right) Laminar p lain channel f parity plot  

 For the transition region, the developed correlation also takes the form of Equation 

υȢρ, following the general form of Blasius (1913).  The developed correlation for transition 

flow and a comparison with the data is shown in Figure 5.2.  The expression has an AAD 

of 1.75% and all data points lie within ±10% of the developed correlation.  The resulting 

value for B in this correlation is near -0.25 demonstrating that in the transition regime, the 

flow closely follows the 1/7 power velocity profile used in the development of Blasius 

(1913).  This developed correlation produces a lower f than circular channel correlations. 

Often, transition flow correlations are interpolations of laminar and fully turbulent flows, 

which may fail to capture the fluid dynamics of the transition regime.  For circular channels 

and similar geometries, there is an increase in f in the transition regime.  This did not appear 
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to occur in the present study and is likely because the channel is very narrow, increasing 

the f in the laminar regime, and leading to a smoother transition to the transition regime.  

This smooth transition may be attributed to a laminar sublayer partially filling the sharp 

corners of the rectangular channel as the flow approaches transition.      

 

 

Figure 5.2: (left) Transition plain channel f correlation compared with experimental 

data (right) Transition plain channel f parity plot  

An expression for the dimpled channel f considers the value of the plain channel f 

and an enhancement term, fe / fp, which accounts for the pressure drop penalty associated 

with the eddies generated from the dimples as they detach the fluid from the boundary 

layer.  This expression is shown in Equation υȢς, where fe assumes the form of a power 

law.  

Ὢ Ὢ ρ
ὪὙὩ

Ὢ

ύὬὩὶὩȟὪ ὃ ὙὩ 

υȢς 

The developed correlation for the laminar regime for the dimpled channel fd is 

shown as a function of Re in Figure 5.3, along with a comparison of the measured and 
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predicted fd values.  The AAD between the expression and the data is 1.97% and all data 

points lie within ±10% of the correlation developed. 

 

Figure 5.3: (left) Laminar  dimpled channel f correlation compared with 

experimental data (right) Laminar  dimpled channel f parity plot  

The expression developed to describe the dimpled channel transition regime 

followed the same general format as for laminar flow described by Equation υȢς.  The 

transition between laminar and transition regimes appears to occur at higher Re for the 

dimpled channel case compared to the plain channel.  The developed correlation for the 

transition regime for the dimpled channel f is shown as a function of Re in Figure 5.4, along 

with a comparison of the measured and predicted fd values.  The AAD between the 

expression and the data is 2.02% and all data points lie within ±10% of the correlation 

developed. 

The parameters A and B are determined using a non-linear least squares method.  

A summary of the friction factor correlations can be found in Table 5.2.  For a plain 

channel, the transition between the laminar and transition regimes occurs around Re = 

2550. For the dimpled channel, the transition occurs at a higher value, Re = 3070. These 
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transition values were chosen as the point where the laminar and transition equations 

converge to the same value. The range of applicability for these correlations are described 

in Table 5.1. 

 

Figure 5.4: (left) Transition dimpled channel f correlation compared with 

experimental data (right) Transition dimpled channel f parity plot  

The pressure drop experiments were conducted in adiabatic conditions, where the 

wall temperature was the same as the bulk temperature. For a coolant channel, the wall 

temperature will be higher than the bulk temperature and the friction factor must be 

corrected for property variations.  The property correction by Kays et al. (1980) should be 

implemented with the correlations to account for the effect of fluid property variations in 

a heated channel, as described by Equation υȢσ.   

Ὢ

Ὢ

‘

‘

Ȣ

υȢσ 

 Figure 5.5 shows the full range of data for the plain channel and the dimpled 

channel compared with the predictions of the laminar and transition correlations developed 

in this study.    
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Figure 5.5: (left) Plain channel f data (right) Dimpled channel f data compared to 

the developed correlations for the full range of applicability 

5.1.2 Heat transfer correlation 

 The results of the heat transfer experiments demonstrated that, in the laminar 

regime, the flow is developing thermally.  Additionally, the thermal entrance length for 

laminar flow between parallel plates was solved by Cess and Shaffer (1959) and Sparrow 

et al. (1963) by solving the SturmΈLiouville boundary value problem.  This solution can 

be used to determine the entrance length for parallel plate flow and, therefore, provides a 

good estimate for the thermal entrance length for a narrow channel in laminar flow.  

Equation υȢτ comes from this solution, describing the length where the flow is within 5% 

of the fully developed value.  For the conditions of the experiments, this length ranges from 

1.84 m to 6 m.  Therefore, Nu must be described as a function of axial length of the channel, 

along with the Re and Pr.   

ὒ ȟ πȢπρρυτσω ὙὩ ὖὶ Ὀ υȢτ 
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There are few studies on the thermal development length for rectangular channels 

and no studies were found to take place in the transition regime.  A review of studies on 

parallel plates provides some indication of when the thermal development length must be 

considered.   

The study described in Kays et al. (1980) indicates that for flow between parallel 

plates, the Nu for Re å 7100 and Pr = 10 reaches 5% of the fully developed value between 

10 Dh and 20 Dh.  While this study was conducted for asymmetric heating (constant heat 

flux on one plate and adiabatic on the opposite plate), the study by Sparrow and Cur (1982), 

which compares the Nu for symmetric and asymmetric heating in a rectangular duct with 

a similar aspect ratio (Ŭ = 0.0556) as the present study (Ŭ = 0.0526), concludes that there 

is negligible difference in the Nu in the thermal entrance region for symmetric and 

asymmetric heating.  For the AHTR coolant channel that is stated to be 5.5 m long in the 

preconceptual report (Varma et al., 2012), this suggests a thermal entrance length between 

0.133 m and 0.266 m.  This length is less than 5% of the length of the coolant channel, and 

therefore, thermal development is not likely to have an impact on the Nu in the AHTR 

channel in the transition regime.  Thermal development, however, probably did have some 

effect for the test section used in this study, which had a length of only 0.87 m, i.e., the 

length for full development would be approximately 20% of the test section length.  

A correlation for the plain channel laminar Nu is developed in the form of Equation 

υȢυ, taking the general form of the thermally developing flow correlations by Shah and 

London (1978) for flow between parallel plates.  The equation is expressed as a function 

of x* as described by Equation τȢρτ.  For the AHTR coolant channel and the experiments, 

there is a significant difference in the Pr of the wall and that of the bulk fluid.  A property 
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correction factor, also seen in Equation υȢυ, was considered when developing this 

correlation.  This ratio of Pr/Prw is comparable between the FLiBe and Dowtherm A, 

varying by less than 2% as the fluid properties change with temperature.   

ὔόȟ  ὃ ὼᶻ #
Ȣ

υȢυ   

The developed correlation for laminar flow and a comparison with the data is shown 

in Figure 5.6.  The expression has an AAD of 6.75% and all data points lie within their 

uncertainty with the developed correlation.  The Nu is shown to decrease with increasing 

dimensionless length of the channel, indicating that this range of x* is in the thermal 

development region.  This also demonstrates that the range of x* in this study does not 

capture the full development length as the lowest Nu in this range is still well above the 

fully developed value.    

 

Figure 5.6: (left) Laminar  plain channel Nu correlation as a function of x* compared 

with experimental data (right) Laminar  plain channel Nu parity plot  

 To more specifically represent the results of the present study, a correlation of the 

average Nu specific to the length of the test section used here was also developed.  The 
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expression assumes the general form of the Sieder and Tate (1936) correlation and was 

curve-fitted to the data using the proposed correlation shown in Equation υȢφ. 

ὔό  ὃ ὙὩὖὶ
ὖὶ

ὖὶ

Ȣ

υȢφ 

The developed Nu correlation for laminar flow and a comparison with the data is 

shown in Figure 5.7.  The expression has an AAD of 3.2% and all except one data points 

lie within ±10% of the correlation developed.  This correlation is relevant for channels with 

a length similar to that of the test section of 0.87 m and should be used for channels within 

±10% of this length.  For longer channel lengths, such as the 5.5 m AHTR, the correlation 

fitting the form of Equation υȢυ should be used as the flow is thermally developing, which 

causes the Nu to decrease with length.  The fit with the experimental data showed that for 

laminar flow, the average Nu is independent of Pr as the value for C was nearly zero.   

 

Figure 5.7: (left) Laminar plain channel Nu correlation as a function of Re 

compared with experimental data (right) Laminar plain channel Nu parity plot  
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For the transition regime, Equation υȢφ was also used for the general format of the 

correlation.  Since the flow is likely to reach full thermal development early on in the 

channel for both the test section and the AHTR coolant channel in the transition regime, 

the expression is independent of the channel length.  While the flow may be developing for 

part of the length of the test section, this should not have a significant effect on the average 

Nu for the full length of the test section.  Correlations that consider developing flow in the 

transition regime (Gnielinski, 2013) showed <5% deviation in Nu between a 0.87 m 

channel and a 6 m channel with the same Dh and Pr as the test section in the transition flow 

regime.  The developed Nu correlation for transition flow and a comparison with the data 

is shown in Figure 5.8.  The correlation has a Pr dependence of Pr0.509.  The expression has 

an AAD of 4.64% and all data points lie within ±10% of the correlation developed.   

 

Figure 5.8: (left) Transition plain channel Nu correlation as a function of Re and Pr 

compared with experimental data (right) Transition plain channel Nu parity plot  

An expression for the dimpled channel Nu considers the value of the plain channel 

Nu and an enhancement term Nue / Nup.  This accounts for the heat transfer enhancement 

associated with the ability of the surface features to cause mixing through thermal boundary 
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layer detachment.  This expression is shown in Equation υȢχ, where Nue is a function of Re 

and Pr for the average heat transfer in the transition regime correlation and is a function of 

x* when thermally developing flow is considered in the laminar correlation.  In Equation 

υȢχ, the property correction factor is not included in Nup and is only applied once as a factor 

to the entire expression.   

ὔό  ὔό ρ
ὔό

ὔό

ὖὶ

ὖὶ

Ȣ

υȢχ 

ὔόȟ  ὃ ὼᶻ υȢψ 

For the laminar regime, where the flow is thermally developing, the expression for 

Nue is described by Equation υȢψ.  The developed correlation for laminar flow and a 

comparison with the data is shown in Figure 5.9.  The expression has an AAD of 5.85% 

and all data points lie within their uncertainty with the developed correlation.  The Nu 

decreases in a similar trend to the plain channel correlation, indicating that with the addition 

of the dimples, the flow is still thermally developing for the range of x* in this study.   
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Figure 5.9: (left) Laminar dimpled channel Nu correlation as a function of x*  

compared with experimental data (right) Lamianr dimpled channel Nu parity plot  

To more specifically represent the results of the present study, a correlation for the 

average Nud for the length of the experimental test section in the laminar regime was also 

developed and is shown as a function of Re in Figure 5.10, along with a comparison of the 

measured and predicted Nud values.  The AAD between the expression and the data is 4.3% 

and nearly all data points lie within ±10% of the correlation developed.  The expression for 

Nue assumes the general form of Sieder and Tate (1936) correlation where Nue  is a function 

of Re and Pr as shown in Equation υȢω.  This correlation is relevant for the length of the 

experimental test section of 0.84 m and should be used for channels within ±10% of this 

length.  For longer channel lengths, such as the 5.5 m AHTR, the correlation fitting the 

form of Equation υȢψ should be used as the flow is thermally developing which causes the 

Nu to decrease with length. The fit with the experimental data shows that for laminar flow, 

the average Nu is independent of Pr as the exponent for Pr is nearly zero. 
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Figure 5.10: (left) Laminar dimpled channel Nu correlation as a function of Re 

compared with experimental data (right) Laminar dimpled channel Nu parity plot  

 For the transition regime, Equations υȢχ and υȢω are used for the general format of 

the correlation as the flow becomes fully developed in this regime.  The developed Nu 

correlation for transition flow of the dimpled channel and a comparison with the data is 

shown in Figure 5.11.  A correlation was also developed using the form of Equation υȢφ to 

determine the Pr dependence which results in Pr0.530.  The expression has an AAD of 4.1% 

and all data points lie within ±10% of the correlation developed.   

ὔό  ὃ ὙὩὖὶ υȢω 

 Figure 5.12 shows the heat transfer data compared with the developed correlations 

for the full range of Re.  The parameters A, B, and C for each expression are determined 

using a non-linear least squares method.  The range of applicability for the developed 

correlations are described in Table 5.1, and a summary of the Nu correlations can be found 

in Table 5.2. 
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Figure 5.11: (left) Transition dimpled channel Nu correlation as a function of Re 

and Pr compared with experimental data (right) Transition dimpled channel Nu 

parity plot  

 

Figure 5.12: (left) Plain channel Nu data (right) Dimpled channel Nu data compared 

with  the developed correlations for the full range of applicability 

  




















































































































































































