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ABSTRACT 

The aim of this study, pebbles of diameter of 5 𝑐𝑐𝑐𝑐 and a pebble-to-diameter ratio 

(aspect ratio) of 6 were used. In part I, the local gas velocities were studied at different 

radial and axial locations in the pebble bed using a sophisticated hot wire anemometry 

(HWA) technique, which was supported with a novel probe-protector case to protect the 

fragile probe, allowing the measurements to be taken between the pebbles for the first time. 

The local gas velocities were found to be significantly higher in the near wall region due 

to the higher void fractions in the near-wall region, compared to the center. In the part II, 

the local convective heat transfer coefficients were studied using a cartridge heated probe 

pebble, a microfoil heat flux sensor and a thermocouple at various radial locations, axial 

locations, and angular orientations and under different superficial inlet gas velocities that 

correspond to both laminar and turbulent flow conditions. The obtained results showed that 

the local heat transfer coefficients are higher in the near-wall region compared to the center 

of the bed, which is the same pattern as that observed for the local gas velocities. In part 

III, new heat transfer coefficients measurements were conducted by changing the 

orientation of the probe pebble and the location of the thermocouple, accordingly. This 

allowed us to confirm the reproducibility of the local heat transfer measurements using our 

measurement technique as well as to confirm the patterns of the variation of the local heat 

transfer coefficients along the diameter of the pebble bed. Data from all the parts of this 

study were compared with correlations from the literature and new correlations were 

developed for the predictions of the local gas velocity and local heat transfer coefficients 

within the experimental range of our study. 
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1. INTRODUCTION 

1.1. OVERVIEW 

The significant growth of the world’s population has led and continues to lead to a 

high increase in the energy demand worldwide. Therefore, providing a sufficient energy 

supply to respond to the increasing demand has become a challenge, especially with the 

environmental considerations and with the depletion of conventional sources of energy. 

For electricity generation for example, unclean conventional sources of energy such as 

coal, and fossil fuels, which emit global warming gases and pollute the environment, are 

still dominantly used because of their safety of operation and cost-efficiency. However, 

renewable energy such as wind and solar and geothermal energy is on the rise and 

becoming an important source of electricity. But, the current supply of renewable energy 

is still insufficient and not cost-efficient, as the plants take a lot of investment to build, 

while the conversion is not sufficient. Another source of clean energy is nuclear energy, 

which provides the advantageous of being eco-friendly as well as being cost-efficient. 

However, the main problem with nuclear energy is the safety of operation, as the failure of 

one of the reactors can result in severe consequences.  

Figure 1.1, which was published by the international energy agency (IEA) 

elucidates the variation of the share of electricity produced by different sources of energy, 

which are coal, oil, natural gas, nuclear energy, and renewables, over the last 48 years (from 

1971 to 2019). From Figure 1.1, it is clear that the there is still reliance on coal for 

electricity productions, which takes a share of about 37 − 42%, while oil has almost no 

longer used for the generation of electricity. On the other hand, relatively clean sources, 
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such as natural gas, and clean energy sources such as renewables become an important 

source of electrical energy, with both being responsible in total for around 50% of the total 

share of electricity production. However, nuclear energy is only responsible for 10% of 

the total electricity production.   

 
Figure 1.1. Share of electricity generation from power technology (The International 

Energy Agency (IEA)). 

Despite many of the proposed solutions and initiatives to respond to the increasing 

energy demand and the to counter the pollution and emission of carbon, it is still a big 
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challenge that requires more research and investment. Most of the solutions to provide the 

energy for the next generations focus on two main important requirements:  

• Clean energy. 

• High-output energy with high thermal efficiency. 

Nuclear energy one of the sources that can conform with the two conditions (clean 

and can produce a high megawatt of power which is good for industrial use too). Nuclear 

energy has been one of the most important energy sources in many countries over the last 

fifty years. Nuclear energy technology has passed through three generations so far, which 

saw major productivity developments and safety improvements (DoE 2002). In 2000, the 

office of nuclear energy under the U.S., Department of energy, met with senior 

governments from around nine countries to discuss the next nuclear reactors generation or 

generation four GIV.  

The discussion took around a year of study and inspection from more than 100 

scientists from different countries and they selected six reactors out of around 100 concepts 

to be the promise generation (The Generation IV International Forum (GIF), 2002). These 

selected fourth generation reactors are as follows:  

• Very-high-temperature reactor (VHTR). 

• Molten salt reactor (MSR). 

• Gas-cooled fast reactor (GFR). 

• Lead-cooled fast reactor (LFR) 

• Supercritical-water-cooled reactor (SCWR). 

• Sodium-cooled fast reactor (SFR). 
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Table 1.1 shows a summary of the general characteristics of the fourth-generation 

reactors. The VHTR will be described in the next Section 1.2, which will be focused on 

the pebble bed reactor (PBR), which is the system that will be studied in this work.  

 
Table 1.1. The Next Generation Nuclear Plant (NGNP) or called Generation IV Reactors. 

Reactor 
Name 

Neutron  
Spectrum 

Type 

Coolant 
System 

Temperature        
(C∘) (MWe) Fuel Cycle 

VHTR Thermal Helium 900-1000 250-300 Open 

MSR Thermal/Fast Fluoride 
Salts 700-800 1000 Closed 

GFR Fast Helium 850 1200 Closed 

LFR Fast Lead 480-570 
20-180 

300-1200 
600-1000 

Closed 

SCWR Thermal/Fast Water 510-625 300-700 
1000-1500 

Closed/Ope
n 

SFR Fast Sodium 500-550 
50-150              

300-1500 
600-1500 

Closed 

 

1.2. PEBBLE BED REACTOR (PBR) 

The pebble-bed nuclear reactor (PBR) is one of two types of nuclear reactors which 

are called very-high temperature reactors (VHTR); the other is called the prismatic modeler 

reactor (Koster, Matzner, and Nicholsi 2003). This research is interested in the PBR type 

only. The pebble-bed nuclear reactor was created in Germany in the middle of the 20th 

century. Currently, South Africa’s PBR is in the last phase of construction. Many features 

of these reactors motivated the investment in PBR in these countries, but the most 

important feature is the high temperature produced by the reactor, which can reach up to 
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1000∘ C. The very high temperatures generated are not only important for energy 

production but have become important in many filed such as industrial treatment, which 

has increased the importance of these reactors in the last decade. Due to the increasing 

importance of these reactors, they have attracted the attention of researchers and investors 

to studying and developing VHTRs. The name pebble bed reactor (PBR) comes from the 

type of fuel used in the reactor which consists of spherical fuel elements called pebbles. 

The PBR core is designed from steel and lined with bricks made of graphite to control the 

heat (Figure 1.2). The core of the reactor is packed with thousands (around 360,000 

uranium-fueled pebbles (Kadak 2005)) of fuel and graphite spheres. The core is separated 

into two regions depending on the sphere types, where the center contains the graphite 

spheres and is surrounded by fuel spheres. The graphite spheres work as a moderator and 

help with the structure inside the core. Thousands of pebbles or fuel spheres with a diameter 

of 6cm are randomly packed inside the reactor.  

A single sphere contains triple-coated isotropic or Tristructural-isotropic (TRISO) 

fuel particles. The TRISO name is derived from using three isotropic materials that are 

coating the fuel sphere in four layers. TRISO is in the center of the fuel kernel such as 

UOX, UC, or UCO, coated by a layer made of carbon followed by a dense layer of pyrolytic 

carbon (PyC) and then by a ceramic layer of SiC, which helps retaining the fission products 

during high temperatures. To create a strong structure, the last layer is dense PyC (Figure 

1.3). 

To transfer the heat from the reactor a gas (Helium) that does not react with the fuel 

pebbles is injected through the inlet of the reactor core at 500∘-550∘C and departs the 
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reactor at a temperature of around 900∘-1000∘C. Helium was chosen because it is 

chemically and radiologically inert and because of its excellent ability to exchange heat. 

 
Figure 1.2. Schematic diagram of the pebble-bed nuclear reactor (Rycroft 2007). 

To transfer the heat from the reactor a gas (Helium) that does not react with the fuel 

pebbles is injected through the inlet of the reactor core at 500∘-550∘C and departs the 

reactor at a temperature of around 900∘-1000∘C. Helium was chosen because it is 

chemically and radiologically inert and because of its excellent ability to exchange heat. 

The gas also acts as a coolant that lowers the temperature inside the core of the reactor 

(Huda and Obara 2008). Passive safety methods are used in this type of reactor to control 

the very high temperatures during the accident scenario. Passive safety is a feature included 

in the reactor design that works naturally (such as gravity) without any action required from 

an operator or auto electrical mechanism to lead the reactor to shut down safely during 
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Figure 1.3. TRISO fuel in pebble bed reactor. 

emergencies. The distribution of fuel pebbles inside the reactor core affects the gas fluid 

flow and the removal of heat from the reactor. Therefore, the helium is pumped from the 

top of the reactors and flows in a downward direction from the top to the bottom along the 

core of the PPBR, which helps to limit the reactor power density and stop the bed levitation 

problems (Claxton 1966).  

1.3. THE EFFICIENCY OF PBR 

To measure or evaluate the quality of any power source system, two important 

points are considered; the economic profit and the amount of energy produced. The feature 

of continuous refueling in pebble bed reactors distinguishes it from many other reactors. 

Other reactors require shutdown to refuel, which stops energy production and affects the 

total production per year and revenue. The second point to consider for evaluating a power 

system is the efficiency of the energy produced. The average reactor efficiency is between 
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30% to 35% with the remainder transferred as heat. The PBR production is preferable 

because it can reach up to 40% and 45% efficiency with the possibility to reach greater 

efficiency with advancing development. 

1.4. PBR ADVANTAGES AND DISADVANTAGES 

The PBR system like any system has advantages and disadvantages. The most 

prevalent advantages are as follows: 

• Passive safety is one of the most important features of this system working during 

accident scenarios.  

• The basic core design allows the use of different fuels without changing a structure.  

• Refueling, fuel replacement, or checking the uranium can be done online without 

shutting down the reactor. 

• PBR produces less contamination than the reactor using the liquid coolant.  

• The very high temperature produced by the PBR is very useful for industrial 

requirements such as material treatment. 

All the disadvantages of the PBR revolve around complexity, such as the 

complicated flow structure with the randomly packed pebbles, In addition to the challenges 

of increasing the safety of the reactor operation that produces high temperatures. 
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2. SCOPE AND OBJECTIVES 

The objective of this dissertation is to investigate the variation of the gas dynamics 

and the local convective heat transfer coefficients inside the pebble bed core at various 

flow conditions, corresponding to laminar and turbulent flow conditions. This investigation 

will allow us to find and quantify the relation between the variation of the local gas velocity 

and the variations in the local heat transfer coefficients in the pebble bed, which are directly 

related to the bed structure and the void fractions in the bed. To achieve these objectives, 

the study was conducted in three parts: 

I. Measuring the local actual gas velocities at different radial locations in the 

pebble bed, from the center of the bed to the region near the wall 

(r/R=0,0.33,0.67,and 0.9) using a sophisticated hot wire anemometry (HWA) 

technique, with the incorporation of a  probe protector case that protects the 

probe from contact with pebbles and which allows the measurement of the gas 

velocity in the center of the bed for the first time ever.  

II. Measuring the local convective heat transfer coefficients using an inhouse 

developed technique which consists of a microfilm heat flux sensor, a cartridge 

heated probe pebble, and a thermocouple that are moved around inside the 

pebble bed to obtain the heat transfer coefficients at various radial locations, 

axial locations, and angular orientations and under several superficial inlet gas 

velocities that correspond to both laminar and turbulent flow conditions.  

III. Measuring the local heat transfer coefficients at various locations in the void 

using the same technique with different angular orientation of the probe pebble 

along the height of the void, while the thermocouple is moved accordingly to 
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be facing the heat flux sensor. These measurements are taken at different radial 

and axial locations in the pebble bed and under different laminar and turbulent 

flow conditions. 
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ABSTRACT 

Obtaining accurate results and new benchmark data for the local velocity of the gas 

flowing within the pebble bed reactor (PBR) is a key step for understanding the thermal 

hydraulics in the PBR core as it significantly affects the design and safety operation of 

these reactors. Therefore, this work focused on studying the local gas velocities inside a 

pebble bed using a sophisticated hot wire anemometry (HWA) technique, which was 

supported with a novel probe-protector case that protected the probe, allowing the 

measurements to be conducted at various locations in a pebble bed with pebble diameter 

of 5 cm and an aspect ratio of 6. The measurements were conducted at various superficial 
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inlet gas velocities (0.3≤U_g≤2.4 m/s), covering both laminar and turbulent flow 

conditions (993.78≤Re≤7950.24) at three axial levels and four radial locations (r/R = 0, 

0.33, 0.67,0.9). The results highlighted the effect of the wall on the variation of the local 

gas velocities inside the pebble bed, as higher gas velocities were recorded at the near-wall 

region, where the void fractions are higher, compared to the center of the bed. Furthermore, 

a second order polynomial correlation with an R^2=94.65% and an AARE equal to 1.64% 

was developed for the prediction of the local gas velocity at the fully developed region of 

the bed, within the experimental range of the study. The accurate gas velocity 

measurements obtained in this study can serve as benchmark data for the validation of CFD 

simulations coupled with heat transfer calculations. 

1.   INTRODUCTION 

Pebble bed reactor (PBR) is regarded as one of the most probable solutions in the 

effort to respond to the rapidly growing energy demand. As a fourth generation (Gen IV) 

high temperature gas-cooled reactor (HTGR), the pebble bed reactor is not only efficient 

and economical but also inherently safe and environmentally acceptable (Jiang et al., 2019; 

Liu et al., 2021). The high gas outlet temperature, which may reach up to 1000𝑜𝑜 𝐶𝐶, along 

with other advantages such as their broad applications, their short construction period and 

the ability for non-stop reloading, make these reactors serious competitors for generation 

II and generation III reactors and a subject for extensive scientific research (Jiang et al., 

2021; Pioro, 2016).  

Generally, a PBR-HTGR’s core is comprised of fuel spheres that are 6 𝑐𝑐𝑐𝑐 in 

diameter. Each pebble is a spherical tri-structural isotropic (TRISO) fuel element. A 
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TRISO particle consists of a microsphere fuel particle of fissile materials. This fuel particle 

is coated with layers of porous carbon buffer, an inner layer of pyrolytic carbon, a layer of 

silicon carbide barrier, and finally an outer layer of pyrolytic carbon (Al-Juwaya et al., 

2019, 2017). These modern TRISO particles allow for the containment of the fission 

products at temperatures as high as 1600 °𝐶𝐶 (Meyer et al., 2007; Nabielek et al., 1990).  

The noble gas helium is used as the coolant gas in a PBR because it is chemically 

and radiologically inert and does not undergo phase change easily (Wu et al., 2002). 

Helium gas flows downwards in the reactor’s core and concurrently with the movement of 

pebbles to transfer the heat from the pebbles, which is generated due to the fission reaction. 

The heat transfer from the pebbles to the coolant gas is one of the main criteria for 

evaluating the performance of a PBR (Koster et al., 2003; Zhang et al., 2016). Many 

research projects have experimentally investigated the effects of various parameters and 

factors on the heat transfer coefficients in a PBR-HTGR under different design and 

operation conditions (Chen et al., 2017; Liu et al., 2018; Meng et al., 2012). There is also 

a growing effort dedicated to numerical investigation of the heat transfer in a PBR-HTGR 

by applying computational fluid dynamics (CFD), the discrete element method (DEM) and 

the other computational methods integrated with heat transfer calculations (Chen et al., 

2022; Lee et al., 2007; Li et al., 2009; Wu et al., 2017; Zou et al., 2022). The pressure drop, 

granular flow, bed structure, pebbles residence time, flow uniformity, stagnation and the 

design parameters of the reactor have also been given significant attention in research 

(Abdulmohsin and Al-Dahhan, 2017; Calis et al., 2001; Gui et al., 2014; Hassan and 

Dominguez-Ontiveros, 2008; Hassan and Kang, 2012; Khane et al., 2016; Al Falahi et al., 
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2018; Al Falahi and Al-Dahhan, 2016; Khane et al., 2017; Khane, 2014; Mueller, 2012, 

2010, 1992). 

During normal operation conditions, forced convective heat transfer from the 

heated pebbles to the flowing gas is the most dominant form of heat transfer in the reactor’s 

core. One of the factors that affect the convective heat transfer from the pebbles to the 

flowing coolant gas is the local actual gas velocity inside the reactor’s core (Abdulmohsin 

and Al-Dahhan, 2015). The increase of the local actual velocity of the gas has the same 

effect as the increase of the superficial inlet gas velocity, which increases the heat transfer 

coefficients due to the increase of the turbulent flow of the gas (Schröder et al., 2006). 

Abdulmohsin and Al-Dahhan, 2015 found that the forced convective heat transfer in the 

near-wall region was higher compared to the center of a randomly packed pebble bed, with 

a pebble diameter of 5 𝑐𝑐𝑐𝑐 and a bed diameter to pebble diameter ratio (aspect ratio) of 6. 

This was attributed to the higher actual velocities of the gas near the wall due to the effect 

of the wall, which is highlighted due to the large size of the pebbles (5 𝑐𝑐𝑐𝑐), which 

approximates the actual size of the pebbles in a real PBR (6 𝑐𝑐𝑐𝑐) (Abdulmohsin and Al-

Dahhan, 2015). The actual velocities vary cross-sectionally of the reactor due to the 

variation of the void fractions. Al Falahi et al., 2018; Al Falahi and Al-Dahhan, 2016 

experimentally demonstrated that the void fractions in a pebble bed vary through the cross-

section of the reactor with higher void near the wall due to the pebbles-wall contact, 

reaching up to ɛ = 0.9 − 1.0, compared to the center of the reactor where the void fraction 

was around ɛ ≈ 0.3 − 0.5, regardless of the size of the pebbles, which were 1.27 𝑐𝑐𝑐𝑐, 

2.54 𝑐𝑐𝑐𝑐 and 5 𝑐𝑐𝑐𝑐. However, the fluctuation of the void fractions in the central region 

(𝑟𝑟/𝑅𝑅 =  0 − 0.8) increased with the increase of the size of the pebbles, and hence with 
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lowering the aspect ratio (bed diameter to pebble diameter) in the packing bed, which had 

a diameter of 30 𝑐𝑐𝑐𝑐 (Al Falahi and Al-Dahhan, 2016). They found as it has been reported 

in the literature that for high aspect ratios the void fluctuates toward the center of the bed 

where it becomes uniform. These experimental data agree well with the discrete element 

method (DEM) simulation developed by Khane et al., 2017 for the packing of pebble beds 

with different aspect ratios, as well as the DEM simulation by Yang et al., 2014, which was 

developed for the packing of a real PBR, with a pebble diameter 6 𝑐𝑐𝑐𝑐 and an aspect ratio 

of 30.  

Despite the important effect of the void fraction on the local gas velocities and 

hence, on the local heat transfer coefficients in a PBR, only few studies were conducted 

for the measurement of the local gas velocities in a PBR. Hassan, 2008 and Hassan and 

Dominguez-Ontiveros, 2008 used Particle Image Velocimetry (PIV) combined with 

refractive index matching techniques in order to measure the velocity fields of the gas in 

the gap between the pebbles in the center of a 3𝑥𝑥3 𝑐𝑐𝑐𝑐 square-shaped test bed. The pebbles 

consisted of Poly(methyl methacrylate) (PMMA) beads with an average diameter of 

4.7 𝑐𝑐𝑐𝑐 while tracer particles with a size of 6 microns were mixed with the upwards-

flowing fluid. The measurements were only taken at the center of the test section at 50 ≤

𝑅𝑅𝑅𝑅 ≤ 500 with p-cymene as flowing fluid because it has the same refractive index as the 

PMMA beads. Lee and Lee, 2009 also used the PIV technique in order to obtain the velocity 

field in the surroundings of pebbles with a scaled-up size of 12 𝑐𝑐𝑐𝑐 in a 17𝑥𝑥17 𝑐𝑐𝑐𝑐 square-

shaped test section under a superficial inlet velocity of the downwards-flowing gas (air) of 

1.3 𝑐𝑐/𝑠𝑠 (corresponding to 𝑅𝑅𝑅𝑅 = 2.1614 × 10−4). The images that were generated by the 

PIV algorithm showed that the local gas velocities are higher at the locations in the void 
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that are further from the pebbles. Hassan, 2019 utilized a similar PIV approach called 

Time-Resolved Particle Image Velocimetry (TR-PIV) in order to measure the velocity field 

in a column of 0.14 𝑐𝑐 in diameter, packed with 2.22 𝑐𝑐𝑐𝑐 pebbles, at two flow conditions 

of the upward flowing p-cymene liquid, corresponding to 𝑅𝑅𝑅𝑅 = 700 and 𝑅𝑅𝑅𝑅 = 1700. 

However, the use of the PIV technique is limited as the flowing liquid and the pebbles 

should have the same refractory index, which is not the case when air is used as a working 

fluid. The flow characteristics of the liquid (p-cymene) are very different from gas and 

hence, these results cannot represent the local gas velocities in a PBR. Besides, the flow of 

the working liquid in these studies is directed upwards in contrary to the downward flow 

of the gas in a real PBR. To overcome the inconveniences of the PIV technique, Amini and 

Hassan, 2014 used the hot wire anemometry technique in order to measure the local gas 

velocity in two gaps at the near-wall region in an acrylic column with an outer diameter of 

0.89 𝑐𝑐. The pebbles were made of acrylic with diameters of 3.18 𝑐𝑐𝑐𝑐 and 3.3 𝑐𝑐𝑐𝑐, while 

the two gaps where the measurements were taken had different geometries. The 

measurement were taken in the two gaps at different flow conditions of the gas (air), which 

flows downwards in the column at controlled superficial inlet velocities, corresponding to 

2043 ≤ 𝑅𝑅𝑅𝑅 ≤ 6857 (Amini and Hassan, 2014). The local gas velocities were different 

between the two gaps due to the different void fractions resulting from the disparity in the 

geometry of the gaps, while the same variation pattern was observed for both gaps, with 

higher gas velocity near the wall of the test column and lower local gas velocities closer to 

the surface of the pebbles (Amini and Hassan, 2014). Nevertheless, the use of the hot wire 

anemometry is limited to the near-wall region as the wire is fragile and could not be placed 

in the center of the reactor in order to measure the fluctuations of the local gas velocity 
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along the diameter and height of the reactor. Therefore, due to the unavailability of an 

appropriate technology for measuring the local gas velocity within the pebble bed, CFD 

simulations were relied upon by Atmakidis and Kenig, 2009; Das et al., 2017; Reger et al., 

2021; Yildiz et al., 2020 for the estimation of the local gas velocity profiles in pebble bed 

reactors with different aspect ratios and under different inlet flow conditions. These CFD 

simulations highlighted the effect of the bed porosity on the variation of the local gas 

velocity along the bed diameter and height.  

In order to validate these CFD simulations, an experimental investigation of the 

local velocity profiles is essential. However, this has never been done before due to the 

unavailability of a proper technique that can measure the actual gas velocity at various axial 

and radial locations in a pebble bed reactor. In this study, we at the Multiphase Flows and 

Reactors Engineering and Education Laboratory (mFReel) developed and used, for the first 

time ever, a modified hot wire anemometry technique, which can be utilized at any location 

in the reactor and not just in the near-wall regions (Alshammari et al., 2020). This modified 

technique, is considered novel for its implementation in pebble beds. It has been developed 

in our laboratory and it consists of a Hot Wire Anemometer (HWA) placed inside a probe-

protector case of pebbles arrangement that was designed in order to protect the HWA from 

damage by contact with the pebbles in the reactor. This modification allowed the local 

measurements of the actual gas velocity in a pebble bed with a pebble diameter of 5 𝑐𝑐𝑐𝑐 

and an aspect ratio of 6, at four radial locations (𝑟𝑟/𝑅𝑅 = 0, ±0.33, ±0.67, ±0.9) at three 

axial levels (top, middle and bottom of the reactor) under different superficial inlet gas 

velocities 𝑈𝑈𝑔𝑔 = 0.3, 0.4, 0.54, 0.7, 0.8, 1, 1.08, 1.2, 1.35, 1.5, 1.6, 2.1 𝑎𝑎𝑎𝑎𝑎𝑎 2.4 𝑐𝑐/

𝑠𝑠), covering both laminar and turbulent flow of the coolant gas in the reactor (𝑅𝑅𝑅𝑅 =
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 993.78, 1325.04, 1788.80, 2318.82, 2650.08, 3312.60, 3577.61, 3975.12,

4472.001, 4968.9, 5300.16, 6956.46, 𝑎𝑎𝑎𝑎𝑎𝑎 7950.24).  

Moreover, a polynomial regression correlation was developed for the prediction of 

the actual local gas velocity based on the design and operation conditions of the 

experimental setup used in this work.  

The data obtained in this study with the data of Alshammari et al., 2023 can serve 

as benchmark data for the validation of the calculations of CFD integrated with heat 

transfer, which can then be used to predict the performance of pebble bed reactors under 

the design and operation conditions of the actual PBR-HTGR. 

2. MEASUREMENT TECHNIQUE  

2.1. HOT WIRE ANEMOMETRY (HWA) FOR GAS VELOCITY 
MEASUREMENT  

Measuring the gas velocity can be carried out by different ways such as Laser 

Doppler Anemometry (LDA), Particle Image Velocimetry (PIV), and Hot Wire 

Anemometry (HWA). The main advantage of the last technique, other than being pioneer 

is that it provides fast frequency continuous signals in contrast to the other techniques as 

shown in recalibration of the continuous signals in contrast to the other techniques as 

shown in Figure 1. Moreover, its spatial resolution is very fine and owing to the small wire 

time constant, it is universally applicable for different fields especially when turbulent flow 

and rapid velocity variations are present. It is characterized by a good signal-to-noise ratio, 

high spatial and temporal resolution due to the fine size of the wire, high frequency 

response and cost efficiency. However, the hot wire anemometer probe is very sensitive 
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and can be easily broken due to the contact with the pebbles in a pebble bed, therefore, 

careful handling and protection must be implemented, as shown in the subsequent section. 

Additionally, the response acquired using HWA is highly affected by the gas stream purity, 

and to overcome this difficulty, different precautions can be carried out such as installing 

a filtration gas system, cleaning the sensor with suitable solvents, and recalibration of the 

wire before each experiment. While this technique is invasive, the very fine size of the wire 

introduces minimal and negligible flow disturbance. 

 
Figure 1. Comparison between PIV, LDA, and HWA output signals (Taha et al., 2019). 

  Hot wire anemometry is a sophisticated technique for measuring gas velocity. It 

consists of a simple fine wire with a diameter of few micrometers and length of few 
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millimeters. This wire is held by supports (prongs) of different materials with various 

properties as shown in Table 1 and Figure 2. However, hot wire sensors made of Tungsten 

are the most commonly used due to their low cost. These Tungsten hot wire sensors are 

coated with a layer of platinum to enhance the oxidation resistance and the resistance 

temperature coefficient of the hot wire. The stubs are made of gold or copper in order to 

limit the heat transfer by conduction to the prongs (Taha et al., 2019). The HWA system 

that was used in this work is the MiniCTA (54 T42 model from Dantec Dynamics). The 

sensor wire was made of Tungsten, and it was 5 µm in diameter and 0.5 mm in length.  

 
Figure 2. Hot wire anemometer components (Taha et al., 2019). 
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Table 1. Advantages and disadvantages of various wire supports (prongs) fabrication 
materials. 

Material 
Properties 

Advantages Disadvantages 

Tungsten 
High mechanical strength 

High resistance temperature 
coefficient (0.004/𝑜𝑜𝐶𝐶) 

Poor resistance to oxidation at 
high temperatures in many 

gases. 

Platinum Good oxidation resistance Mechanically weak 

Platinum-iridium 
alloy 

Good oxidation resistance 
Higher tensile strength than 

platinum 

High resistance temperature 
coefficient 

Platinum-
rhodium alloy 

High temperature coefficient in 
comparison to platinum-iridium 

Mechanically weaker than 
platinum-iridium 

 

The heat transfer by convection is the basic operating principle for the hot wire 

anemometers (HWAs). Heat exchange between the gas flow and the wire by Joule effect 

takes place based on one of the following principles: i) Maintaining constant current, ii) 

Maintaining constant temperature. In the first case, as the name indicates, the electric 

current is kept constant, while the temperature of the wire is allowed to vary. In contract, 

at constant temperature, the electric current is varied and controlled in order to maintain 

the temperature of the wire constant. The main limitation of the constant current mode is 

the possibility of burning out the wire if the coolant’s flow is too low, while inaccurate data 

will be collected if the flow is too high. Accordingly, constant temperature HWA is used 

in the current study (Schena et al., 2015). In constant temperature HWAs, the wire 

temperature is kept constant throughout the operation and this temperature is related to the 

probe’s resistance. Generally, the wire temperature and resistance are directly proportional. 

When the wire is placed within the gas flow, its temperature changes and so does the 
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resistance according to the gas velocity, leading to a feedback adjustment in the current 

passing through the wire to keep the temperature and resistance constant (steady state). 

This change in the current can be measured and related to the gas velocity which in turn 

affects the convection heat transfer coefficient, as shown in the following equation (Eq.1): 

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑

= 𝑊𝑊 −𝐻𝐻   (1) 

where 𝑑𝑑 is the thermal energy stored in the wire, 𝑊𝑊 is the power generated by Joule heating, 

𝐻𝐻 is the amount of heat transferred to the surrounding. 

When neglecting the heat losses by radiation and conduction to the prongs at steady 

state conditions, the heat storage in the wire is equal to zero and then the Joule heating (𝑊𝑊) 

is equal to the heat transfer to the surroundings (𝐻𝐻) as shown below (Eq.2): 

𝑎𝑎𝑑𝑑
𝑎𝑎𝑑𝑑

= 0  
    (2) 

Therefore, 

𝑊𝑊 = 𝐻𝐻       (3) 

𝐼𝐼2𝑅𝑅𝑤𝑤 = ℎ𝑤𝑤𝐴𝐴(𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑓𝑓)         
(4) 

where; ℎ𝑤𝑤 is the convection heat transfer coefficient, 𝐴𝐴 is the heat surface area, (𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑓𝑓) 

is the difference in temperature between the wire and the fluid, 𝐼𝐼 is the current passing 

through the wire, 𝑅𝑅𝑤𝑤 is the wire’s resistance. 

Changing the gas velocity will result in changing the heat transfer convection 

coefficient, as mentioned above, and according to the following equation (Eq.5): 

ℎ𝑤𝑤 = 𝐴𝐴 + 𝐵𝐵(𝜌𝜌𝑈𝑈)𝑛𝑛   (5) 
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where (𝜌𝜌) is the fluid density, (𝑈𝑈) is the fluid velocity, (𝐴𝐴 and 𝐵𝐵) are calibration constants, 

and the coefficient 𝑎𝑎 is usually taken to be ½ (Taha et al., 2019). 

In this work, The HWA was operated at a frequency of 0.1 𝐾𝐾ℎ𝑧𝑧. Before conducting 

the experiments, to ensure the accuracy of the air velocity measurements, the HWA system 

was calibrated using an automatic calibrator that is applicable for velocities ranging from 

a few 𝑐𝑐𝑐𝑐/𝑠𝑠 to 300 𝑐𝑐/𝑠𝑠. The calibrator is connected to the MiniCTA HWA data 

acquisition system, as well as to a computer via USB (Figure 1) .The StreamWare Basic 

software package is used to control the calibration process.  

The uncertainty of the local velocity measurements was estimated to be 0.01, taking 

in consideration the uncertainties emanating from the calibration, the linearization, and the 

analogue-to-digital converter (𝐴𝐴/𝐷𝐷) resolution, as per (Eq.6).  

𝑀𝑀𝑅𝑅𝑎𝑎𝑠𝑠𝑀𝑀𝑟𝑟𝑅𝑅𝑐𝑐𝑅𝑅𝑎𝑎𝑑𝑑 𝑀𝑀𝑎𝑎𝑐𝑐𝑅𝑅𝑟𝑟𝑑𝑑𝑎𝑎𝑢𝑢𝑎𝑎𝑑𝑑 =

�(𝑐𝑐𝑎𝑎𝑐𝑐𝑢𝑢𝑐𝑐𝑟𝑟𝑎𝑎𝑑𝑑𝑢𝑢𝑐𝑐𝑎𝑎 𝑀𝑀𝑎𝑎𝑐𝑐𝑅𝑅𝑟𝑟𝑑𝑑𝑎𝑎𝑢𝑢𝑎𝑎𝑑𝑑𝑢𝑢)2 + (𝑐𝑐𝑢𝑢𝑎𝑎𝑅𝑅𝑎𝑎𝑟𝑟𝑢𝑢𝑧𝑧𝑎𝑎𝑑𝑑𝑢𝑢𝑐𝑐𝑎𝑎 𝑀𝑀𝑎𝑎𝑐𝑐𝑅𝑅𝑟𝑟𝑑𝑑𝑎𝑎𝑢𝑢𝑎𝑎𝑑𝑑𝑢𝑢)2 + �𝐴𝐴
𝐷𝐷
𝑀𝑀𝑎𝑎𝑐𝑐𝑅𝑅𝑟𝑟𝑑𝑑𝑎𝑎𝑢𝑢𝑎𝑎𝑑𝑑𝑢𝑢�

2
        (6) 

  

     
     Figure 3. HWA data acquisition system: a)- MiniCTA, b)- automatic calibrator. 
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2.2. A NEW PROBE-PROTECTOR OF HWA FOR IMPLEMENTING IN THE 
COLD FLOW PEBBLE BED REACTOR 

As mentioned above, the HWA provides a superior performance over the other 

techniques, but this technique suffers from a significant drawback that is due to of the 

fragility of the top part of the sensors. The tiny wire of the HWA can be easily damaged 

because of any slight movement during the operation or the installation process (Amini and 

Hassan, 2014; Taha et al., 2019, 2018). Despite the high performance of HWA, this 

technique is not widely used to measure the local velocity within narrow regions such as 

the void between pebbles. Therefore, in order to overcome the inconveniences resulting 

from the fragility of the HWA, an innovative solution, in the form of a protection case, was 

designed to protect the tiny wire of the HWA, allowing the use of the HWA at any location 

in the pebble bed (Alshammari et al., 2020) (Figure 4). The protection case of 

predetermined pebbles arrangement was designed to have the same structure and shape of 

the pebbles inside the bed in order to minimize the impact of the protector’s body on the 

mechanism of the fluid flow. Despite the structure being maintained the same as a probe 

while moving it to various locations in the bed radially and axially, the results obtained are 

affected by and obtained based on the void structure of the bed directly above it. The bed 

structure of the random packing of the pebble affects and determines the volumetric flow 

of the gas flowing to the predetermined pebbles arrangement of the probe-protector case 

below it and hence the local velocity in the void of the probe-protector case varies with the 

location of this case of predetermined pebbles arrangement in the bed. These measurements 

are very important for the validation of the CFD simulations coupled with heat transfer 

calculations, which will allow these CFD simulations, coupled with DEM simulation for 
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packing the bed to be used for the prediction of the heat transfer coefficients in the design 

and operating conditions of a real PBR.  

The predetermined pebbles arrangement of the probe-protector case consists of 

three main parts: 

• The sensor holder (Figure 4a) 

• The pebbles holder at the top (Figure 4b). 

• Four pebbles that are placed at the top of the pebble’s holder. 

The HWA sensor holder was designed in the shape of coupled spheres, one above 

the others with the same diameters as the pebbles used for packing the bed. These two parts 

are cut from the middle to place the probe inside, where it will be protected, as the spheres 

are tightly bundled together vertically (Figure 4a) (Alshammari et al., 2020). The holder 

consists of two parts: the first part has a clip and annular rubber to hold the probe pins and 

eliminate the vibration, while the second part is used as a cover. Each part has hooks at the 

ends that stick the parts together tightly.  The upper part consists of four hemispherical 

trays, which are used to hold the four pebbles that represent shielding to protect the upper 

part of the probe from the contact with the packings of the bed. Hence, this part has clips 

in the center to tightly place in the holder part and the tiny wire sensors can safely exit 

through the 1 mm diameter hole at the center of the top part, and between the four pebbles, 

while the sensor cable exits from the bottom of the holder part to the outside the bed 

(Alshammari et al., 2020).  

It is noteworthy that such structure has a limitation of the back-effect on the flow 

of the gas, particularly if its void structure differs from the void structure of the bed above 

it and surrounding it. This means that if this case is placed at the top level of the bed, it 
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would affect the gas flow causing more volumetric flow of the gas to flow toward the 

location of the probe-protector case resulting in higher local gas velocities. This is because 

the height of the bed above the probe-protector case is not sufficient to allow for the flow 

of the gas to equilibrate inside the bed first before flowing into the case to measure the 

local gas velocity.  

Furthermore, the void structure of the probe-protector case represents one 

configuration of the true void volume of the bed with random packing of the pebbles. 

However, the configurations of the void structures in a pebble bed vary, which means that 

the local volume of the void varies affecting the local velocities. In this work, we measure 

the local gas velocity for such a void configuration relying on the equilibration of the flow 

of the gas above the probe-protector case. The gas will flow towards the location of the 

probe-protector case and the obtained measurements will vary depending on the volumetric 

flow rate of the gas in the region directly above the probe-protector case. Accordingly, such 

kind of measurements will allow us to obtain qualitative trends for the effect of the local 

void volume for this configuration of the probe-protector case in the wall region on the 

local gas velocity compared to inside the bed. Quantitative measurements of the local gas 

velocity with this void configuration are accurate when there is enough height of the bed 

of the bed above the probe-protector case to equilibrate the flow of the gas across the cross-

section of the bed before reaching the measurement zone.  With all this said, the obtained 

results could be valuable for CFD validation provided that the void structure of the probe-

protector case is represented in the bed used for CFD computations.  
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Figure 4. HWA predetermined pebble arrangement probe-protector case design 
components: a) a 3D design, b) a picture of the actual design of the components. 

The probe-protector case was placed at different locations inside the bed, as 

described in the following section. The same structure of the pebbles and hence, the same 

void fraction is maintained for all experiments and the difference is observed based on the 

void fraction above the test area, which varies randomly along the diameter and height of 

pebble bed and hence, the volumetric flow of the gas through it that flows to the probe-

protector case of HWA. 
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Figure 5. Assembly of the designed probe-protector case: a) a 3D design, b) a picture of 

the complete assembly. 

3. EXPERIMENTAL SETUP 

The experimental setup used to carry out the experiments was designed in our 

Multiphase Flows and Reactors Engineering and Education Laboratory (mFReel). The test 

column is made of plexiglass, its inner diameter is 0.3 𝑐𝑐 with a height of 0.9 𝑐𝑐 (Figure 6) 

The top part of the column was covered with a cone shaped plenum with a height of 0.1 

𝑐𝑐, which was placed on top of a perforated plate distributor, as shown in Figure 6. The 

perforated plate distributor contains 140 holes and is used to distribute the coolant air 

entering the system from the top. Two rotameters (Omega HFL6715A-0045-14) were used 

to control the air flow rate from the top plenum downwards through the pebble bed and the 

bottom part of the setup. The bottom part is composed of a plastic cone with a 30o angle, 

0.3 m in diameter, 0.08 m in height and equipped with a gas outlet vent in the center that 
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has a diameter of 0.05 𝑐𝑐, used for the release of the air out of the system. Mono-sized 

plexiglass pebbles that have a diameter of 5 𝑐𝑐𝑐𝑐 were randomly packed in the column, 

creating a pebble bed with an aspect ratio of 6. Despite the low aspect ratio of the test 

column, the large size of the pebble, which is close to the size of the pebbles in a real PBR 

(6 𝑐𝑐𝑐𝑐) allowed us to highlight the wall effect and the fluctuation of the void fraction in the 

region of the walls and along the diameter and height of the pebble bed. The average bed 

porosity was calculated using the direct input method and was found to be equal to ɛ =

0.397 (Eq. 7). 

𝜀𝜀 =
𝑉𝑉𝑐𝑐 − 𝑉𝑉𝑝𝑝
𝑉𝑉𝑐𝑐

 
                 (7) 

where V_c is the volume of the column calculated based on the known length and diameter 

of the column and V_p is the volume occupied by the pebbles, which is calculated using 

the number of pebbles in the column and the known diameter of the pebbles, which are 

considered perfect spheres. 

In a real PBR, the pebbles move downwards and leave the reactor via the outlet in 

order to be tested for burnup and either be returned to the reactor or replaced with a new 

pebble if the burnup threshold is reached. For our experiments, the pebbles were kept 

stagnant due to the large disparity in the velocity of the flow of the gas compared to the 

slow granular flow of the pebbles. 

The HWA integrated inside its probe-protection case was placed at four different radial 

and axial positions in the test column in order to measure the local gas velocity, as shown 

in Figure 7. 
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Figure 6. Experimental setup for the PBR: a) schematic diagram with dimensions in cm; 

b) pictorial representation. 
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Figure 7. Schematic illustration showing a)- axial levels (H/D) = 0.72, H/D = 1.48, H/D= 
2.88) and b)- radial positions where the measurements were taken. 

Our 1st level headings should automatically be single spaced if they are more than 

one line long. To single-space a 2nd level heading, highlight the heading and change to 

single line spacing. Then, place your cursor at the end of the last line of the heading and 

add 12 pt of “After” paragraph spacing. Then, use the ruler to make sure your second line 

is properly aligned under the text of first line.  
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4. EXPERIMENTAL PROCEDURE 

The gas velocities were taken using the HWA integrated in its probe-protector case 

of predetermined arranged pebbles at three axial levels, which were taken as 𝐻𝐻1 =

��𝐻𝐻
𝐷𝐷
� = 0.72� ,𝐻𝐻2 = ��𝐻𝐻

𝐷𝐷
� =  1.48�,and 𝐻𝐻3 = , ��𝐻𝐻

𝐷𝐷
� =  2.88� from the top of the 

column. At each axial level, the measurements were taken at four radial locations (𝑟𝑟/𝑅𝑅 =

0, ±0.33, ±0.67, ±0.9) (Figure7) represent the diameter under thirteen different superficial 

inlet gas velocities,  

(𝑈𝑈𝑔𝑔 = 0.3, 0.4, 0.54, 0.7, 0.8, 1, 1.08, 1.2, 1.35, 1.5, 1.6, 2.1 𝑎𝑎𝑎𝑎𝑎𝑎 2.4 𝑐𝑐/𝑠𝑠). 

Covering both laminar and turbulent flow conditions (𝑅𝑅𝑅𝑅 =  993.78, 1325.04, 1788.80,

2318.82, 2650.08, 3312.60, 3577.61, 3975.12, 4472.001, 4968.9, 5300.16,

6956.46, & 7950.24).The superficial inlet gas velocities were defined by controlling the 

volumetric flow rate of the gas. After the superficial inlet gas velocity, the gas was allowed 

to flow for 2 to 4 minutes before collecting the data to ensure the stability of the gas flow 

and obtain proper results. Each experiment was replicated three times and the average of 

the results collected was taken as the final output. The repeatability error is 0.013. The 

position of the HWA was changed manually from one location to the other by removing 

all of the pebble in the column and repacking the column randomly with pebbles with a 

care is given to repeat the same method of packing, with the HWA in its probe-protector 

case being placed at the location where the new measurements are to be taken. The whole 

system was turned off between every experiment, for 5 to 10 minutes after any adjustment 

to the superficial inlet gas velocity or the position of the HWA, then the same steps were 

followed to take the new measurements.  
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5. RESULTS AND DISCUSSION 

5.1. RADIAL PROFILES OF THE GAS VELOCITY 

The local gas velocity measurements were taken at four different radial positions 

(r/R=0,±0.33,±0.67,±0.9) and at three different axial levels along the height of the test 

column (top, middle and bottom). These HWA measurements were taken at different 

superficial inlet gas velocities (Ug=0.3,0.4,0.54,0.7,0.8,1,1.08,1.2,1.35,1.5,1.6,2.1 and 2.4 

m/s), corresponding to Reynold’s numbers for laminar and turbulent flow (Re = 993.78, 

1325.04, 1788.80, 2318.82, 2650.08, 3312.60, 3577.61, 3975.12, 4472.001, 4968.9, 

5300.16, 6956.46, and 7950.24), in order to understand the variation of the local gas 

velocity inside the PBR at both laminar and turbulent flow conditions. The results, which 

are based on the repetition of every experiment three times were obtained with a 

repeatability error of 0.013 and a repeatability standard deviation of 0.0002.  

Figure 8 displays the radial profiles of the gas velocity at the top, middle and bottom 

of the test column under various superficial inlet velocities (0.3 m/s to 2.4 m/s), 

corresponding to Reynolds numbers from 993.78 to 7950.24. It is apparent that the actual 

velocity of the gas increases when increasing Reynolds number, which is expected. The 

local gas velocities are also considerably higher at the near wall region (r/R = 0.9), 

compared to the central region of the reactor (r/R = 0 ~ 0.67), regardless of Reynolds 

number and the axial level in the column. The same trend was observed for the variation 

of the convective heat transfer coefficient between the pebbles and the gas, as reported by 

Abdulmohsin and Al-Dahhan, 2015, which showed higher heat transfer coefficients in the 

near wall region, compared to the center of the bed. Hence, we speculate that the 

relationship between the local actual gas velocity at different radial locations and the 
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corresponding local heat transfer coefficients can be quantified if the measurements of the 

local gas velocity and the convective heat transfer coefficients were taken at the same at 

different locations in the bed. The gas velocity in the central region shows a relatively 

uniform distribution, as the variation of the actual gas velocities between r/R = 0 and r/R = 

0.67 is very insignificant, not exceeding 3.24% at the top of the column, 1.74% at the 

middle and 2% at the bottom, for all Reynolds numbers. This uniformity of the distribution 

of the gas velocity in the central region (r/R = 0 ~ 0.67) is due the lower void compared to 

the wall region that causes higher pressure drop and energy dissipation to enforce the flow 

to be uniformly distributed. This remains relatively the same despite the repacking of the 

column every time the location of the HWA is changed (Al Falahi et al., 2018; Al Falahi 

and Al-Dahhan, 2016).  On the other hand, Figure 9 which elucidates the difference in the 

variation of the local gas velocities between the center (r/R = 0) and the near-wall region 

of the column (r/R = 0.9) at different Reynolds numbers, shows clearly that regardless of 

the superficial inlet gas velocity (Reynolds number), the local velocity of the gas flow in 

the region near the wall (r/R = 0.9) is much higher than the gas velocity in the center of the 

column (r/R = 0). This is due to the higher void fractions near the wall of the column which 

are more pronounced for the beds of low aspect ratios (bed diameter to pebble diameter), 

due to the wall-pebble interactions which leave considerably bigger void gaps than the 

pebble-pebble contact in the center of the column. In this case the gas tends to flow toward 

the path of least resistance and hence larger volumetric flow of the gas flows in the wall 

region. Despite the structure of the test area being maintained the same between the center 

and the near-wall region of the column, the porosity of the packing above the HWA is the 

defining factor in the variation of the local gas velocity inside the bed. Furthermore, this 
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difference in gas velocity between the center and the wall regions of the column is more 

pronounced at high Reynolds numbers, as the relative difference percentage in the gas 

velocity between the center (r/R = 0) and the near-wall region (r/R = 0.9) increases from 

9.22% at laminar flow conditions (Re=993.78) to 17.27% at turbulent flow conditions 

(Re=7950.24) at the top level of the column, and from 9.42% at laminar flow conditions 

(Re=993.78) to 14.41% at turbulent flow conditions (Re=7950.24) at the middle level, 

while at the bottom of the column, the relative difference percentage increases from 9.4% 

to 15.94%, when passing from Re=993.78 to Re=7950.24. This increase in the relative 

difference percentage between the center (r/R = 0) and the near-wall region (r/R = 0.9) 

when increasing Reynolds number, and hence increasing the superficial inlet gas velocity 

can be also attributed to the lower resistance to the flow of the gas in the near-wall region 

due to the higher void fractions in this area of the bed which causes lower pressure drop 

means lower resistance to the gas to flow, compared to the center of the bed, where the 

dense packing causes more resistance to the flow of the gas, and hence higher pressure 

drop, especially at high Reynolds numbers. The effect of wall on the gas velocity, 

compared to the gas velocity in the center of the column in this study is highlighted due to 

the large size of the pebbles (5 cm), which is close to the actual size of the pebbles in a 

pebble bed reactor (6 cm), despite the low aspect ratio of 6, as the real aspect ratio of the 

PBR cannot currently be implemented in laboratory investigations. However, such a 

condition of low aspect ratio is valuable as it provides information and data for the region 

near the walls which is always of high void fraction even for the bed of higher aspect ratio 

(bed diameter to pebble diameter). Thus, the obtained data are valuable as benchmark data 

to validate CFD models and simulation particularly for the wall region. 
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Figure 10 shows the radial profiles of the local gas velocity at the top, middle and 

bottom of the column at four Reynolds numbers (Re=1325.04,3312.6,4472.12, and 

7950.24). It can be seen that the local gas velocities at the top level of the column are the 

highest, compared to the local gas velocities in the middle and bottom level of the column. 

This is due to the back-effect of the probe-protector case, as more volumetric flow of the 

gas goes toward the location of the probe-protector case, as the short height of the bed 

above the probe-protector case is not enough to allow the flow of the gas to equilibrate. On 

the other hand, at the middle and bottom of the bed, the heights of the bed are larger above 

the level of the probe-protector case, which would be enough for the flow of the gas to 

equilibrate. Hence, the flow going through the probe-protector case in this fully developed 

region is representative of the flow going through the bed above it. In this case, the back-

effect of the probe-protector case on the flow distribution of the gas is reduced at the middle 

and bottom level of the bed. However, more volumetric flow of the gas goes toward the 

wall which shows higher local gas velocity at the wall, hence confirming the explanation 

of the back effect of the case. This is because such trend of higher local gas velocity at the 

wall has been maintained at the middle and bottom levels of the bed, where the wall region 

always has higher void along the bed height, and thus, less resistance to the flow of the gas 

along this region.  

The trend of the variation of the forced convection heat transfer coefficients in the 

same experimental setup is anticipated to be like the trend of local actual gas velocities 

across the radius of the column as it will be shown in the following manuscript. This was 

confirmed by the work of Al Falahi et al., 2018; Al Falahi and Al-Dahhan, 2016 and 

Abdulmohsin and Al-Dahhan, 2015, where the convective heat transfer in a PBR is 
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significantly affected by the local gas velocities, which vary with the void fractions inside 

the bed. 

 
Figure 8. Local radial velocity profiles at different Reynolds number (993.78 to 7950.24) 
at three axial locations in the column: a)- Top level (H/D = 0.72), b)- Middle level (H/D 

= 1.48), and c)- Bottom level (H/D= 2.88). 
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Figure 9. The variation of the local gas velocity based on Reynolds number in the center 

of the test column (r/R = 0) and the in the near-wall region (r/R = 0.9) at three axial 
locations: a)- Top level (H/D = 0.72), b)- Middle level (H/D = 1.48), and c)- Bottom level 

(H/D= 2.88). 
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Figure 10. Radial profiles of the local gas velocity at the top (H/D = 0.72), middle (H/D = 

1.48) and bottom (H/D= 2.88) of the column under four superficial inlet gas velocities: 
a)- Re = 1325.04, b)- Re = 3312.6, c)- Re = 4472.12, and d)- Re = 7950.24. 

5.2. CORRELATION DEVELOPMENT FOR THE LOCAL GAS VELOCITY 
USING POLYNOMIAL REGRESSION 

To quantify the local gas velocity variation along the height and radius of the fully 

developed region of the PBR under different superficial inlet gas velocities, it is necessary 

to estimate the effect of each of these factors and the interactions between them. As shown 

in the above section, the local gas velocity not only depends on these input features, but 
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also depends on the interactions between them, as changing the superficial inlet gas 

velocity from a velocity that corresponds to laminar flow to a velocity that corresponds to 

turbulent flow changes the difference of the actual local gas velocity between the center 

and the wall of the column. This kind of complex interactions can be quantified using 

polynomial regression, where the linear effects, non-linear effects and interactions effects 

are quantified, and a correlation is developed for the prediction of the actual local gas 

velocity based on these effects in the middle and bottom of the bed (Montgomery et al., 

2013). Polynomial regression is widely used in chemical engineering and process 

engineering applications and is especially useful when the objective is to understand the 

complex relationship between the input features and the response (Al-Safran, 2009; Fan et 

al., 2020; Hemmati et al., 2021; Saraswathi K. et al., 2021). 

In this study, a second order polynomial correlation was developed for the 

prediction of the local gas velocity in the fully developed region (middle and lower regions) 

of the pebble bed based on the dimensionless input features, which are mentioned in Table 

2, and within their experimental range. The experimental data consisted of 154 data points 

and the model development, validation and analysis were carried out using the JMP Pro 16 

software (SAS, 2021). The general equation of a second order polynomial model can be 

presented as follows (Eq8): 

ŷ =  𝛽𝛽0 + �𝛽𝛽𝑗𝑗

𝑘𝑘

𝑗𝑗=1

.𝑋𝑋𝑗𝑗 + �𝛽𝛽𝑗𝑗𝑗𝑗

𝑘𝑘

𝑗𝑗=1

.𝑋𝑋2𝑗𝑗 + ��𝛽𝛽𝑖𝑖𝑗𝑗.𝑋𝑋𝑖𝑖.𝑋𝑋𝑗𝑗
𝑖𝑖<𝑗𝑗

      (8) 

where ŷ is the predicted response, 𝛽𝛽0 is the intercept, 𝛽𝛽𝑗𝑗are  the estimates of the main effects 

𝑋𝑋𝑋𝑋, 𝛽𝛽𝑋𝑋𝑋𝑋 are the estimates of the quadratic effects 𝑋𝑋2𝑋𝑋, 𝛽𝛽𝑢𝑢𝑋𝑋 are the estimates of the two-factor 

interactions 𝑋𝑋𝑢𝑢.𝑋𝑋𝑋𝑋 
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Table 2. Input features and their range of variation. 

Input feature Range of variation 

Radial location in the column (𝑟𝑟/𝑅𝑅) 0 –  0.9 

Axial level in the bed (𝐻𝐻/𝐷𝐷) 1.48 –  2.88 

Reynold’s number (𝑅𝑅𝑅𝑅) 993.78 −  7950.24 
 

For the estimation of the optimal correlation coefficients, an optimization algorithm called 

the normal equation (least square regression) was used. This equation can be expressed as 

follows (Montgomery et al., 2013): 

𝑋𝑋′.𝑋𝑋.𝛽𝛽 = 𝑋𝑋′. 𝑢𝑢 (9) 

where 𝑋𝑋 is the matrix of the features of the model, 𝑋𝑋′ is the transpose of 𝑋𝑋, 𝑢𝑢 is the response 

vector and 𝛽𝛽 is the vector of the coefficients. 

Based on the optimal coefficients obtained using this equation, the following 

correlation for the prediction of the local gas velocity within the design and operation 

conditions of our experimental setup was developed: 

𝐿𝐿𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐 𝐺𝐺𝑎𝑎𝑠𝑠 𝑣𝑣𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑢𝑢𝑑𝑑𝑢𝑢 𝑈𝑈𝑈𝑈 (𝑐𝑐/𝑠𝑠)

= 1.3079 + 0.0076 �
𝐻𝐻
𝐷𝐷
� − 0.2996 �

𝑟𝑟
𝑅𝑅
� + 6.7 × 10−5𝑅𝑅𝑅𝑅

+ 0.4937 �
𝑟𝑟
𝑅𝑅
�
2
− 4.4 × 10−9𝑅𝑅𝑅𝑅2 + 1.4 × 10−5 �

𝑟𝑟
𝑅𝑅
� .𝑅𝑅𝑅𝑅 

(10) 

5.2.1. Validation of the Second Order Polynomial Regression Correlation. In 

order to be able to use the correlation for the prediction of the local gas velocity within the 

experimental range of the study, it would have to be statistically proven as valid. This 

validation is done using four statistical tests, which are the analysis of variance (ANOVA) 
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(Christensen, 2018), the lack of fit analysis (Neill and Johnson, 1984), the analysis of the 

coefficients of determination (Ostertagová, 2012), and the analysis of the residuals (Kim, 

2019). The results of these tests are discussed in Table 3. 

Table 3. The results of the validation tests of the polynomial model. 

 

For the analysis of residuals, the residuals, which are the portion of the responses 

that are not explained by the terms in the model, are tested against their normal quantile to 

verify if they follow a near-normal distribution.  

Figure 11 shows that the residuals are well aligned with their normal quantiles, 

hence indicating a near-normal distribution of the residuals. 

Validation Test Statistic calculated Result Conclusion 

Analysis of 
Variance 

(ANOVA) 

F (Fischer’s test 
between the model 
and the residuals) 

𝐹𝐹
= 259.41 
𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
< 0.0001 

Presence of a significant 
linear relationship 

between the features and 
the response. 

Lack of Fit 

F (Fischer’s test 
between the 

experimental error and 
the residual error. 

𝐹𝐹 = 5.26 
𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
= 0.097 

Absence of a lack of fit. 

Coefficient of 
determination 𝑅𝑅2 93.96% 

The correlation explains  
93.96% of the variation 

of the response. 

Adjusted 
coefficient of 
determination 

𝑅𝑅𝑣𝑣𝑎𝑎𝑗𝑗2 93.6% 
The number of the terms 

in the correlation was 
well-chosen. 
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Figure 11. Residuals by normal quantile plot. 

Figure 12 displays the goodness of fit between the measured local gas velocities 

and the predicted local gas velocities using the validated polynomial regression correlation. 

From Figure 11, it is obvious that the predictions of the correlation are in a very good 

agreement with the measured local gas velocities, as the differences between the measured 

and predicted gas velocities are all well within the ±10. The accuracy of the correlation 

can further be investigated by calculating the average absolute relative error (𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑) using 

the following equation (Eq11) (Ostertagová, 2012):  
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𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 =
1
𝑁𝑁
�

𝑈𝑈𝑈𝑈𝑝𝑝𝑝𝑝𝑣𝑣𝑎𝑎𝑖𝑖𝑐𝑐𝑝𝑝𝑣𝑣𝑎𝑎,𝑖𝑖 − 𝑈𝑈𝑈𝑈𝑣𝑣𝑒𝑒𝑝𝑝𝑣𝑣𝑝𝑝𝑒𝑒𝑣𝑣𝑛𝑛𝑝𝑝𝑣𝑣𝑣𝑣,𝑖𝑖
𝑈𝑈𝑈𝑈𝑣𝑣𝑒𝑒𝑝𝑝𝑣𝑣𝑝𝑝𝑒𝑒𝑣𝑣𝑛𝑛𝑝𝑝𝑣𝑣𝑣𝑣,𝑖𝑖

𝑖𝑖=𝑁𝑁

𝑖𝑖=1

 
(11) 

The 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 between the measured local gas velocities and the local gas velocities 

that were predicted by the polynomial correlation was equal to 1.47%, indicating a very 

high prediction accuracy of the correlation, which is due to the ability of the polynomial 

regression models to quantify the important interactions between the input features, which 

is very useful considering the complexity of the system studied.  

 
Figure 12. Goodness of fit plot. 
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5.2.2. Test of Significance of the Input Features in the Correlation. The 

significance test was conducted using Student’s t-test, which ranks the terms of the 

correlation by the importance of their influence on the variation of the local gas velocity at 

the fully developed region of the bed (Neideen and Brasel, 2007). Student’s t-test consists 

of a comparison between the 𝒕𝒕𝒓𝒓𝒓𝒓𝒕𝒕𝒓𝒓𝒓𝒓 of each input feature with the 𝒕𝒕𝒔𝒔𝒕𝒕𝒓𝒓𝒕𝒕𝒓𝒓𝒔𝒔𝒕𝒕𝒓𝒓𝒔𝒔 that is calculated 

based on the number of experiments and the degrees of freedom (Neideen and Brasel, 

2007). A 𝒑𝒑𝒗𝒗𝒓𝒓𝒗𝒗𝒗𝒗𝒗𝒗 less than 𝟎𝟎.𝟎𝟎𝟎𝟎 means that the term has a significant influence on the 

response with a confidence probability of 𝟗𝟗𝟎𝟎%. Due to the very low 𝒑𝒑𝒗𝒗𝒓𝒓𝒗𝒗𝒗𝒗𝒗𝒗𝒔𝒔 when the 

terms have a very significant effect on the response, the 𝑳𝑳𝒓𝒓𝑳𝑳𝑳𝑳𝒓𝒓𝒓𝒓𝒕𝒕𝑳𝑳 is calculated for each 

term as − 𝐥𝐥𝐥𝐥𝐥𝐥𝟏𝟏𝟎𝟎(𝒑𝒑𝒗𝒗𝒓𝒓𝒗𝒗𝒗𝒗𝒗𝒗), allowing better comparison of the significant of the terms in the 

correlation. The results obtained in Table 4 indicate that the flow conditions (𝑅𝑅𝑅𝑅) have the 

most significant influence on the variation of the local gas velocity in the fully developed 

region of the pebble bed, as the gas velocity increases when increasing the superficial inlet 

gas velocity. However, this increase is not strictly linear due to the significant quadratic 

term 𝑅𝑅𝑅𝑅2, as well as the significant interactions between 𝑅𝑅𝑅𝑅 and the radial location �𝑟𝑟𝑅𝑅� in 

the experimental column. As explained above and as found in Table 4, the radial location 

�𝑟𝑟𝑅𝑅� considerably contributes to the variation of the response both linearly and non-linearly. 

On the other hand, the influence of the of the axial position �𝐻𝐻
𝐷𝐷
� on the local gas velocity 

is insignificant in the fully developed region where the flow of the gas is equilibrated. The 

complex nature of the effect of the input features is better elucidated in the contour plots 

in Figure 13. 
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Figure 13. Contour plots showing the variation of the local gas velocity as a function of 

the radial and axial position in the experimental column at a)- Re = 993.78, b)- Re = 
2318.82, and c)- Re = 7950.24. 
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Table 4. The results of student’s t-test. 

Source Estimate 𝒑𝒑𝒗𝒗𝒓𝒓𝒗𝒗𝒗𝒗𝒗𝒗 LogWorth Graphical Comparison 
of LogWorth 

𝑅𝑅𝑅𝑅 6.7 × 10−5 0.0000 46.536  
𝑟𝑟
𝑅𝑅

 −0.2996 0.0000 45.643  

�
𝑟𝑟
𝑅𝑅
�
2
 0.4937 0.0000 27.739  

𝑅𝑅𝑅𝑅2 −4.4 × 10−9 0.0000 9.392  

�
𝑟𝑟
𝑅𝑅
� .𝑅𝑅𝑅𝑅 1.4 × 10−5 0.00091 3.042  

𝐻𝐻
𝐷𝐷

 0.0076 0.0545 1.263  

 

6. CONCLUSION 

The local gas velocity inside the pebble bed reactor’s core is one of the main factors 

that result in the non-uniformity of the local convection heat transfer in the PBR 

(Alshammari et al., 2023). Therefore, in this study, for the first time ever, the local gas 

velocities were measured in various radial locations and axial levels in an experimental 

pebble bed with a pebble diameter of 5 𝑐𝑐𝑐𝑐 and an aspect ratio of 6. The advanced hot wire 

anemometry technique was equipped with a novel probe-protector case, which was 

developed inhouse at the Multiphase Flows and Reactors Engineering and Education 

Laboratory (mFReel) and used to conduct the experiments at various location and 

superficial inlet gas velocities, corresponding to both laminar and turbulent flow conditions 

(993.78 ≤ 𝑅𝑅𝑅𝑅 ≤ 7950.24).The gas velocities were found to vary significantly, based on 

the radial and axial positions in the column with higher local velocities near the wall. The 

variation of the local gas velocity across the radius of the column can be linked to the 
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inhomogeneous void fractions in the pebble bed, which is higher near the wall, due to the 

effect of the wall-pebble contact. The variation of the gas velocity along the height of the 

bed was attributed to the non-uniformity of the void fractions, owing to the random packing 

of the pebbles.  

This new approach for measuring the local gas velocity using the probe-protector 

case could be useful at larger bed height above the measurement locations to allow for the 

flow of the gas to equilibrate. However, the needed height for the flow to equilibrate varies 

with the aspect ratio of the bed. This can be determined by measuring the void structure at 

the level of the case and above it.Furthermore, a second order polynomial regression 

correlation was developed in order to link the experimental conditions with the variation 

of the local gas velocity in the fully developed region of the bed (the middle and bottom of 

the pebble bed) by a mathematical equation and to quantify the complex effects of the input 

features studied in this work and the interactions between them. These results clearly 

indicate the existence of a correlation between the local gas velocities and the forced 

convection heat transfer coefficients, which vary in similar fashion along the radius and 

height of the pebble bed as reported in the literature (Abdulmohsin and Al-Dahhan, 2015; 

Alshammari et al., 2023). The accurate local gas velocity measurements acquired in this 

work can be used to support and to validate the CFD simulations for the same design and 

operation conditions, coupled with heat transfer calculations, which will allow the 

validated CFD model to subsequently be used for the prediction of the convective heat 

transfer inside an actual PBR to be validated with the reported data in literature and with 

our data, which is to be published in subsequent manuscript.  
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NOMENCLATURE 

Symbol Description Unit 

PBR Pebble Bed Reactor. (-) 

HTGR High Temperature Gas-Cooled Reactor. (-) 

HTGR-PB High Temperature Gas-Cooled Reactor – Pebble Bed. (-) 

TRISO Tristructural-isotropic fuel particle. (-) 

LOFA Loss Of Flow Accident. (-) 

CFD Computational Fluid Dynamics (-) 

DEM Discrete Element Method (-) 

mFReel 
Multiphase Flows and Reactors Engineering and Education 

Laboratory 
(-) 

HWA Hot-Wire Anemometer (-) 

PIV Particle Image Velocimetry (-) 

𝑊𝑊 Joule heating to the wire 𝐽𝐽 

ℎ𝑤𝑤 Convective heat transfer from the hot-wire to the flowing air 𝑤𝑤/𝑐𝑐2 𝐾𝐾 

𝐴𝐴 Heat surface area 𝑐𝑐 

𝑇𝑇𝑤𝑤 Temperature of the wire 𝐾𝐾 

𝑇𝑇𝑓𝑓 Temperature of the fluid 𝐾𝐾 

𝐼𝐼 Current passing through the wire 𝐴𝐴 

𝑅𝑅𝑤𝑤 The resistance of the wire 𝛺𝛺 

𝑅𝑅𝑅𝑅 Reynolds number (-) 

𝜀𝜀 Average void of the bed. (-) 
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𝑈𝑈𝑔𝑔 Superficial inlet gas velocity 𝑐𝑐/𝑠𝑠 

𝐻𝐻
𝐿𝐿

 Axial position inside the column. (-) 

𝑟𝑟
𝑅𝑅

 Radial position inside the experimental column. (-) 

𝑅𝑅2 Coefficient of determination % 

𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 Average Absolute Relative Error. % 
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ABSTRACT 

The aim of this study was to investigate the local heat transfer coefficients between 

the pebbles and the coolant gas in a PBR using a sophisticated and advanced measurement 

technique that consists of a heated pebble probe, a micro-foil heat flux sensor flushed 

mounted on the surface of the heated pebble probe, and a thermocouple in the center of bed 

void in front the sensor. In this work, the local heat transfer coefficients were measured 

along various axial levels, and radial and angular locations at different superficial inlet gas 

velocities that cover both laminar and turbulent flow conditions. The local heat transfer 

coefficients were found to be higher near the wall due to higher volumetric flow at the wall 

where larger bed void exists compared to the center region of the bed where the flow of 

gas in packed bed follows the least resistance path. High deviations were obtained between 
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the experimental overall heat transfer in the bed and the predictions of four correlations 

reported in the litterature. Furthermore, these correlations cannot predict the local heat 

transfer coefficients inside the PBR. This necessitates the development of new correlations 

for the prediction of the local heat transfer coefficients using the obtained data of this work.  

A pseudo-3D correlation was developped and found to provide accurate predictions, with 

an averaged absolute relative error (𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑) of 3.33% at high reynolds numbers of our 

operation and design conditions.  

1. INTRODUCTION  

The very high-temperature nuclear reactors (VHTRs) or high-temperature gas-

cooled nuclear reactors (HTGRs) have been designated by the energy policy act of 2005 to 

represent the Next Generation Nuclear Plants (NGNP), also termed as Generation IV (Gen-

IV) nuclear plants, which are characterized with sustainability, high efficiency, 

proliferation-resistance, safety, and reliability (Koster et al., 2003; Yamoah et al., 2012).  

Pebble Bed Reactors (PBRs) are one type of the proposed  HTGRs, which are being 

studied and developed in a race between different countries that have launched major 

programs to commercialize these reactors (Jiang et al., 2021). In PBRs, thousands of TRi-

structural ISO-tropic (TRISO) nuclear fuel particles are placed in 6 cm diameter composite 

graphite pebbles. Each TRISO particle consists of a fuel kernel (i.e., uranium 

235U or mixed fissile materials) enveloped by four layers of carbon and ceramic for 

containment of the fission product (Abdulmohsin and Al-Dahhan, 2015; Almusafir et al., 

2023), The pebbles move downward where graphite pebbles move in the central zone while 

the pebbles of TRISO nuclear fuel particles move in the annulus zone (Al-Juwaya et al., 
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2019, 2017; Almusafir et al., 2023). At the outlet of the reactor’s core, one pebble is taken 

at a time and is checked for burnup. The pebble is returned to the core if it is still active 

and is removed if it is completely burned up and a new pebble is inserted.  

The PBRs are built and developed to be cooled by Helium gas coolants and 

moderated by graphite pebbles, and reflector blocks that are characterized by high thermal 

conduction and are used to control the heat released either during normal operations or 

during the loss of flow accidents (LOFA) for the protection of the core from reaching the 

melting point (Kadak, 2005). During normal operations, the coolant flows at a range of 

high Reynolds numbers (𝑅𝑅𝑅𝑅) and passes downward through the voids between the hot fuel 

and graphite pebbles to remove the heat released due to the fission reaction. The coolant 

Helium gas temperature may reach elevated temperatures (i.e., up to over 1000°𝐶𝐶) before 

leaving the reactor (Yamoah et al., 2012). In the case of a LOFA, this forced cooling system 

is lost and natural circulation of the coolant Helium gas is stimulated because of the 

temperature differences in the reactor. Licensing all nuclear reactors, including the PBR, 

necessitates fulfilling high safety standards and high operation efficiency. In PBRs, heat 

transfer from the pebbles to the flowing coolant helium gas is one of the most important 

operating, design, and safety parameters (Kadak, 2005). 

It is noteworthy that, the heat transfer occurs inside the PBR in different 

mechanisms (Figure 1) such as (Abdulmohsin, 2013; Abdulmohsin et al., 2011; 

Abdulmohsin and Al-Dahhan, 2017, 2010):  

• Conduction heat transfer (i.e., pebble to pebble, pebble to the wall, etc.) 

• Convection heat transfer (i.e., pebble to flow coolant gas) 
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• Radiation heat transfer (i.e., pebble to pebble, pebble to wall or core 

reflector, and core barrel to the wall) 

The complex nature of heat transfer in PBR necessitates various types of studies to 

characterize heat transfer and predict the distribution of temperatures that are needed for 

designing, operating, safety analysis and scaling up PBRs. Although all of these 

mechanisms can occur simultaneously, forced convection is the governing mechanism 

during the normal operation of the PBRs (Achenbach, 1995). Therefore, many theoretical, 

empirical, and experimental studies have been conducted to characterize convective heat 

transfer in PBRs. Rimkevicius et al., 2006 and Rimkevičius and Uspuras, 2008 investigated 

heat transfer in two different configurations of air-cooled pebble beds at different Reynolds 

numbers (i.e., 500 < Re < 35000). The heat transfer coefficient was estimated by using 

thermocouples to measure the temperatures of an electrically heated copper sphere and 

adjacent air gas while the heat flux was determined by the measurements of the input 

electrical energy. Liu et al., 2020, 2018 characterized convective heat transfer in Fluoride-

salt and water-cooled PBR test facility. In both studies, carbon steel pebbles with different 

diameters (i.e., 0.008 and 0.01 m) were heated by an electromagnetic induction heating 

coil surrounding the test column. Thermocouples were utilized for the measurement of the 

temperatures of the heated pebbles and the adjacent coolant fluid (i.e., water). The heat 

transfer coefficients were estimated by using temperature measurements along with the 

input power value induced by the heating system. The same concept was adopted by Nazari 

et al., 2017 to investigate the effect of steel pebbles diameter (i.e., 0.0055, 0.0065, and 

0.0075 m), coolant gas (i.e., air) velocity (i.e., 4500 < Re < 10,000), and internal heat 

generation (i.e., 54 W to 82 W) on the forced convection heat transfer under turbulent flow 
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regime conditions. Heat transfer by conduction and radiation was disregarded in these 

studies. However, the pebbles used were made of metals with high thermal conductivities 

enough to influence the temperatures of the surrounding pebbles. Therefore, Schröder et 

al., 2006 used a wire mesh to surround the heated pebble to minimize interactions between 

the heated pebble and its surroundings. Additionally, the high conductivity of the pebbles 

used may lead to uncertainties in the constant surface temperature assumption adopted to 

estimate the heat flux by the direct energy input method (Abdulmohsin and Al-Dahhan, 

2015). The bed structure and porosity are reported to significantly influence the local heat 

transfer coefficients in a PBR, due to the variation of the actual local velocity of the fluid 

depending on the void fractions inside the bed (Auwerda et al., 2011). Al Falahi et al., 

2018 and Al Falahi and Al-Dahhan, 2016 showed that for a bed structure with an aspect 

ratio (𝐷𝐷/𝑎𝑎𝑝𝑝) of 6, the distribution was non-uniform with larger void fractions near the wall 

of the column due the contact between the wall and the pebbles. Similar results were 

reported in a Discrete Element Method (DEM) simulation by Khane et al., 2017. The effect 

of the local gas velocity in pebble bed is only reported in the work of Alshammari et al., 

2023b, where the local gas velocities were measured for the first time using a Hot Wire 

Anemometer at different location in a pebble bed with a bed diameter to pebble diameter 

ratio of 6. The results showed clearly that the local gas velocities are higher at the wall 

region compared to the center of the bed, regardless of the axial location in the bed. In 

order to confirm the relationship between the local gas velocity in the pebble bed and the 

local heat transfer coefficients, measurements of the local heat transfer coefficients at the 

same locations in the same bed should be taken, which is the objective of this work.  



61 

To overcome the shortcomings related to the measurement of the convective heat 

transfer coefficients, in our Multiphase Flows and Reactors Engineering and Education 

Laboratory (mFReel), Abdulmohsin and Al-Dahhan, 2015 developed and implemented a 

noninvasive new heat probe in the form of a pebble and reported reliable measurements of 

convective heat transfer coefficients in a PBR operating at different gas (i.e., air) velocities 

(i.e., 0.02 to 2 m s⁄ ) and at a different local central line positions inside the packed bed 

core. Details of the principles of the newly developed heat transfer probe are discussed in 

the following sections. Indeed, other measurement techniques were used in previous 

studies to characterize heat transfer in PBRs such as the mass transfer analogy or the 

regenerative heating technique. However, our newly developed heat transfer probe is 

characterized by its simplicity, reliability and accuracy. Various parameters impact the heat 

transfer convection in a pebble bed reactor. Nevertheless, the best way to characterize the 

heat transfer behavior is using dimensionless groups such as the Reynold number (𝑅𝑅𝑅𝑅), 

Nusselt number (𝑁𝑁𝑀𝑀), and Prandtl number (𝑃𝑃𝑟𝑟). The relationship between these 

dimensionless groups can be described using the following expression (Eq.1) 

𝑁𝑁𝑀𝑀 = ƒ ( 𝜀𝜀,𝑅𝑅𝑅𝑅 ,𝑃𝑃𝑟𝑟)   (1) 

where 𝜀𝜀  is the bed porosity.  

Each dimensionless group Nu, Re, and Pr can be calculated by the following 

equations:  

𝑁𝑁𝑀𝑀 =
ℎ 𝑎𝑎𝑝𝑝
𝑘𝑘

 
  (2) 

where ℎ is the heat transfer coefficient (𝑘𝑘𝑊𝑊/ 𝑐𝑐2.𝐾𝐾), 𝑎𝑎𝑝𝑝 is the diameter of the pebble (m) 

and 𝑘𝑘 is the thermal conductivity of flowing gas (𝑘𝑘𝑊𝑊/𝑐𝑐.𝐾𝐾). 
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𝑅𝑅𝑅𝑅 =
𝜌𝜌 𝑈𝑈𝑈𝑈 𝑎𝑎𝑝𝑝

µ
 

     (3) 

where 𝜌𝜌 is the density of the fluid (kg/m3), 𝑈𝑈𝑔𝑔 is the superficial gas velocity (m/s) and 

𝜇𝜇 is the dynamic viscosity of fluid (kg / m.s). 

𝑃𝑃𝑟𝑟 =
µ 𝐶𝐶𝑝𝑝
𝑘𝑘

 
(4) 

where 𝐶𝐶𝑝𝑝 is the heat capacity in 𝐽𝐽/𝑘𝑘𝑈𝑈.𝑘𝑘. 

Abdulmohsin and Al-Dahhan, 2015 has previously developed and used our non-

invasive measurement technique to measure the forced convective heat transfer coefficient 

in a pebble-bed reactor of a diameter of 0.3 m and aspect ratio (𝐷𝐷/𝑎𝑎𝑝𝑝) of 6. In this study, 

the heat transfer coefficient was measure at three axial locations (top, middle and bottom 

of the column) and four radial (diameter) positions (r R⁄ = 0.0, ±0.33, ±0.67, and ± 0.9) 

at inlet superficial gas velocities that ranged from 0.02 𝑐𝑐/𝑠𝑠 to 2 𝑐𝑐/𝑠𝑠, covering both 

laminar and turbulent flow of the gas in the column. The heat transfer coefficient showed 

great dependence on the superficial inlet gas velocity and on the radial position as well. 

However, these measurements were taken over one angular location at each radius, without 

consideration of other angular locations where the heat transfer coefficients might be 

different since the distribution of the void fractions in the bed is non-uniform, particularly 

in the wall region (Abdulmohsin and Al-Dahhan, 2015). Abdulmohsin and Al-Dahhan, 

2015 and Abdulmohsin, 2013 evaluated various empirical heat transfer coefficients 

reported in the literature and they found that the KTA, 1983 correlation predicts their results 

better than the others at high superficial inlet gas velocity (Achenbach, 1995; Gnielinski, 

1978; Wakao and S, 1982). However, it is important to note that the equation used for 

averaging the local heat transfer in the work of Abdulmohsin and Al-Dahhan, 2015 was 
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wrong, as reported in Abdulmohsin and Al-Dahhan, 2016, and hence, the results of the 

comparison between the averaged heat transfer coefficient and the correlations cannot be 

considered as reliable.  

Therefore, the objectives of the current study are to complement the work of 

Abdulmohsin and Al-Dahhan, 2015 by manufacturing  our new heat transfer probe, and to 

provide reliable heat transfer coefficients measurements at various angular and radial 

locations along the bed height to advance the knowledge on the local distribution of the 

heat transfer coefficients and how it is affected by the void structure in a pebble bed with 

a low column diameter to pebble diameter ratio (𝐷𝐷/𝑎𝑎𝑝𝑝) of 6. Low (D/dp) was used to 

represent the wall region in the PBRs and the region of non-uniform void distribution for 

which the data will be useful as benchmark data to validate CFD simulations with heat 

transfer calculations that can estimate the heat transfer coefficients and for the evaluation 

and development of heat transfer coefficients correlations. 

To achieve this objective, the convective heat transfer coefficients were measured 

at three axial levels in the column, where at each axial level, the measurements were taken 

at seven radial (diameter) positions (r R⁄ = 0.0, ±0.33, ±0.67, and ± 0.9) along four 

angular planes (X, Y, Z, and L). The superficial inlet gas velocity was also varied from 0.3 

to 2 𝑐𝑐/𝑠𝑠 in order to cover both laminar and turbulent flow of the gas in the column. The 

overall convective heat transfer coefficient, calculated based on the local heat transfer data, 

was compared with the predictions of three correlations which were developed by 

Gnielinski, 1978; Wakao and S, 1982; KTA, 1983 and Achenbach, 1995. Additionally, we 

developed a pseudo-3D model for the prediction of the local heat convective heat transfer 

coefficients within our experimental domain.  
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The experimental local heat transfer data obtained in this work is vital for validating 

computational fluid dynamics (CFD) simulation and heat transfer calculation that can 

estimate the heat transfer coefficients in the measured locations, and for the future new 

numerical correlations particularly for the regions near the walls. 

 
Figure 1. Illustration of the heat transfer mechanisms inside the pebble bed reactor. 



65 

2. EXPERIMENTAL WORK 

2.1. EXPERIMENTAL SETUP 

The cold flow pebble bed reactor setup used in the current study was designed and 

built in our laboratory as shown in Figure 2(a). In real PBRs, pebbles slowly move 

downward by gravity inside the reactor core and leave the core from the bottom to be 

examined through the burnup level measurement to determine whether they are to be 

recycled or replaced, while Helium gas as a coolant flows downward at very high flow rate 

(Abdulmohsin and Al-Dahhan, 2015; Koster et al., 2003). Therefore, due to the high 

differences between gas velocities and pebbles' movement speed inside the bed, in the 

current study, and to simplify the experiments, the pebbles were maintained stagnant as a 

fixed bed in the column (Abdulmohsin and Al-Dahhan, 2015; Nazari et al., 2017). This 

cold flow pebble bed consists of a plexiglass column with a height and a diameter of 0.9 m 

and 0.3 m, respectively. A conical-shaped plenum with 30 cm in diameter and a height 

of 10 cm was mounted on top of the column as shown in Figure 2(b), while a plastic cone 

with a diameter of 30 cm and a height of 8 cm was placed at the bottom of the column. 

This cone contains an opening with a diameter of 5 cm in the center to vent gas. A 

distributor plate containing 140 holes, each 0.03 cm in diameter, (shown in Figure 2 (c)) 

was placed between the upper plenum and the column to uniformly distribute the inlet gas 

into the column, which is randomly packed with glass pebbles that are 5 cm in diameter, 

and hence the column diameter to pebbles diameter ratio is 6. This size of the glass pebbles 

was easy to obtain and close to the size of real pebbles of 6 𝑐𝑐𝑐𝑐 in diameter. The bed 

porosity (𝜀𝜀𝑏𝑏) was estimated by the direct balance method and found to be 0.397. This 
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method consists of calculating the volume occupied by the pebbles as well as the volume 

of the empty column. The number of the pebbles in the column is known as well as the 

diameter of each pebble, which is equal to 5 𝑐𝑐𝑐𝑐, with the assumption that the glass pebbles 

are perfect spheres. This volume occupied by the pebbles is then subtracted from the total 

volume of the empty column, which is calculated using the column dimensions, in order to 

obtain the volume of the void. This volume is then divided by the total volume of the 

column to attain the fraction of the column that is occupied by the void (i.e. average bed 

porosity).During experimentation, dry and oil-free compressed air was introduced from the 

top of the column, from where it flows downwards through the void in the bed, and finally 

exits through the bottom outlet half-cone with a 60° angle. The gas flow rate was measured 

and controlled by two parallel rotameters (Omega HFL6715A-0045-14) as shown in Figure 

2(a).  

 
Figure 2. (a) Schematic diagram of the cold flow pebble bed experimental setup, (b) 

plenum cone shape, (c) distributor plate, and (d) setup picture. 
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2.2. HEAT TRANSFER COEFFICIENT MEASUREMENT TECHNIQUE 

The heat transfer coefficient was quantified using a sophisticated non-invasive 

spherical heat transfer probe, as shown in Figure 3. This probe was manufactured in-house 

at our Multiphase Flows and Reactors Engineering and Education Laboratory (mFReel) 

(Abdulmohsin and Al-Dahhan, 2015). The principle of the technique was adapted and 

modified based on the work of Li and Prakash, 1997 and Wu et al., 2007. 

The operating principle of this technique is based on measuring heat flux by a 

sensor, surface temperature of the sensor and the bulk temperature in front of the sensor to 

directly estimate the time series of heat transfer coefficients between differently heated or 

heated/unheated pebbles. For this purpose, Abdulmohsin and Al-Dahhan, 2015 

manufactured a spherical-shaped probe that is made of copper, has the same diameter as 

the glass pebbles (i.e., 5 cm) and can be placed at different locations in the packing as a 

part of the packing structure (Figure 3 (a)). This pebble was heated by embedding an 

electrical cartridge heater (Chromalox, model number CIR-1012), illustrated in Figure 

3(b), inside the copper sphere to heat up its surface. The heating intensity of this heater was 

controlled by a D.C power supply with a range of 20 − 40 V. A fast response heat transfer 

micro-foil sensor (Mdf Corporation No. 20453-1), with dimensions of (11 mm ×

11 mm × 0.08 mm), was flush mounted on the outer surface of the copper sphere to obtain 

instantaneous measurements of the local heat flux (𝑞𝑞𝑖𝑖) from a hot surface sensor to the 

adjacent surroundings and surface temperature of the copper sphere (𝑇𝑇𝑠𝑠𝑖𝑖) as shown in 

Figure 3(a) (Abdulmohsin and Al-Dahhan, 2015). An amplifier was placed between the 

heat flux sensor and the data acquisition (DAQ) system which was used to convert and 

amplify the microvolts signal indicating the heat flux. These foil sensors were implemented 
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successfully in both single-phase systems (Abdulmohsin and Al-Dahhan, 2015; Taha et al., 

2019) and multiphase systems (Kagumba et al., 2019; Wu et al., 2007). Additionally, a 

thermocouple (T-type K) was placed in the void directly in front of the sphere probe and 

its micro-foil sensor to measure the temperature of the surrounding medium, called bulk 

temperature (𝑇𝑇𝑏𝑏𝑖𝑖). In contrast to the flux foil sensors, thermocouples are directly connected 

to the DAQ. Due to the low thermal conductivity of the glass balls, it is reasonable to 

neglect the heat loss from the contact between the spherical heat transfer probe and the 

glass balls. 

 
Figure 3. Picture of the heat transfer pebble probe technique and schematic of the pebble 

probe. 

2.3. EXPERIMENTAL CONDITIONS 

Heat transfer coefficients between the electrically heated copper sphere and the 

flowing gas were measured at different superficial gas velocities and different locations of 
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the heat transfer proble inside the packing as mentioned above. The superficial inlet gas 

velocities used in this study are 𝑈𝑈𝑔𝑔 = 0.3, 0.6, 1.2, 1.6 𝑎𝑎𝑎𝑎𝑎𝑎 2 𝑐𝑐/𝑠𝑠, ) covering both laminar 

and turbulent flow conditions (𝑅𝑅𝑅𝑅 =  993.78, 1987.56, 3975.12, 5300.16,𝑎𝑎𝑎𝑎𝑎𝑎 6625.20). 

Three axial levels, which were measured as the distance from the top of the 

distributor, were used to measure the cross sectional distribution of the heat transfer 

coefficient;  

(𝐻𝐻1 =  21.6 𝑐𝑐𝑐𝑐, �𝐻𝐻
𝐷𝐷
� = 0.72, 𝐻𝐻2 =  44.5 𝑐𝑐𝑐𝑐, �𝐻𝐻

𝐷𝐷
� = 1.48,𝐻𝐻3 =  86.4 𝑐𝑐𝑐𝑐, �𝐻𝐻

𝐷𝐷
� = 2.88). 

As shown in Figure 4(a). Furthermore, at each axial level, The copper pebble probe was 

moved and placed at different angular locations in each plane of the cross-section (i.e., 

X, Y, Z, and L), the heat transfer was characterized at seven radial locations to measure four 

diameters profiles of heat transfer coefficients at each axial level (r R⁄ =

0.0, ±0.33, ±0.67, and ± 0.9) that were positioned as shown in Figure 4(b).To change the 

location of the pebble, the column was emptied of the pebbles and then repacked with the 

pebbles again, with the copper pebble probe being placed at the location where the 

measurement is supposed to be taken, as shown in Figure 4.  

The test section of the column was repacked carefully in the same structure 

throughout the experiments to prevent any contact between the surface of the sensor and 

the surface of the surrounding pebbles. In the other parts of the column, the pebbles were 

repacked randomly, and the heat transfer coefficient was measured at all the superficial 

inlet gas velocities studied, before moving the copper pebble probe to the next location in 

the same way, by unpacking and repacking the pebbles in the column.  
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Figure 4. (a) Schematic showing the three axial levels H1 ��𝐻𝐻
𝐷𝐷
� = 0.72�, H2 

��𝐻𝐻
𝐷𝐷
� = 1.48�, and H3 ��𝐻𝐻

𝐷𝐷
� = 2.88�, (b) Schematic of measurement locations at 

different radial and angular positions for each axial level. 

3. DATA COLLECTION AND ANALYSIS 

Preliminary experiments were conducted to determine the time needed to reach 

thermal stability. This time is defined as the time after which the differences between the 
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temperatures of the bulk and the surface of the copper pebble probe were almost maintained 

constant, as shown by the plateau in  

Figure 5. The system should be running for at least 30 min before collecting data 

to ensure reaching steady-state conditions. Hence, all the measurements in this study were 

obtained after 35 minutes of the experiment's start.  

In this study, the amplified heat flux signals and the thermocouple signals were 

collected at a sampling frequency of 50 𝐻𝐻𝑧𝑧. The sampling time of collecting data was 

tested by plotting the instantaneous heat transfer coefficients as a function of sampling time 

as shown in Figure 6. Therefore, Figure 6 reveals that no significant variation in the heat 

transfer coefficients occurs after surpassing a sampling time of 200𝑠𝑠. Hence, all 

measurements were conducted after 35 𝑐𝑐𝑢𝑢𝑎𝑎 from the initial operation and 240𝑠𝑠 of 

sampling time. Instantaneous heat transfer coefficients (hi) were obtained by using the 

following equation 5 (Abdulmohsin and Al-Dahhan, 2015): 

where qi is the instantaneous heat flux measured by the sensor, Tsi is the instantaneous 

temperature of the sensor probe surface, and Tbi is the instantaneous bulk temperature of 

the fluid media.  

Since the measurement technique was operated at a frequency of 50 Hz and a 

sampling time of 240 𝑠𝑠. The time-averaged heat transfer coefficients (h) were estimated at 

each location by averaging the instantaneous heat transfer data collected as follows: 

 

ℎ𝑖𝑖 =
𝑞𝑞𝑖𝑖

𝑇𝑇𝑠𝑠𝑖𝑖 − 𝑇𝑇𝑏𝑏𝑖𝑖
 

 

(5) 
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 (6) 

where N is the total number of experimental samples (N = 12000) for 240 seconds. 

As mentioned earlier, the measurements were taken at different axial levels 𝐻𝐻1, 

𝐻𝐻2, and 𝐻𝐻3 as shown in Figure 2(a). At each axial level, measurements were obtained at 

four different radial positions (r R⁄ = 0.0, ±0.33, ±0.67, and ± 0.9) for different angular 

planes (X, Y, Z, and L). Accordingly, the averaged heat transfer coefficients (havg) at each 

radial position were obtained by azimuthally averaging the time-averaged heat transfer 

coefficient as shown below (7): 

ℎ𝑣𝑣𝑣𝑣𝑔𝑔�𝑝𝑝/𝑅𝑅
=

1
𝑎𝑎

 � ℎ(𝜃𝜃)
𝑛𝑛

𝑖𝑖=1
 (7) 

where n is the number of locations or data points obtained at each radial position for each 

angular plane (i.e., n = 4). 

 
Figure 5. Time series of the difference between the temperatures of the bulk and the 

surface of the copper pebble probe. 
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  Figure 6. The stability of the heat transfer coefficients as function of the sampling time. 

4. RESULT AND DISCUSSION 

As mentioned earlier the local heat transfer coefficient measurements were taken 

at three axial locations, which are located at different distances from the top distributor, 

specifically:  

(𝐻𝐻1 =  21.6 𝑐𝑐𝑐𝑐, �𝐻𝐻
𝐷𝐷
� = 0.72, 𝐻𝐻2 =  44.5 𝑐𝑐𝑐𝑐, �𝐻𝐻

𝐷𝐷
� = 1.48,𝐻𝐻3 =  86.4 𝑐𝑐𝑐𝑐, �𝐻𝐻

𝐷𝐷
� = 2.88). 

At each axial position, the pebble probe was placed at four different angular places (i.e., 

𝑋𝑋,𝑌𝑌,𝑍𝑍, & 𝐿𝐿) and seven radial locations (𝑟𝑟 𝑅𝑅� = 0, ±0.33, ±0.67,𝑎𝑎𝑎𝑎𝑎𝑎 ± 0.9) for each 

diameter line (𝑋𝑋,𝑌𝑌,𝑍𝑍, & 𝐿𝐿). 
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Figure 7,8,and 9 show the local convective heat transfer coefficients in the column 

at three different superficial inlet gas velocities (0.3 𝑐𝑐/𝑠𝑠, 1.2 𝑐𝑐/𝑠𝑠 & 2 𝑐𝑐/𝑠𝑠) at the top, 

middle and bottom of the column, respectively. The experiments were repeated three times 

at each location, with a repeatability error of ±0.5 𝑊𝑊/𝑐𝑐2𝐾𝐾 and a repeatability standard 

deviation of 0.56. From these figures, it is apparent that the local heat transfer coefficients 

obtained at the same radial position vary with the angular location (𝑋𝑋,𝑌𝑌,𝑍𝑍, and 𝐿𝐿), where 

the structure of the test bed is being maintained the same for all the measurements where 

the structure of the test bed is being maintained the same for all the measurements.  The 

variation at the same radial positions is further elucidated in the diameter profiles of the 

local heat transfer coefficients (Figure 10, 11, and 12). It can be seen that the differences 

in the heat transfer coefficients at the same radial positions are more pronounced at a low 

and moderate superficial inlet gas velocities (0.3 𝑐𝑐/𝑠𝑠 and 1.2 𝑐𝑐/𝑠𝑠). This is especially the 

case at the top level  ��𝐻𝐻
𝐷𝐷
� = 0.72� of the column, where the highest percentage difference 

between two local heat transfer values at the same radius from the center was as high as 

20.4% between the angular planes 𝑍𝑍 and 𝐿𝐿, in the region near the wall of the column 

(𝑟𝑟/𝑅𝑅 = ±0.9), at a superficial inlet gas velocity of 0.3 𝑐𝑐/𝑠𝑠.  

In the same radial location and under the same superficial inlet velocity, the highest 

percentage differences in the local heat transfer coefficients at the middle of the bed 

��𝐻𝐻
𝐷𝐷
� = 1.48� was found to be 7.31% between the angular locations 𝑌𝑌 and 𝐿𝐿,  while at 

bottom of the bed ��𝐻𝐻
𝐷𝐷
� = 2.88�, the highest percentage difference was found to be 12.03% 

between the angular locations 𝑋𝑋 and 𝐿𝐿. These variations in the local heat transfer 

coefficients at the four different angular planes (𝑋𝑋,𝑌𝑌,𝑍𝑍, and 𝐿𝐿) for the same azimuth are 
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not confined to the near-wall region of the column, but are also observed in the annular 

regions near the center of the column as the heat transfer coefficient difference between 

the angular location 𝑍𝑍 and 𝐿𝐿, at a dimensionless radial profile of 0.33 was as high as 

18.94% at the top axial level ��𝐻𝐻
𝐷𝐷
� = 0.72� of the column for a moderate superficial inlet 

gas velocity of 1.2 𝑐𝑐/𝑠𝑠.  For the same superficial inlet gas velocity (1.2 𝑐𝑐/𝑠𝑠), the highest 

percentage differences in the middle ��𝐻𝐻
𝐷𝐷
� = 1.48�  and bottom ��𝐻𝐻

𝐷𝐷
� = 2.88� of the bed 

between the angular locations are 3.83% and 4.19%, respectively.  

These differences at the same azimuth could have resulted from the differences in 

the local gas velocities, depending on the angular location, and these local velocity 

differences emanate from the inhomogeneous arrangement of the pebbles that results in a 

random distribution of the void fractions, along the angular locations (Hassan and 

Dominguez-Ontiveros, 2008; Khane et al., 2017; Khane, 2014).   

The variation of the heat transfer coefficients obtained at the same radial position 

when changing the angular location is more pronounced at the top level of the bed. This 

could be due to more non-uniformity of the local velocity that could be to the low height 

of the bed from the inlet of the gas flow, which does not allow for the bed to equilibrate.  

When the gas flows from top level to the middle and bottom levels, the packing will help 

in enhancing the uniformity of the distribution of the flow, because the height of the bed 

above these axial locations allows for the flow of the gas to equilibrate (Alshammari et al., 

2023b). Hence decreasing the effect of the variation of the local gas velocities at the 

different angular locations on the local convective heat transfer coefficients. 
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Figure 7.  Local heat transfer coefficients at the top axial level of the bed (H/D = 0.72) at 
three different superficial inlet gas velocities: a)- Ug = 0.3 m/s, b)- Ug = 1.2 m/s, c)- Ug 

= 2 m/s. 
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Figure 8. Local heat transfer coefficients in the middle axial level of the bed (H/D = 1.48) 

at three different superficial inlet gas velocities: a)- Ug = 0.3 m/s, b)- Ug = 1.2 m/s, c)- 
Ug = 2 m/s. 
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Figure 9. Local heat transfer coefficients at the bottom axial level of the bed (H/D = 2.88) 

at three different superficial inlet gas velocities: a)- Ug = 0.3 m/s, b)- Ug = 1.2 m/s, c)- 
Ug = 2 m/s. 
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Figure 10. Diameter profiles of the local heat transfer at a superficial inlet gas velocity of 
0.3 m/s at three different axial levels:  a)- Top level (H/D = 0.72), b)- Middle level (H/D 

= 1.48), and c)- Bottom level (H/D= 2.88). 
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Figure 11. Diameter profiles of the local heat transfer at a superficial inlet gas velocity of 
1.2 m/s at three different axial levels:  a)- Top level (H/D = 0.72), b)- Middle level (H/D 

= 1.48), and c)- Bottom level (H/D= 2.88). 
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Figure 12. Diameter profiles of the local heat transfer at a superficial inlet gas velocity of 
2 m/s at three different axial levels:  a)- Top level (H/D = 0.72), b)- Middle level (H/D = 

1.48), and c)- Bottom level (H/D= 2.88). 
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Figure 13 displays the angularly averaged heat transfer coefficients for each radial 

location of the four diameter lines (X,Y,Z, and L) using various superficial inlet gas 

velocities at the three-bed heights (top, middle and bottom level) (Figure 4). It was 

observed that the convective heat transfer coefficients are higher in the locations that are 

near the wall of the column at all the three axial levels of the packed bed regardless of the 

superficial inlet gas velocity (Figure 13), as was noted from the local heat transfer diameter 

profiles (Figure 10, 11 and 12). At a low superficial inlet gas velocity of 0.3 m/s, 

corresponding to laminar flow conditions, the azimuthally averaged convective heat 

transfer coefficients at the near-wall regions (r/R =±0.9) are 31.63%, 22.07% and 22.55% 

higher than the heat transfer coefficients at the center of the bed (r/R =0) at the top, middle 

and bottom axial locations of the bed, respectively. The difference in the heat transfer 

coefficients between the center of the bed and wall region are most pronounced at a 

superficial inlet velocity of 1.2 m/s, where the azimuthally averaged heat transfer 

coefficients at the wall region (r/R=±0.9) are 36.07%, 38.9% and 33.73% higher than the 

heat transfer coefficients at the center of the bed (r/R =0) at the top, middle and bottom 

axial locations of the bed, respectively. 

At the superficial inlet gas velocity of 0.3 𝑐𝑐/𝑠𝑠, the flow is more uniform across the 

cross-section of the column because the momentum imparted on the solids by the flowing 

gas through its movement within the non-uniform void is low and hence the variation of 

the local gas velocities from the center of the column to the near-wall region of the column 

is not large. This is the case for the middle and bottom axial levels of the bed, where the 

flow of the gas has had enough height to equilibrate, while at the top of the bed, the flow 

is non-uniform since there is not enough height for the flow to equilibrate and this effect 
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of the bed height above the measurement location is most pronounced at low superficial 

inlet gas velocities.  

On the other hand, the lowest values of the heat transfer coefficients were found at 

the center of the column where the pebbles are tightly packed and hence provide larger 

resistance to the flow of the gas. This increase in the heat transfer coefficients when moving 

from the center of the column to the region near the wall can be attributed to the differences 

in the local gas velocities due to the void structure of the bed, where the higher void 

fractions near the wall cause less resistance to the gas to flow through. This causes the non-

uniform distribution of the gas flow and local actual velocity inside the bed. This is more 

pronounced when the ratio of the bed diameter to the particle diameter is low as in the case 

of this experimental set-up where the bed diameter to the pebble diameter is 30𝑐𝑐𝑐𝑐/5𝑐𝑐𝑐𝑐 =

 6 (Al Falahi et al., 2018; Al Falahi and Al-Dahhan, 2016). Hence, larger local velocities 

of the gas are found in the regions near the wall where more gas to flow through this region 

due to larger void fraction and hence less resistance to the flow. This was shown in the 

work of Alshammari et al., 2023b who measured the local gas velocities in the same bed, 

with the same dimensions, aspect ratio and under various superficial inlet gas velocities 

using the Hot Wire Anemometry technique.  

The larger local gas velocities in the regions near the wall allow for higher transfer 

rate of heat between the pebbles and the flowing air (Alshammari et al., 2023b). The 

differences in the heat transfer coefficients between the center of the bed and the near wall 

regions are more pronounced at high superficial gas velocities, which correspond to high 

Reynolds numbers (high local gas velocities) in these locations. The increase of the 

superficial inlet gas velocity, and thus, the increase of local Reynolds numbers (local 
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velocities) increases the heat transfer coefficient, regardless of the location inside the bed. 

However, when increasing the superficial inlet gas velocity from 1.2 𝑐𝑐/𝑠𝑠 to 2 𝑐𝑐/𝑠𝑠, the 

differences in the azimuthally averaged heat transfer coefficients between the center and 

the wall of the column decrease from 36.07%, 38.9% and 33.73% to 18.39%, 20.07% 

and 18.84% at the top, middle and bottom axial locations in the bed, respectively. This 

could be an indication that the effect of the superficial inlet gas velocity on the difference 

in the local gas velocities between the center of the bed and the wall region is not as 

significant beyond a certain superficial inlet gas velocity, which in our case is 1.2 𝑐𝑐/𝑠𝑠, 

and hence the effect of the void fractions in the bed would also be less significant at very 

high superficial inlet gas velocities. It would be interesting to investigate the variation of 

the heat transfer coefficients at a superficial inlet gas velocity higher than 2 𝑐𝑐/𝑠𝑠, hence, 

when further increasing the turbulence of the gas flow in the bed. One may also ask about 

why the experiments are not conducted at a larger ratio of bed to particle diameters, as in 

the use of a larger column diameter when 5 or 6 𝑐𝑐𝑐𝑐 pebbles are used. Besides what has 

been stated above in the introduction, it is because this would require a high capacity of 

compressed air flow and a column that has a diameter that is larger than a meter, which is 

not currently available.  

Instead, the available setup that we have at the Multiphase Flows and Reactors 

Engineering & Education Laboratory (mFReel) has been used in this work with the 

objective of demonstrating how the local distribution of the convective heat transfer 

coefficients varies with the locations inside the reactor when the void structure varies due 

to the low ratios of the bed to particle diameters where the local flow velocities vary 

accordingly and this would represent the void in the wall region for larger diameter beds.  
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Figure 13. Diameter profiles of angularly averaged heat transfer coefficients for each 
radial    location of Y, X, Z, and L diameter lines using various superficial inlet gas 

velocities from Ug = 0.3 m/s to Ug = 2.0 m/s at three axial positions: a)- Top level (H/D 
= 0.72), b)- Middle level (H/D = 1.48), and c)- Bottom level (H/D= 2.88). 
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The values of the heat transfer coefficient also vary from top to bottom of the 

column.  

At low gas velocity, as shown in Figure 13(a), for the three axial levels 𝐻𝐻1,𝐻𝐻2, and 

𝐻𝐻3 the angularly averaged heat transfer coefficients variations are not large, particularly at 

the middle and bottom (between 18 and 24 𝑊𝑊/𝑐𝑐2𝐾𝐾), while the variation is larger for the 

top level (between 16 and 25 𝑊𝑊/𝑐𝑐2𝐾𝐾). This could be attributed to the short height of the 

bed at this region, which does not allow the flow of the gas equilibrate, causing less 

uniformity of the flow distribution, as explained above for the variation of the local heat 

transfer coefficients at the different angular locations (𝑋𝑋,𝑌𝑌,𝑍𝑍, and 𝐿𝐿). The variation of the 

values of the heat transfer coefficients follows the same trend when moving from the center 

to the wall of the column owing to same reasons that are explained above. On the other 

hand, at a high superficial inlet velocity of the coolant gas Figure 13(b), the heat transfer 

coefficient increases to the range of 90 to 125 𝑊𝑊/𝑐𝑐2𝐾𝐾, with the bottom level having the 

highest heat transfer coefficients at all radial positions, followed by the middle level and 

then the top level of the column. This is due to the higher local velocities at the bottom 

level, owing to the bed porosity structure at this axial position.  

However, Al Falahi and Al-Dahhan, 2016 found that the cross-sectional average 

porosity of the bed fluctuates along the bed height and there could be other axial positions 

in the bottom where the porosity is lower than the middle and top axial levels. Hence, it is 

not a general conclusion that the heat transfer coefficient is higher at the bottom, but rather 

specific to our exact axial position of 86.4 𝑐𝑐𝑐𝑐 from the distributor and to our operating and 

design conditions of this work.  
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Figure 14. Diameter profiles of angularly averaged heat transfer coefficients for the three 

axial levels (Top (H/D = 0.72), Middle (H/D = 1.48), & Bottom (H/D = 2.88)) at the 
lowest and highest superficial inlet gas velocity: (a) Ug = 0.3 m/s. (b) Ug = 2.0 m/s. 
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5. COMPARISON WITH CORRELATIONS REPORTED IN THE LITERATURE 

 The local convective heat transfer coefficients were averaged angularly by 

averaging the local heat transfer values for the locations (i.e., X, Y, Z, and L) for each radial 

position. These angularly averaged heat transfer coefficients were then radially and axially 

averaged in order to obtain the overall heat transfer in the column at each superficial inlet 

gas velocity (0.3, 0.6, 1.2, 1.6 and 2 𝑐𝑐/𝑠𝑠).  

As mentioned earlier, there are many parameters that can impact the heat transfer 

convection in a pebble bed reactor and that is why it is better to characterize the heat 

transfer in a PBR using the dimensionless parameters which are described in equations  Eq. 

2,3 1nd 4). Many correlations predicting the heat transfer inside a pebble bed reactor using 

these parameters exist in the literatture (Abdulmohsin, 2013). Three correlations were 

selected for the comparison with the experimental results of this study, which are 

Gnielinski, 1978; Wakao and S, 1982; KTA, 1983; and Achenbach, 1995. These correlation 

were also used for comparison with experimenatl data by Abdulmohsin and Al-Dahhan, 

2015, however, due to a mistake the averaging equation used in their work, the comparison 

is not reliable as the average heat transfer coefficients were calculated incorrectly. These 

correlations were chosen since their range of application is convenient for the 

experimenrtal data obtaine in this study.  

Gnielinski, 1978 developped a semi-empirical correlation for the prediction of the 

convective heat transfer coefficients from arbitrary particles using the equations for a flat 

plate, where laminar and turbulent heat transfer rates are combined. The range of 

applicability is claimed to be for 0.24 ≤ ɛ ≤ 0.935, 0.71 ≤ 𝑃𝑃𝑟𝑟 ≤ 104 and 𝑅𝑅𝑅𝑅/ɛ ≤

7.7 × 105. 
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  The correlation of Gnielinski, 1978 is expressed as:  

𝑁𝑁𝑀𝑀 = 𝑓𝑓ɛ𝑁𝑁𝑀𝑀𝑠𝑠𝑝𝑝 

where,  

𝑓𝑓ɛ = 1 + 1.5(1 − ɛ)     (8) 

And  

𝑁𝑁𝑀𝑀𝑠𝑠𝑝𝑝 = 2 + ��0.664 �
𝑅𝑅𝑅𝑅
ɛ
�
1/2

𝑃𝑃𝑟𝑟1/3�
2

+ �
0.037(𝑅𝑅𝑅𝑅/ɛ)0.8𝑃𝑃𝑟𝑟

1 + 2.443 �𝑅𝑅𝑅𝑅ɛ �
−0.1

(𝑃𝑃𝑟𝑟2/3 − 1)
�

2

       (9) 

  Wakao and S, 1982 developped the following semi-empirical correlation for the 

estimation of the pebble-fluid convective heat transfer in a packed bed:  

𝑁𝑁𝑀𝑀 = 2 + 1.1𝑃𝑃𝑟𝑟1/3𝑅𝑅𝑅𝑅0.6   (10) 

where 𝑁𝑁𝑀𝑀 is Nusselt’s number, 𝑅𝑅𝑅𝑅 is Reynold’s number and 𝑃𝑃𝑟𝑟 is Prandtl number. These 

dimensionless numbers can be expressed by the equations (Eq 2,3, and 4) mentioned above, 

respectively.  

The German Nuclear Safety Standards Commision (KTA) proposed the following 

equation KTA, 1983 for the estimation of the heat transfer between spherical fuel elements 

and the flowing fluid in the core of High-Temperature Gas-cooled Reactors (HTGRs): 

𝑁𝑁𝑀𝑀 = 1.27�
𝑃𝑃𝑟𝑟1/3

ɛ1.18 �𝑅𝑅𝑅𝑅
0.36 + 0.033 �

𝑃𝑃𝑟𝑟1/2

ɛ1.07 �𝑅𝑅𝑅𝑅
0.86 

(11) 

where ɛ is the average bed porosity.  
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This correlation has been tested using experimental data and its range of application 

was found to be usable for a Reynold’s number between 100 and 100000 (102 ≤ 𝑅𝑅𝑅𝑅 ≤

105).  

Achenbach, 1995 proposed another empirical correlation that can be used for the 

estimation of the overall forced convective heat transfer in a packed bed at 𝑅𝑅𝑅𝑅/ɛ ≤

7.7 × 105. The equation can be expressed as follows:  

𝑁𝑁𝑀𝑀 = [(1.18𝑅𝑅𝑅𝑅0.58)4 + (0.23(𝑅𝑅𝑅𝑅ℎ)0.75)4]1/4 (12) 

where 𝑅𝑅𝑅𝑅ℎ is the effective Reynols Number and can be written as: 

𝑅𝑅𝑅𝑅ℎ =
𝜌𝜌.𝑉𝑉.𝑎𝑎ℎ

µ
=

1
(1 − ɛ)𝑅𝑅𝑅𝑅 (13) 

where 𝑉𝑉 is the is the average interstitial velocity (𝑈𝑈𝑔𝑔/ ɛ), 𝑎𝑎ℎ is the hydraulic diameter 

�𝑎𝑎 × ɛ
1−ɛ

�. 

The experimental data in this investigation was compared to these selected 

correlations as elucidated in Figure 15, which plots the Nusselt number (𝑁𝑁𝑀𝑀) as a function 

of the effective Reynolds number (𝑅𝑅𝑅𝑅ℎ).  

The relative variation between the experimental and the predicted results is 

expressed as the average absolute relative error (𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑) and can be calculated using the 

following expression (Ostertagová, 2012): 

𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 =
1
𝑁𝑁
�

𝑁𝑁𝑀𝑀𝑝𝑝𝑝𝑝𝑣𝑣𝑎𝑎𝑖𝑖𝑐𝑐𝑝𝑝𝑣𝑣𝑎𝑎,𝑖𝑖 − 𝑁𝑁𝑀𝑀𝑣𝑣𝑒𝑒𝑝𝑝𝑣𝑣𝑝𝑝𝑒𝑒𝑣𝑣𝑛𝑛𝑝𝑝𝑣𝑣𝑣𝑣,𝑖𝑖
𝑁𝑁𝑀𝑀𝑣𝑣𝑒𝑒𝑝𝑝𝑣𝑣𝑝𝑝𝑒𝑒𝑣𝑣𝑛𝑛𝑝𝑝𝑣𝑣𝑣𝑣,𝑖𝑖

𝑖𝑖=𝑁𝑁

𝑖𝑖=1

 (14) 
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The 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 was calculated to quantify the difference between the Nusselt’s numbers that 

were obtained based on the experimental overall heat trasnefer coefficients and the 

Nusselt’s numbers estimated by the three correlations 

 
Figure 15. Comparison of the empirical correlations with the measured overall convective 

heat-transfer at the superficial inlet gas velocities studied (0.3 m/s to 2 m/s). 

From Figure 15, we can see that the experimental data correlates well with the 

predictions based on the correlations proposed by Gnielinski, 1978 and Wakao and S, 1982 
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at turbulent flow conditions that correspond to high effective Rerynold’s numbers 

(𝑅𝑅𝑅𝑅ℎ ≥ 3000), where the 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 values are 5.90% and 12.77%, for the Gnielinski, 1978 

and Wakao and S, 1982 correlations, respectively. However, at low effective Rerynold’s 

numbers (𝑅𝑅𝑅𝑅ℎ < 3000), where the flow of the gas is laminar, these two correlations over-

estimate the Nusselt’s number, with an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 54.13% and 42.28% at low 𝑅𝑅𝑅𝑅ℎ for the 

Gnielinski, 1978 and Wakao and S, 1982 correlations, respectively. However, the Wakao 

and S, 1982 correlation provided slightly better overall estimates to our experimental data, 

with an overall 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 24.58%, compared to an overall 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 25.20% for the 

Gnielinski, 1978 correlation. In contrast, the KTA, 1983 correlation predictions are better 

in laminar flow conditons (𝑅𝑅𝑅𝑅ℎ < 3000) with an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 18.65% than at turbulent flow 

conditions (𝑅𝑅𝑅𝑅ℎ ≥ 3000), where the 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 35.58% is the highest when compared with 

the other correlations at high 𝑅𝑅𝑅𝑅ℎ. The correlation of Achenbach, 1995 provides the least 

accurate overall estimates with an overall 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 35.88%.  

Based on the above, it seems that the deviation between the experimental data and 

the predicted data varies depending on the flow regime in the column, with the predictions 

of the KTA, 1983 correlation being the best at laminar flow, while the predictions of the 

Gnielinski, 1978 correlation are the closest to the experimental data at turbulent flow 

conditions. However, the overall 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 values are still high, indicating that there is not 

enough similarity between the experimental values the predictions and hence, these 

correlations cannot be used to predict the convective heat transfer coefficients for our 

experimental setup and operation conditions particularly for local values.  

The high deviation between the correlations and the experimental data, especially 

at laminar flow conditions, where the superficial inlet gas velocity is low, is due to the 
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difference in the operation conditions that were taken in consideration for the development 

and testing of the correlations. These operation and design conditions for the investigation 

of the forced convective heat transfer include the aspect ratio, the void fraction in the bed 

and the local flow conditions (i.e. local fluid velocities in the void). The high uncertainties 

of the measurements techniques could also be the reason behind the high deviation between 

the measured heat transfer coefficients and the predictions of the correlations. Also, in our 

work, we measured the local heat transfer coefficient and averaged for the three axial 

locations where the final averaged value was considered as the overall heat transfer 

coefficient. Hence, the acquisition of accurate heat transfer data like the experimental data 

obtained in this work is necessary for developping new comprehensive empirical 

correlations for the prediction of the local heat transfer coefficient in a pebble bed reactor 

rather than the overall heat transfer coefficient. Therefore, we developped a new pseudo-

3D model for the prediction of the local heat transfer coefficients for our operation and 

design conditions at various superficial inlet gas velocities that cover both laminar and 

turbulent flow.   

6. NEW CORRELATION DEVELOPMENT 

In order to develop an elaborate understanding of the mechanisms by which the 

heat transfer coefficient varies as well as the effect of the flow regime of the coolant gas 

on the heat transfer coefficients inside the pebble bed reactors, the ability to predict the 

heat transfer coefficients at local points inside the reactor’s core is imperative. However, 

as discussed above, the correlations found in the literature are not able to predict the heat 

transfer coefficients accurately. Hence, we developed a new pseudo-3D correlation for the 
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prediction of the local heat transfer coefficients, expressed in Nusselt’s number for our 

operation and design conditions. The general equation for such correlation is expressed in 

eq15: 

𝑁𝑁𝑀𝑀 = 𝑓𝑓(𝑅𝑅𝑅𝑅,
𝑟𝑟
𝑅𝑅

,
𝑧𝑧
𝐷𝐷

,𝑃𝑃𝑟𝑟, 𝜀𝜀) (15) 

After the statistical fitting using the experimental data, the model found is expressed 

by (Eq 16): 

𝑁𝑁𝑀𝑀 = 5.25 × (3.91 𝑐𝑐𝑎𝑎(𝑅𝑅𝑅𝑅) − 25.9) × �0.38
𝑟𝑟
𝑅𝑅

+ 1.9� × �−0.11
𝐻𝐻
𝐷𝐷

+ 2.46�

− 64.91(
𝑃𝑃𝑟𝑟
𝜀𝜀

)0.05 

 

(16) 

The goodness of fit plot for the comparison between the experimental data and the 

predicted data, which was obtained using the new correlation (Eq. 4) can be found in Figure 

16. It is apparent from the figure that the correlation fits the experimental data relatively 

well as most of the experimental data is within the ±15% error lines. The overall 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 

(Average Absolute Relative Error) was found to be equal to 12.96%. However, as can be 

seen from Figure 16, the correlation’s predictions are not accurate at low superficial inlet 

gas velocities, which correspond to laminar flow conditions (𝑈𝑈𝑔𝑔 = 0.3 − 0.6 𝑐𝑐/𝑠𝑠), with 

an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 27.4%. On the other hand, at turbulent flow conditions (𝑈𝑈𝑔𝑔 = 1.2 − 2 𝑐𝑐/𝑠𝑠), 

the correlation provides accurate predictions with an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 3.33%. This is important 

information, because real pebble reactors are operated at high superficial inlet gas 

velocities.  

However, despite the high accuracy of this pseudo-3D model to predict the 

convective heat transfer coefficients at different radial and axial positions, it is only valid 

with the range of our experimental setup and operation conditions, with a low aspect ratio 



95 

of 6. It was not trained or fitted to predict the local heat transfer in inside the bed of a high 

aspect ratio reactor, as is the case in pebble bed reactors and hence it may only be used 

with caution for inside the bed where the void is close to be uniform. However, it can be 

used to estimate the local heat transfer in the wall region within the gas flow conditions of 

the correlation (993.78 ≤ 𝑅𝑅𝑅𝑅 ≤ 6625.20). 

 
Figure 16. Goodness-of-fit plot of the Pseudo-3D model prediction against experimental 

data. 
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7. CONCLUDING REMARKS 

     The heat transfer coefficients were obtained at various axial levels, radial positions, 

angular locations and under different superficial inlet gas velocities, in order to account for 

both laminar and turbulent flow inside the bed, which is characterized by a low aspect ratio 

of 6. The heat transfer measurements were taken using an advanced technique consisting 

of a heated pebble probe, a micro-foil heat flux sensor and a thermocouple that provide 

highly accurate and reliable results.  

The heat transfer coefficients were found to vary depending on the location in the 

column. Higher heat transfer values were found near the wall of the column, in comparison 

to the center of the column. This was attributed to the differences in the local gas velocities 

that emanate from the differences in the local void fractions inside the column, which are 

higher near the wall due to the wall effect and lower in the center where the pebbles are 

tightly packed (Alshammari et al., 2023b). Taking the measurements along four angular 

locations for each radial position elucidated the differences in the heat transfer coefficients, 

even at the same azimuth, due to the random structure of the bed.  

The influence of the superficial inlet velocity of the coolant gas was studied and it 

was found that the local heat transfer coefficients between the pebbles and the coolant gas 

increase with the increase of the turbulence of the flow of the gas, regardless of the position 

inside of the column.  

The overall heat transfer coefficient was calculated based on the experimental local 

heat transfer data and was then compared with Gnielinski, 1978, Wakao and S, 1982, KTA, 

1983 and Achenbach, 1995 correlations. The high deviation between the experimental 

reults and the predictions of the correlations indicates that newer correlations that are 
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validated by highly accurate experimental heat transfer data such as the data presented in 

this work are needed.  

A pseudo-3D correlation was developed for the prediction of the local heat transfer 

coefficients and it was proved to have a high accuracy at high superficial inlet velocities of 

the coolant gas, which is the case for the pebble bed reactors. However, the model would 

not be applicable for the prediction of the local heat transfer inside the central region bed 

of a real pebble bed reactor, because it was trained using the data from this work which 

was conducted in a much smaller column, with a low aspect ratio of 6 that could represent 

the regions near the walls of real pebble bed reactors. 

The results of this work show that future studies should focus on the investigation 

of the local heat transfer coefficients under turbulent flow regime only as the superficial 

inlet gas velocities used in a real PBR are high. Also, the convective heat transfer 

coefficients were obtained at only one location in the center of the void, while the 

convective heat transfer coefficients can be different depending on the orientation of the 

heat transfer probe and the thermocouple, which is investigated in another one of our works 

and which will be published soon (Alshammari et al., 2023a). Due to the disparity in the 

estimation of the correlations at laminar flow compared to turbulent flow conditions, it 

would also be interesting if separate correlation could be developed for each of the two 

flow conditions.  

Due to the high influence of the local actual velocities of the coolant gas on the heat 

transfer coefficients, it is necessary to study the local flow conditions, especially in packed 

beds with 5 cm pebbles and a higher aspect ratio of the bed diameter to pebble diameter 

that would better represent an actual PBR. CFD simulation studies with integrated heat 
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transfer calculations to estimate heat transfer coefficients are also essential for developing 

a better understanding of the mechanisms of the convective heat transfer in a PBR. The 

accurate local heat transfer data obtained in this work can serve as benchmark data for the 

validation of the CFD simulations with heat transfer calculations by comparing its 

estimations with the measured ones.  

NOMENCLATURE 

Symbol Discretion Unit 

𝐷𝐷 Inside column diameter  𝑐𝑐 

𝑎𝑎ℎ Effective pebble diameter,  𝑐𝑐 

𝑎𝑎𝑝𝑝 Pebble diameter, m 𝑐𝑐 

g gravitational force  𝑐𝑐/𝑠𝑠² 

𝑎𝑎 total number of experimental data points (-) 

𝑁𝑁 the data point number (-) 

𝜇𝜇 dynamic viscosity of the fluid 𝐾𝐾𝑈𝑈.𝑐𝑐/𝑠𝑠 

𝜌𝜌 density of fluid 𝑘𝑘𝑈𝑈/𝑐𝑐³ 

𝑉𝑉𝑔𝑔 gas velocity 𝑐𝑐/𝑠𝑠 

𝑍𝑍 axial distance along the bed 𝑐𝑐 

𝜀𝜀 Average void of the bed (-) 

𝑁𝑁𝑀𝑀 Nusselt number (-) 

𝑁𝑁𝑀𝑀𝑠𝑠 Nusselt number of a single sphere (-) 

𝑁𝑁𝑀𝑀𝑣𝑣𝑣𝑣𝑒𝑒 Nusselt number of a single sphere for laminar flow (-) 
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𝑁𝑁𝑀𝑀𝑝𝑝𝑣𝑣𝑝𝑝𝑏𝑏 Nusselt number of a single sphere for turbulent flow (-) 

𝑃𝑃𝑟𝑟 Prandtl number (-) 

𝑅𝑅𝑅𝑅 Reynolds number (-) 

𝑅𝑅𝑅𝑅ℎ Effective Reynolds number (-) 

DAQ Data acquisition system   

HTR high temperature reactor   

HTGR high temperature gas-cooled reactor  

KTA German nuclear safety standard commission (Kern-technischer 
Ausschuss  http://www.kta-gs.de/)  

PBR pebble bed reactor  
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ABSTRACT 

The objective of this study was to investigate the effect of the location inside the 

reactor, the angular orientation of the probe pebble and the velocity of the coolant gas on 

the convective heat transfer coefficient in a pebble bed reactor. An advanced technique 

consisting of a probe pebble, a micro-foil sensor and a thermocouple probe was used to 

obtain accurate measurements of the local heat transfer coefficients. The heat transfer 

coefficients were higher in the near-wall region due to the higher local gas velocities near 

the wall owing to the higher void fraction. This effect was highlighted due to the high 

diameter of the pebbles (5 𝑐𝑐𝑐𝑐) used in this work. The local measurements showed that the 

location inside the void substantially impacts the heat transfer, with higher heat transfer 
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coefficients in the center and bottom of the void. Furthermore, the dimensionless Nusselt’s 

number (Nu) was used to compare the experimental data with the empirical correlations 

available in the literature and a second order polynomial model with an 𝑅𝑅2 = 0.9807 and 

an average absolute relative error (𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑) equal to 9.08%, was developed for the 

prediction of the local heat transfer coefficient within the design and operation conditions 

of this work. The accurate local heat transfer data collected in this study are necessary for 

understanding the complex heat transfer mechanisms and can be used as benchmark data 

for the validation of computational fluid dynamics (CFD) simulations and other numerical 

models. 

1. INTRODUCTION 

The pebble bed reactor (PBR), which is a fourth generation (Gen IV) very high 

temperature gas-cooled reactor (VHTGR), is considered one of the most promising 

technologies for future energy generation, which can contribute to responding to the 

increasing global energy demand. This consideration is due to the various characteristics 

of these reactors, which include their high efficiency, cost-effectiveness, inherent safety, 

and environmental friendliness. The possibility of continuous reloading of these reactors 

and their broad industrial applications as a source of high-temperature energy for the 

generation of electricity and hydrogen production have motivated many governments and 

energy companies, especially in the USA and China to make important investment in 

research that is dedicated for optimizing the performance of PBRs in large-scale 

applications (Goodjohn, 1991; Koster et al., 2003).  

The core of a PBR is packed with fuel pebbles that are 6 𝑐𝑐𝑐𝑐 in diameter. Each 

pebble consists of numerous spherical fuel particles that are developed for use in gas-
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cooled high temperature reactors. A fuel particle is called a tristructural-isotropic (TRISO) 

fuel element and consists of uranium dioxide particles that are covered by four protective 

layers that prevent the release of radiation due to the fission reaction (Abdulmohsin and 

Al-Dahhan, 2015a; Yamoah et al., 2012). These coating layers are composed of a porous 

carbon buffer, an inner layer of pyrolytic carbon, a silicon carbide barrier, and finally an 

outer layer of pyrolytic carbon. The heat that is generated by the pebbles due to the fission 

reaction, which may rise to as high as 1800𝑜𝑜𝐶𝐶 is transferred to the coolant gas, which 

absorbs the heat and cools the fuel pebbles (Al-Juwaya et al., 2019, 2017; Meyer et al., 

2007; Nabielek et al., 1990). Thus, the downward flow of the coolant gas serves as a 

transportation agent of the heat from the reactor’s core to the industrial units, where the 

heat is utilized for various applications, mainly the generation of electricity. Helium is the 

most commonly used coolant gas in PBRs due to its chemical and radiological inertness 

(Wu et al., 2002). The use of the coolant gas includes the prevention of the melt down of 

the reactor’s core by cooling the core during normal operation and the extraction of decay 

heat in case of loss of flow accidents (LOFA), during which the density of the decay-heated 

helium gas decreases and the gas flows upwards (Kadak, 2005).  

Heat transfer in pebble bed reactors is a complex phenomenon and of crucial 

importance for nuclear reactors design, operation, and safety. This phenomenon is carried 

out by three mechanisms simultaneously: i) Conduction heat transfer (i.e., pebble to pebble, 

pebble to the wall, etc.), ii) Convection heat transfer (i.e., pebble to flowing coolant gas), 

iii) Radiation heat transfer (i.e., pebble to pebble, pebble to wall or core reflector, and core 

barrel to the wall) (Fenech, n.d.). However, forced convection heat transfer is the 

predominant mechanism during normal operation and LOFA conditions. Many research 
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projects have focused on studying the forced convective heat transfer inside the PBR’s 

core. (Rimkevicius et al., 2006; Rimkevičius and Uspuras, 2008) investigated the forced 

convective heat transfer in two types of pebble beds (thin annular pebble beds and pebble 

beds placed between cylinders with an aspect ratio of 𝐷𝐷/𝑎𝑎𝑝𝑝 =  4.29). The pebbles spheres 

were electrically heated, and the heat flux was calculated based on the input electrical 

energy, while the temperature at the surface of the spheres and the temperature of the 

adjacent air were measured using thermocouples. The heat transfer coefficients were 

estimated at Reynolds numbers between 400 and 35000. (Hu et al., 2019) utilized the 

same approach to compare the forced convective heat transfer in a randomly packed bed 

with various configurations of grille-composite packed beds, using particle diameters of 

6,9 𝑐𝑐𝑐𝑐 and 12 𝑐𝑐𝑐𝑐 and using the combination of electrical heating, heat flux sensors and 

thermocouples for obtaining the measurements. (Nazari et al., 2017) used electromagnetic 

induction heating to estimate the convective heat transfer coefficients at five locations 

along the length of three pebble beds that are formed of steel pebbles with pebble diameters 

of 5.5 𝑐𝑐𝑐𝑐, 6.5 𝑐𝑐𝑐𝑐 and 7.5 𝑐𝑐𝑐𝑐, which correspond to low aspect ratios (𝐷𝐷/𝑎𝑎𝑝𝑝) of 

4.91, 4.15, 3.6, respectively. The temperatures of the pebble spheres and the flowing dry 

air were measured using thermos sensors and the measurements were taken at turbulent 

flow conditions (4500 <  𝑅𝑅𝑅𝑅 <  10000). Steel pebbles were also used in a study by (Liu 

et al., 2018) and (Liu et al., 2020) for the measurement of the heat transfer by the 

application of electrical heating and the measurement of the pebble sphere temperature and 

flowing fluid (water) temperature were taken by thermocouples. The inner diameter of the 

test tube was 80 𝑐𝑐𝑐𝑐 and aspect ratios investigated were 10 and 8 for pebble diameters of 

8 𝑐𝑐𝑐𝑐 and 10 𝑐𝑐𝑐𝑐, respectively. In these studies, the natural convective heat transfer is 
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negligible due to the flow conditions of the fluid (𝑅𝑅𝑅𝑅 >  300), while the radiation heat 

transfer is also negligible due to the low temperatures studied (< 300 °𝐶𝐶). However, due 

to the use of the steel pebbles, the accuracy of the forced convective heat transfer is slightly 

compromised by the conduction heat transfer between the metallic pebbles (Schröder et 

al., 2006). To limit the influence of the conduction heat transfer between the pebbles, 

(Schröder et al., 2006) used a wire mesh around the particles, which are electrically heated. 

Yet, the accuracy of the measurements was still compromised as the heat flux was 

estimated using the direct input method with the boundary conditions for constant surface 

temperature assumed when electrical induction or electromagnetic induction are used for 

heating. The estimation of the heat flux is unreliable as the boundary conditions for 

constant surface temperature were assumed, which should not be the case as isotherm 

surface temperature is not attained due to the thermal conductivity not being large enough 

(Kaviany, 1995).  

Besides the lack of accuracy of the heat transfer measurements, the pebble 

diameters in these studies are also smaller than the actual size of the pebbles in a PBR, 

which is 6 𝑐𝑐𝑐𝑐. This size of pebbles was only used by (De Beer et al., 2018) to investigate 

the effective thermal conductivity due to conduction and radiation in the near-wall region 

in structured and randomly cubic packed beds. The forced convective heat transfer 

experiments using the actual size of the pebbles in the PBR was not possible until the 

development of a sophisticated measurements technique at the Multiphase Flows and 

Reactors Engineering and Education Laboratory (mFReel) at Missouri University of 

Science and Technology. This technique utilizes a copper probe pebble, a micro-foil heat 

flux sensor, and a thermocouple probe and provides accurate measurement of the local 
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convective heat transfer. The development of such accurate techniques allows better 

understanding of the effect of the design and operation conditions of the reactor on the 

local heat transfer coefficients. Nevertheless, the influence of these design and operation 

parameters can be better described using dimensionless groups such as the Reynold number  

(Re), Nusselt number (Nu), and Prandtl number (Pr). The relationship between these 

dimensionless groups can be described using the following equation: 

𝑁𝑁𝑀𝑀 = ƒ ( 𝜀𝜀,𝑅𝑅𝑅𝑅 ,𝑃𝑃𝑟𝑟) (1) 

 where 𝜀𝜀  is the bed porosity.  

Each dimensionless group Nu, Re, and Pr can be calculated by equations (Eq 2. 

Eq3.and Eq4 ) respectively;  

𝑁𝑁𝑀𝑀 =
ℎ 𝑎𝑎𝑝𝑝
𝑘𝑘

 (2) 

 where ℎ is the heat transfer coefficient (𝑘𝑘𝑊𝑊/ 𝑐𝑐2.𝐾𝐾), 𝑎𝑎𝑝𝑝 is the diameter of the pebble (m) 

and 𝑘𝑘 is the thermal conductivity of flowing gas (𝑘𝑘𝑊𝑊/𝑐𝑐.𝐾𝐾). 

𝑅𝑅𝑅𝑅=𝜌𝜌 𝑉𝑉𝑈𝑈 𝑎𝑎𝑝𝑝µ (3) 

 where 𝜌𝜌 is the density of the fluid (kg/m3), 𝑉𝑉𝑔𝑔 is the superficial gas velocity (m/s) and 𝜇𝜇 is 

the dynamic viscosity of fluid (kg / m.s). 

𝑃𝑃𝑟𝑟 =
µ 𝐶𝐶𝑝𝑝
𝑘𝑘

 (4) 

where 𝐶𝐶𝑝𝑝 is the heat capacity in 𝐽𝐽/𝑘𝑘𝑈𝑈.𝑘𝑘. 

(Abdulmohsin and Al-Dahhan, 2015) used this technique in order to investigate the 

local heat transfer between the heated pebbles and the flowing gas (air) in a pebble bed 

reactor with a pebble diameter of 5 𝑐𝑐𝑐𝑐 and an aspect ratio of 6. The measurements were 

carried out at three axial locations (top, middle and bottom of the column) and four radial 
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positions (𝑟𝑟 ⁄ 𝑅𝑅 =  0.0, ± 0.33, ±0.67, and ±0.9) and under different superficial inlet gas 

velocities (0.02 − 2 𝑐𝑐/𝑠𝑠) to cover both laminar and turbulent flow conditions. It was 

found that with this pebble size, the convective heat transfer coefficient is significantly 

higher in the near-wall region, compared to the center of the reactor. This was attributed to 

the difference in the local velocities of the gas (Auwerda et al., 2011). The differences in 

the local velocity between the center and near-wall region were reported to be due to the 

higher void fraction near the wall owing to the contact between the wall and the pebbles 

(Al Falahi et al., 2018; Al Falahi and Al-Dahhan, 2016). A discrete element method (DEM) 

simulation developed for packing randomly packed beds with pebbles of different sizes 

showed that the bed porosity is substantially higher near the wall of the reactor and that the 

wall effect is more pronounced when the diameter of the pebbles is high (Khane et al., 

2017). However, in the study by (Abdulmohsin and Al-Dahhan, 2015), the heat transfer 

measurements were taken in only one position in the center of the void with the 

thermocouple placed directly in front of the center of the copper probe pebble, despite the 

void between the pebbles being high. The experimental measurement of the velocity fields 

in the void between the pebbles have shown that the local velocity of the flowing fluid 

varies in the void depending on the vertical position and proximity to the pebbles, hence 

indicating that the heat transfer in the void is also non-uniform (Dominguez-ontiveros et 

al., 2008; Hassan and Dominguez-Ontiveros, 2008; Lee and Lee, 2009).  

Therefore, to complement the work of (Abdulmohsin and Al-Dahhan, 2015), in this 

study, the local convective heat transfer measurements are taken at three different positions 

vertical in the void with angular orientations of the probe pebble at every axial position 

(top, middle and bottom of the bed) and at four radial locations (𝑟𝑟/𝑅𝑅 =
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0.0, ±0.33, ±0.67, and ±0.9) along one diameter line. The objective of this study is to 

further understand the variation of the local heat transfer inside the PBR and to quantify 

the effect of the operation parameters on this variation. To achieve this objective, a unique 

scaled-down experimental setup which was designed at the Multiphase Flows and Reactors 

Engineering and Education Laboratory (mFReel) at Missouri University of Science and 

Technology was used for experimentation. The test section of the setup consists of a 

column that has a diameter of 30𝑐𝑐𝑐𝑐, packed with 5 𝑐𝑐𝑐𝑐 pebbles, and hence the aspect ratio 

of the packed bed is 6. Despite the low aspect ratio of the bed, since the pebbles are large, 

we are able to mimic the void fluctuations in the near-wall region. For the measurement of 

the heat transfer coefficients, a sophisticated non-invasive measurement technique 

consisting of a heat transfer probe pebble, a foil sensor and a thermocouple probe was used 

in order to obtain accurate results. A second-order polynomial model is also developed for 

the prediction of the heat transfer coefficient based on the design and operation conditions 

of the PBR, within the experimental range of this work.  

2. EXPERIMENTAL SETUP 

The experimental setup was designed and manufactured at the Multiphase Flows 

and Reactors Engineering and Education Laboratory (mFReel) to conduct the experimental 

measurements of the heat transfer coefficient as shown in Figure 1 a. In a real PBR, the 

pebbles move slowly downwards until they reach the outlet, where the pebbles are tested 

for burnup and are either returned to the reactor or replaced, while the coolant gas (helium) 

flows downwards, transferring the heat from the heated pebbles and cooling the core of the 

reactor (Abdulmohsin and Al-Dahhan, 2015; Koster et al., 2003). Due to the high 
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differences in the velocity of the coolant gas and the velocity of the downward movement 

of the pebbles, the pebbles were maintained stagnant as a fixed bed in the test column 

(Abdulmohsin, 2013; Nazari et al., 2017). The setup consists of a Plexiglas column of 

0.3 𝑐𝑐 in diameter and 0.9 𝑐𝑐 in height that is randomly packed with glass pebbles (0.05 𝑐𝑐 

in diameter). The diameter of the pebbles is close to the size of the pebbles used in a real 

PBR (0.06 𝑐𝑐). However, the bed diameter to pebble diameter ratio ( 𝐷𝐷
𝑎𝑎𝑝𝑝

= 6) is much 

smaller than the ratio in a real PBR, which cannot be mimicked in a laboratory due to the 

unavailability of the high capacity of compressed air flow which is required when the 

diameter of the reactor is larger than 1 𝑐𝑐. 

A perforated distributor plate with 140 holes (each hole is 0.03 𝑐𝑐𝑐𝑐 in diameter 

(Figure 1b) is placed above the column, to ensure the uniform distribution of air inside the 

column. A cone, which is upper plenum, that has a height of 0.1 m and a diameter of 0.3 

m is connected to two air compressors to force the air to flow downward in the column 

(Figure 1b).  

Two rotameters (Omega HFL6715A-0045-14) were used to control the air flow 

rate. The bottom part of the column (lower plenum) is composed of a plastic cone, with a 

height of 0.08 𝑐𝑐 and a 60° angle and is equipped with a gas outlet vent in the center that 

has a diameter of 0.05 𝑐𝑐, used for the release of the air out of the system. It is worth 

mentioning that the height of the randomly packed bed is 98 𝑐𝑐𝑐𝑐 and its porosity was 

previously measured to be (𝜺𝜺 = 0.397) using the direct balance method (Eq. 5). 
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Figure 1. Experimental setup: a) Schematic diagram; b) Pictorial representation for the 
bed, top cone (upper plenum), and air distributor. 

 

𝜀𝜀 =
𝑉𝑉𝑐𝑐 − 𝑉𝑉𝑝𝑝
𝑉𝑉𝑐𝑐

 (5) 

where 𝑉𝑉𝑐𝑐the volume of the column calculated is based on the known length and diameter 

of the column and 𝑉𝑉𝑝𝑝 is the volume occupied by the pebbles, which is calculated using the 

number of pebbles in the column and the known diameter of the pebbles, which are 

considered perfect spheres. The column with the upper and lower plenum were placed on 

a strong heavy table to minimize the vibrations and to keep it fixed in placed during the 

operation of the experiments.  
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3. MEASUREMENT TECHNIQUES 

3.1. NONINVASIVE HEAT TRANSFER PROBE PEBBLE WITH MICRO-FOIL 
SENSOR AND A THERMOCOUPLE 

The heat transfer measurements were obtained using an advanced and sophisticated 

technique that was developed by the research team of the Multiphase Flows and Reactors 

Engineering and Education Laboratory (mFReel) (Abdulmohsin, 2013). This technique 

was adapted and modified based on the work of (Li and Prakash, 1997; Wu et al., 2007).  

This technique consists of an advanced, reliable, and fast response micro-foil sensor 

(Figure 2) with dimensions of 11 mm × 11 mm × 0.08 mm, which was purchased from 

RDF Corporation (model no. 27036 − 1). The sensor was flush mounted on the surface of 

a heated solid copper pebble, as shown in Figure 3 to measure simultaneously the pebble 

surface temperature (𝑇𝑇𝑠𝑠,𝑖𝑖) and local instantaneous heat flux (𝑞𝑞𝑖𝑖) from the hots sphere 

surface to the adjacent surroundings. The spherical-shaped copper pebble has a diameter 

of 5 𝑐𝑐𝑐𝑐, the same as the glass pebbles used in the bed, and it can be placed at different 

locations in the packing as part of the bed structure. The heating of the copper sphere was 

carried out using a cartridge heater (120𝑉𝑉, 150𝑊𝑊) that is embedded inside the copper 

sphere and heats its surface. The cartridge heater was purchased from Next Thermal 

Corporation (model no. 184595) (Figure 4) and its intensity was controlled by a D.C power 

supply with a range of 20 − 40 V. A thermocouple probe (T-type K) with a diameter of 

1.6 𝑐𝑐𝑐𝑐 is implemented in the current study to measure the flowing air temperature (𝑇𝑇𝑏𝑏,𝑖𝑖) 

by placing it in the void, directly in front of the micro-foil sensor that is flushed on the 

surface of the copper sphere. 
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An amplifier was placed between the heat flux sensor and the data acquisition 

(DAQ) system which was used to convert and amplify the microvolt signals indicating the 

heat flux. The implementation of these foil sensors was successful in both single-phase 

systems (Abdulmohsin and Al-Dahhan, 2015b; Taha et al., 2018) and multiphase systems 

(Kagumba et al., 2019; Wu et al., 2007). In contrast to the flux foil sensors, thermocouples 

are directly connected to the DAQ.  

The heat loss due to conduction by contact between the heated copper pebble and 

the glass pebbles is considered to be reasonably negligible due to the low thermal 

conductivity of the glass balls.  

 
Figure 2. Micro-foil heat flux sensor. 
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Figure 3. Solid copper sphere with a micro-foil sensor and cartridge heater. 

 
  Figure 4. Cartridge heater. 

3.2. DATA ACQUISITION 

Preliminary experiments were conducted to determine the time needed to reach 

thermal stability. This time is defined as the time after which the differences between the 
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temperatures of the bulk and the surface of the copper pebble probe were almost maintained 

constant, as shown by the plateau in Figure 5. The system should be running for at least 

30 𝑐𝑐𝑢𝑢𝑎𝑎 before collecting data to ensure reaching steady-state conditions. Hence, all the 

measurements in this study were obtained after 35 minutes of the start of the experiment.  

In this study, the amplified heat flux signals and the thermocouple signals were 

collected at a sampling frequency of 50 𝐻𝐻𝑧𝑧. The sampling time of collecting data was 

tested by plotting the instantaneous heat transfer coefficients as a function of sampling time 

as shown in Figure 6. Therefore, Figure 6 reveals that the absence of any significant 

variation in the heat transfer coefficients that occurs after a sampling time of 200𝑠𝑠 is 

surpassed. Hence, all measurements were conducted after 35 𝑐𝑐𝑢𝑢𝑎𝑎 from the initial operation 

and the time-averaged measurement was taken after 240𝑠𝑠 of sampling time.  

Instantaneous heat transfer coefficients (hi) were obtained by using the following 

equation (Eq.6) (Abdulmohsin, 2013): 

ℎ𝑖𝑖 =
𝑞𝑞𝑖𝑖

𝑇𝑇𝑠𝑠𝑖𝑖 − 𝑇𝑇𝑏𝑏𝑖𝑖
 (6) 

where qi is the instantaneous heat flux per unit area of the sensor, Tsi is the instantaneous 

temperature of the sensor probe surface, and Tbi is the instantaneous bulk temperature of 

the fluid media. 

Since the measurement technique was operated at a frequency of 50 Hz and a 

sampling time of 240 𝑠𝑠. The time-averaged heat transfer coefficients (h) were estimated at 

each location by averaging the instantaneous heat transfer data collected as follows: 
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 (7)  

where N is the total number of experimental samples (N = 12000) for 240 seconds. 

As mentioned earlier, the measurements were taken at different axial levels, 

𝐻𝐻1,𝐻𝐻2, and 𝐻𝐻3. At each axial level, measurements were obtained at four different radial 

positions (r R⁄ = 0.0, ±0.33, ±0.67, and ± 0.9) along one diameter line. Accordingly, the 

averaged heat transfer coefficients (havg) at each radial position were obtained by 

azimuthally averaging the time-averaged heat transfer coefficient as shown below: 

ℎ𝑣𝑣𝑣𝑣𝑔𝑔�𝑝𝑝/𝑅𝑅
=

1
𝑎𝑎

 � ℎ(𝜃𝜃)
𝑛𝑛

𝑖𝑖=1
 (8) 

where n is the number of locations or data points obtained at each radial position for each 

azimuth.  

 
Figure 5. Steady-state time series with different temperatures between the bulk 

temperature and the surface temperature. 



118 

 
Figure 6. The stability of heat transfer coefficients as a function of the sampling time. 

4. EXPERIMENTAL PROCEDURES 

The flowing air temperature, the sphere surface temperature and the heat flux 

between the sphere and flowing air were measured by the thermocouple probe and micro-

foil sensor in order to estimate the local convective heat transfer at three different axial 

levels, which were measured as the distance from the top of the distributor (𝐻𝐻1 =



119 

 21.6 𝑐𝑐𝑐𝑐,𝐻𝐻2 =  44.5 𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻3 =  86.4 𝑐𝑐𝑐𝑐). At each axial level, the measurement were 

taken at four different radial positions (r R⁄ = 0.0, ±0.33, ±0.67, and ± 0.9) along one  

diameter line, as shown in Figure 7. At each location, the measurements were taken at three 

vertical positions inside the void by changing the angular orientation of the heated copper 

pebble and hence, also changing the position of the thermocouple accordingly, as it should 

be directly in front of the heat flux sensor, as shown in Figure . All experiments were 

repeated three times to ensure the repeatability and accuracy of the results. To change the 

location of the probe pebble, the column was emptied of the pebbles and then repacked 

with the pebbles again, with the copper pebble probe being placed at the location where 

the measurement is supposed to be taken. The test section of the column was repacked 

carefully in the same structure throughout the experiments to prevent any contact between 

the surface of the sensor and the surface of the surrounding pebbles. In the other parts of 

the column, the pebbles were repacked randomly, and the convective heat transfer 

coefficient was measured at all the superficial inlet gas velocities studied, before moving 

the copper pebble probe to the next location in the same way, by unpacking and repacking 

the pebbles in the column. The superficial inlet gas velocities at which the measurements 

were carried out range from 0.02 𝑐𝑐/𝑠𝑠 to 2 𝑐𝑐/𝑠𝑠, which correspond to 994 < 𝑅𝑅𝑅𝑅 < 6625, 

covering both laminar and turbulent flow regimes.  
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Figure 7. Schematic illustration showing a) axial levels and, b) radial positions where the 
measurements were taken. 
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Figure 8. Schematic representation of the position of the three angular orientations of the 
copper probe pebble in the void. 
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5. RESULTS AND DISCUSSION

5.1. EFFECT OF THE GAS FLOW AND LOCATION INSIDE THE PBR’S CORE 
ON THE HEAT TRANSFER

The convective heat transfer coefficient was measured at three axial levels (top, 

middle, and bottom) and four radial locations (r R⁄ = 0.0, ±0.33, ±0.67, and ± 0.9). The 

angular orientation of the pebble was varied three times at each radial and axial position, 

in order to measure the convective heat transfer at different positions in the void, and the 

thermocouple was moved accordingly in order to be aligned with the micro-foil sensor that 

is placed on the surface of the probe pebble, as shown in Figure 8. The superficial inlet 

velocity of the coolant gas (air) was also varied at each position (𝑈𝑈𝑔𝑔 = 0.3, 0. .6, 1.2, 1.6 

and 2 m/s), covering both laminar and turbulent flow of the gas in the column. The heat 

local heat transfer measurements were repeated three times and the repeatability standard 

deviation was 0.22. Figures 9, 10, and 11 show the variation of the heat transfer coefficients 

based on the radial position, the superficial inlet gas velocity, and the angular orientation 

inside the void, at the top, middle and bottom of the column, respectively. It can be 

observed that, regardless of the axial level in the column and the angular orientation of the 

pebble inside the void, the heat transfer coefficient increases with the increase of the 𝑟𝑟/𝑅𝑅 

value, meaning that the heat transfer due to forced convection is much higher near the wall 

compared to the center of the test column. This is further elucidated in Figure 12, where 

the heat transfer for each of the voids at the three axial levels of the column was plotted as 

a function of the superficial inlet velocity at the center of the reactor (𝑟𝑟/𝑅𝑅 =  0) and the 

near-wall region (𝑟𝑟/𝑅𝑅 =  0.9). It is apparent from Figure 12 that the heat transfer is much 

higher near the wall than in the center of the test column. This is owing to the difference in 
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the local actual gas velocities, which are much higher near the wall due to the effect of the 

wall-pebble contact that creates a much higher void fraction, compared to the center of the 

column and hence, the flow of the gas encounters less resistance in the near-wall region 

(Al Falahi and Al-Dahhan, 2016; Khane et al., 2017). On the other hand, at the center of 

the column, the pebbles are tightly packed due to the pebble-pebble contact and the weight 

of the pebbles, and hence, less void is available for the flow of the gas, which encounters 

a higher resistance leading to lower local actual velocities of the gas and eventually 

resulting in lower heat transfer coefficients in the center of the column (Al Falahi and Al-

Dahhan, 2016; Khane et al., 2017).  This effect is more pronounced when the pebble 

diameter is big, which is the case in this study (5 𝑐𝑐𝑐𝑐) and which approaches the actual size 

of the pebble in a real PBR (6 𝑐𝑐𝑐𝑐). Despite the low bed diameter to pebble diameter ratio 

(aspect ratio) of the set-up used in this study, the wall effect was still highlighted due to the 

large diameter of the pebbles, while the aspect ratio of a real PBR cannot be mimicked in 

a laboratory due to the unavailability of column that are large enough and the 

corresponding energy requirements for the flow of the gas, which are also currently 

unavailable.  

The difference in the heat transfer coefficients between the center and the wall of 

the reactor is more graphically visible at high superficial inlet gas velocities, as the heat 

transfer coefficients at these high superficial inlet gas velocities are much higher, ranging 

between 108.84– 125.65 𝑤𝑤/𝑐𝑐2𝑘𝑘 at 𝑈𝑈𝑔𝑔 = 2 𝑐𝑐/𝑠𝑠 and 𝑟𝑟/𝑅𝑅 =  0.9, compared to a range of 

variation of 20.55– 24.49 𝑤𝑤/𝑐𝑐2𝑘𝑘 at 𝑈𝑈𝑔𝑔 = 0.3 𝑐𝑐/𝑠𝑠 and 𝑟𝑟/𝑅𝑅 =  0.9. However, this does 

not mean that this difference increases with the increase of the superficial inlet gas velocity. 

As a matter of fact, the difference in the heat transfer coefficients between the center and 



124 

the near-wall region of the reactor are higher at low superficial inlet gas velocities (𝑈𝑈𝑔𝑔 =

0.3 − 0.6 𝑐𝑐/𝑠𝑠), for which the heat transfer values are between 21.86% and 55.88% higher 

near the wall (𝑟𝑟/𝑅𝑅) compared to the center of the column. At high superficial inlet gas 

velocities (𝑈𝑈𝑔𝑔 = 1.2 − 2 𝑐𝑐/𝑠𝑠), the heat transfer measurements near the wall are between 

14.5% and 20.32% higher than at the center, which is a much lower difference when 

compared to the difference that was obtained at low superficial inlet gas velocities. Hence, 

it is obvious that the wall effect is reduced at high superficial inlet gas velocities when flow 

of the gas is turbulent (𝑈𝑈𝑔𝑔 = 1.2 − 2 𝑐𝑐/𝑠𝑠), compared to the laminar flow of the gas (𝑈𝑈𝑔𝑔 =

0.3 − 0.6 𝑐𝑐/𝑠𝑠). This can be attributed to the gas fluctuations and thermal mixing that 

increase with the increase of the turbulence of the flow of the gas, and hence, helping to 

homogenize the heat transfer across the diameter of the column.  

The above-mentioned observations are the same regardless of the axial location in 

the bed in the pebble bed. However, the heat transfer coefficients do vary based on the 

axial location in the bed. The heat transfer coefficients are higher when moving from the 

top to the bottom of the reactor, as the heat transfer coefficient increased by 7.73-17.16% 

at the various superficial inlet gas velocities studied when moving from the top to the 

bottom of the reactor at the center of the bed (r/R = 0), where the measurements were taken 

in the center of the void. A similar pattern was observed when moving from top of the 

reactor to the bottom section of the bed in the near-wall region (r/R = 0), with a 7.75-16.1% 

increase in the heat transfer coefficient. However, this effect is only due to the flow of the 

gas, which is not equilibrated at the top of the bed ((H/D) =0.72) due to the height of the 

bed above it not being enough to allow for the flow of the gas to equilibrate. On the other 

hand, in the middle ((H/D)=1.48) and bottom ((H/D)=2.88) axial locations in the bed, 
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which are the fully developed regions of the bed, the height of the bed above these regions 

is sufficient to allow for the flow of the volumetric flow of the gas to equilibrate and hence 

the local heat transfer coefficients in these axial locations are very similar. Hence, the 

relationship between the heat transfer coefficients and the local gas velocities is established 

and experimentally proven in the fully developed region of the bed, where the flow of the 

gas is equilibrated and the structure of the packing in this region which is more 

homogenous and isotropic (Alshammari et al., 2023a, 2023b; Khane, 2014).  

Figures 13, 14, and 15 elucidate the differences between the heat transfer 

coefficients based on the angular orientation of the pebble in the void, at different axial 

levels, in the center of the bed and in the region near the wall, under the different superficial 

inlet gas velocities studied. It is clear from the figures that the heat transfer coefficients are 

substantially lower when the measurements are taken at the upper position in the void 

compared to the center and bottom of the void. This is especially the case in the top axial 

level ((H/D) =0.72) of the bed, where the heat transfer coefficients at the center of the void 

are between 16.26% and 49.88% higher than the heat transfer coefficients at the upper 

position in the void, at r/R = 0. This high difference in the local heat transfer coefficients 

between the upper and the middle location in the void is only the case in the top axial level 

of the bed, where the flow of the gas has not had enough height above it to equilibrate and 

the packing structure is not homogenous and isotropic as in the middle ((H/D)=1.48) and 

bottom ((H/D)=2.88) axial locations. However, at the near-wall region in the top axial level 

((H/D) =0.72), the difference in the heat transfer coefficients between the upper region of 

the void and the center of the void is not as pronounced, while the same pattern is observed 

with an increase between 11.55% and 18.41%. The lower heat transfer coefficients at the 
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upper position in the void are due to the low actual local velocities of the gas in those 

positions due to their vicinity to the pebbles that are above it, which limit the passage of 

the gas to the upper region of the void and reduce its local velocity. In the center and bottom 

of the void, however, the actual local velocities of the gas are higher due to the lower 

resistance to the flow of the gas by the pebbles above the void due to the relatively greater 

distance between these positions in the void and the pebbles that are above the void. This 

difference is less pronounced near the wall (r/R = 0.9) due to the effect of the pebble-wall 

interaction, which is more uniform, compared to the non-uniform structure of the bed in 

the center (r/R = 0) due to the inhomogeneity resulting from the packing of the pebbles and 

the pebble-pebble interactions. At the middle axial level of the bed ((H/D) =1.48), the 

increase of the heat transfer coefficients when passing from the upper to the center position 

in the void is between 3.37% and 11.44% at r/R = 0, and between 6.33% and 17.35% at 

r/R = 0.9. On the other hand, at the bottom axial level of the bed ((H/D) =2.88), the increase 

becomes even less significant with a maximum increase of 4.94% at r/R = 0 and 5.01% at 

r/R = 0.9. The same pattern of variability is observed when moving from the center of the 

void to the bottom position in the void. When moving from the top axial level to the bottom 

axial level, the effect of the angular orientation of the probe pebble, and hence the effect of 

the position in the void at which the measurement was taken gradually becomes less 

significant. This is due to the enhancement of the uniformity of the flow of the gas when 

moving down the bed by the help of the packing and hence the differences between the 

measurements due to the position in the void becoming limited.  

Figure 16 compares the heat transfer coefficients taken at the center of the void with 

the average heat transfer coefficients in the void based on three measurements along the 
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height of the void (upper, middle, and lower locations in the void). It is apparent from 

Figure 16 that the difference between the heat transfer coefficients in the center and the 

average heat transfer in the void increases when increasing the superficial inlet gas velocity 

in the top level of the column in both the center (r/R=0) and the near-wall region (r/R=0.9). 

At the top axial level, the difference in the heat transfer coefficients in the center and the 

average in the void increases from 1.88-2.64% to 5.86-8.17% at r/R=0, and from 0.71-4% 

to 1.42-4.7% at r/R=0.9, when passing from laminar to turbulent flow. At the middle level 

of the test column, these differences are lower, in the range of 1.32-4.31% at r/R=0 and 

0.18-3.62% at r/R=0.9. At the bottom level of the column, the difference becomes very 

insignificant (<1%) at both the center and the near-wall region. The deviation between the 

heat transfer coefficients in the center of the void and the average heat transfer in the void 

at the top level of the reactor are due to the non-uniformity of the flow of the gas, which 

could be due to the distributor at the top of the test column, where low pressure drop is 

created. The uniformity of the flow is enhanced as the gas flows down the bed of pebbles, 

which enhances the uniformity of the flow in the void. Based on this, the difference remains 

small, except at the top level and hence, it may not be necessary to take measurements at 

several locations in the void as one measurement in the center can be considered 

representative of the heat transfer coefficient in the void.  

Figure 17 shows the convective heat transfer coefficients measured at the center of 

the void at the center of the bed (r/R= 0) and at the near wall region (r/R= 0.9), compared 

with the measurements reported in Alshammari et al., 2023b, at the same location at the 

top ((H/D)= 0.72), middle ((H/D)=1.48),  and bottom ((H/D)= 2.88) levels of the bed. It 

can be clearly seen that there is no visible difference between the results of the heat transfer 
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measurements collected in this study and the results of the measurement reported in the 

work of Alshammari et al., 2023b. 

 

 

Figure 9. The variation of heat transfer coefficient depending on the radial position and 
the velocity of the flowing gas when the thermocouple probe is placed at three different 

positions in the void, at the top level of the bed (H/D) = 0.72. 
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Figure 10. The variation of heat transfer coefficient depending on the radial position and 
the velocity of the flowing gas when the thermocouple probe is placed at three different 

positions in the void, at the middle level of the bed (H/D) = 1.48. 
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Figure 11. The variation of heat transfer coefficient depending on the radial position and 
the velocity of the flowing gas when the thermocouple probe is placed at three different 

positions in the void, at the lower level of the bed (H/D) = 2.88. 
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Figure 12. The variation of the local heat transfer coefficients as a function of the 

superficial inlet gas velocity at the three axial positions (Top ((H/D) = 0.72), Middle 
((H/D) = 1.48), Bottom ((H/D) = 2.88)) in the center of the void at a)- r/R = 0 and b)- r/R 

= 0.9. 

 
Figure 13. The variation of the heat transfer coefficients as a function of the superficial 
inlet gas velocity at the top axial level ((H/D) = 0.72) of the column for three different 

angular orientation of the pebble in the void at a)- r/: a)- r/R = 0 and b)- r/R = 0.9. 
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Figure 14. The variation of the heat transfer coefficients as a function of the superficial 

inlet gas velocity at the middle axial level ((H/D) = 1.48) of the column for three different 
angular orientation of the pebble in the void at a)- r/: a)- r/R = 0 and b)- r/R = 0.9. 

 
Figure 15. The variation of the heat transfer coefficients as a function of the superficial 

inlet gas velocity at the bottom axial level ((H/D) = 2.88) of the column for three 
different angular orientation of the pebble in the void at a)- r/R = 0 and b)- r/R = 0.9. 
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Figure 16. Comparison between the heat transfer coefficients in the center of the void and 
the average heat transfer coefficients in the void in the center (r/R = 0) and the near-wall 

region (r/R = 0.9) at a)- Top level ((H/D) = 0.72), b)- Middle level ((H/D) = 1.48), c)- 
Bottom level ((H/D) = 2.88). 
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Figure 17. Comparison between the heat transfer coefficients in the center of the void and 
the average heat transfer coefficients in the void in the center (r/R = 0) and the near-wall 

region (r/R = 0.9) at Top level ((H/D) = 0.72), b)- Middle level ((H/D) = 1.48), c)- 
Bottom level ((H/D) = 2.88). 
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The average percentage difference between these the heat transfer measurements at 

the center of the bed (r/R=0) in this study are only 0.75%, 1.15% and 0.96% different from 

the measurements of Alshammari et al., 2023b, at the top, middle and bottom of the bed, 

respectively. The same low difference are observed in the region near the wall (r/R= 0.9), 

with the average percentage differences being 1.2%, 2.46% and 1.39% at the top, middle 

and bottom axial levels, respectively. This comparison proves that the technique that was 

used for measuring the local heat transfer coefficients in our work and in the work of 

Alshammari et al., 2023b has high reproducibility, hence provides highly reliable data 

quantitative data. 

5.2. COMPARISON OF THE OVERALL HEAT TRANSFER INSIDE THE PBR   
WITH THE EMPIRICAL CORRELATIONS AVAILABLE IN THE 
LITERATURE 

Most of the studies available in the literature have based their proposed empirical 

correlation on insufficient experimental data, either directly measuring the overall 

convective heat transfer, or measuring the local convective heat transfer using techniques 

that are considered to provide unreliable data. This has led to the results of the various 

empirical correlations to be significantly different, owing to the different design conditions, 

operation conditions and the measurement techniques that were used to gather the required 

experimental data for the correlations.  

In order to find the empirical correlations that would best describe the variation of 

the overall heat transfer for our design and operation conditions, the local heat transfer 

coefficients that were measured in our work were first arithmetically averaged in the void, 

then radially and axially averaged, in order to obtain the overall heat transfer coefficient, 
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which was then compared with the predictions of the empirical correlations for the 

superficial inlet gas velocities studied (𝑈𝑈𝑔𝑔 = 0.3, 0. .6, 1.2, 1.6 and 2 m/s). In these 

correlations, the overall heat transfer coefficients are expressed using the dimensionless 

Nusselt’s number (𝑁𝑁𝑀𝑀)(Eq.2), which is related to the dimensionless Reynold’s number 

(𝑅𝑅𝑅𝑅) and Prandtl number (𝑃𝑃𝑟𝑟), which are expressed in Eq 3 and Eq 4 respectively.   

The details of the empirical correlations that are compared with experimental data 

can be found in Table 1. 

Table 1. Empirical correlations for the overall convective heat transfer coefficient. 

Authors Empirical Correlation Range of Application 
(Ranz, 
1952) 𝑁𝑁𝑀𝑀 = 2 + 0.6𝑃𝑃𝑟𝑟1/3𝑅𝑅𝑅𝑅0.5 𝑅𝑅𝑅𝑅 ≥ 100 

0.6 ≤ 𝑃𝑃𝑟𝑟 ≤ 400 

(Gupta et 
al., 1974) 𝑁𝑁𝑀𝑀 = 2.876�

𝑃𝑃𝑟𝑟1/3

ɛ
� + 0.3023�

𝑃𝑃𝑟𝑟1/3

ɛ
�𝑅𝑅𝑅𝑅0.65 

10 ≤ 𝑅𝑅𝑅𝑅 ≤ 105 
0.71 ≤ 𝑃𝑃𝑟𝑟 ≤ 7.18 
0.26 ≤ ɛ ≤ 0.935 

(Gnielinsk
i, 1981, 
1978) 

𝑁𝑁𝑀𝑀 = 𝑓𝑓ɛ𝑁𝑁𝑀𝑀𝑠𝑠𝑝𝑝 
𝑓𝑓ɛ = 1 + 1.5(1 − ɛ) 

𝑁𝑁𝑀𝑀𝑠𝑠𝑝𝑝 = 2 + �𝑁𝑁𝑀𝑀𝑣𝑣𝑣𝑣𝑒𝑒2 + 𝑁𝑁𝑀𝑀𝑝𝑝𝑣𝑣𝑝𝑝𝑏𝑏2 

𝑁𝑁𝑀𝑀𝑣𝑣𝑣𝑣𝑒𝑒 = 0.664(ɛ)1/2𝑃𝑃𝑟𝑟1/3 

𝑁𝑁𝑀𝑀𝑝𝑝𝑣𝑣𝑝𝑝𝑏𝑏 =
0.037(𝑅𝑅𝑅𝑅/ɛ)0.8𝑃𝑃𝑟𝑟

1 + 2.443 �𝑅𝑅𝑅𝑅ɛ �
−0.1

(𝑃𝑃𝑟𝑟2/3 − 1)
 

𝑅𝑅𝑅𝑅/ɛ ≤ 2 × 104 
0.71 ≤ 𝑃𝑃𝑟𝑟 ≤ 104 
ɛ = 0.387 

(Wakao 
and S, 
1982) 

𝑁𝑁𝑀𝑀 = 2 + 1.1𝑃𝑃𝑟𝑟1/3𝑅𝑅𝑅𝑅0.6 15 ≤ 𝑅𝑅𝑅𝑅 ≤ 8500 
ɛ = 0.4 

(KTA, 
1983) 𝑁𝑁𝑀𝑀 = 1.27�

𝑃𝑃𝑟𝑟1/3

ɛ1.18 �𝑅𝑅𝑅𝑅
0.36 + 0.033�

𝑃𝑃𝑟𝑟1/2

ɛ1.07 �𝑅𝑅𝑅𝑅
0.86 

100 ≤ 𝑅𝑅𝑅𝑅 ≤ 105 
𝑃𝑃𝑟𝑟 = 0.7 
0.36 ≤ ɛ ≤ 0.42 

(Achenba
ch, 1995) 

𝑁𝑁𝑀𝑀 = [(1.18𝑅𝑅𝑅𝑅0.58)4 + (0.23(𝑅𝑅𝑅𝑅ℎ)0.75)4]1/4 

𝑅𝑅𝑅𝑅ℎ =
𝜌𝜌.𝑉𝑉.𝑎𝑎ℎ

µ
=

1
(1 − ɛ)𝑅𝑅𝑅𝑅 

𝑎𝑎ℎ = 𝑎𝑎 ×
ɛ

1 − ɛ
 

𝑅𝑅𝑅𝑅/ɛ ≤ 7.7 × 105 
𝑃𝑃𝑟𝑟 = 0.71 
ɛ = 0.387 

(Bird et 
al., 2002) 𝑁𝑁𝑀𝑀 = 2.19 + 𝑃𝑃𝑟𝑟1/3𝑅𝑅𝑅𝑅1/3 + 0.78𝑃𝑃𝑟𝑟1/3𝑅𝑅𝑅𝑅0.62 1 ≤ 𝑅𝑅𝑅𝑅 ≤ 105 

𝑃𝑃𝑟𝑟 > 0.70 
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The averaged overall heat transfer is also compared with predictions of the pseudo-

3D model that was developed by Alshammari et al., 2023b with a databank that was 

collected using the same measurement technique and the same experimental setup. The 

pseudo-3D model of Alshammari et al., 2023b is expressed as follows:  

𝑁𝑁𝑀𝑀 = 5.25 × (3.91 𝑐𝑐𝑎𝑎(𝑅𝑅𝑅𝑅)− 25.9) × �0.38
𝑟𝑟
𝑅𝑅

+ 1.9� × �−0.11
𝐻𝐻
𝐷𝐷

+ 2.46�

− 64.91(
𝑃𝑃𝑟𝑟
𝜀𝜀

)0.05 

  (9) 

This pseudo-3D model is applicable for 993.78 ≤ 𝑅𝑅𝑅𝑅 ≤ 6625.2, 𝑃𝑃𝑟𝑟 = 0.74 and 

ɛ = 0.397 (Alshammari et al., 2023b). 

In order to assess and quantify the difference between the experimental results and 

the predictions of the empirical correlations, the average absolute relative error (𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑) 

was calculated using the following Eq 10 (Ostertagová, 2012):  

𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 =
1
𝑁𝑁
�

𝑁𝑁𝑀𝑀𝑝𝑝𝑝𝑝𝑣𝑣𝑎𝑎𝑖𝑖𝑐𝑐𝑝𝑝𝑣𝑣𝑎𝑎,𝑖𝑖 − 𝑁𝑁𝑀𝑀𝑣𝑣𝑒𝑒𝑝𝑝𝑣𝑣𝑝𝑝𝑒𝑒𝑣𝑣𝑛𝑛𝑝𝑝𝑣𝑣𝑣𝑣,𝑖𝑖
𝑁𝑁𝑀𝑀𝑣𝑣𝑒𝑒𝑝𝑝𝑣𝑣𝑝𝑝𝑒𝑒𝑣𝑣𝑛𝑛𝑝𝑝𝑣𝑣𝑣𝑣,𝑖𝑖

𝑖𝑖=𝑁𝑁

𝑖𝑖=1

 (10) 

Figure  plots Nusselt’s number (𝑁𝑁𝑀𝑀) as function of the effective Reynold’s number 

(𝑅𝑅𝑅𝑅ℎ). It can be clearly seen that the predictions of the empirical correlations of Ranz, 1952; 

KTA, 1983 and Achenbach, 1995 are the furthest away from all the experimental points, 

hence the most different with high 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 values of 70.78%, 28.72% and 38.22%, 

respectively. The predictions of the correlation of Wakao and S, 1982 provide the closest 

estimation to the experimental data with an overall 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 19.17%, followed by Gupta 

et al., 1974 with an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 20.74% and Gnielinski, 1978 with an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 22.29%. 

These 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 are high due to the high deviation between the experimental values and the 

predictions of the correlation at laminar flow conditions (𝑅𝑅𝑅𝑅ℎ < 3000). However, the 
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predictions at turbulent flow 𝑅𝑅𝑅𝑅ℎ ≥ 3000 conditions are much closer to the experimental 

results with an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 4.69% for the Gnielinski, 1978 correlation, 4.96% for the Gupta 

et al., 1974 correlation, 6.84% for the correlation of Bird et al., 2002 and 7.18% for the 

Wakao and S, 1982 correlation. These low 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 values indicate high prediction accuracy 

for these empirical correlation at turbulent flow conditions, considering the complexity of 

the heat transfer mechanism and the numerous factors involved. These prediction errors 

are due to the difference in the measurement techniques used and the different design and 

operation conditions.  

As for the comparison with the pseudo-3D model that was developed by 

Alshammari et al., 2023b, its predictions of the overall heat transfer coefficients are most 

accurate compared to the other correlations that are found in the literature, with an 𝐴𝐴𝐴𝐴𝑅𝑅𝐷𝐷 

of 13.37%. The heat transfer predictions of this pseudo-3D model are most accurate at 

turbulent flow conditions with an 𝐴𝐴𝐴𝐴𝑅𝑅𝐷𝐷 of 4.8%, compared to an 𝐴𝐴𝐴𝐴𝑅𝑅𝐷𝐷 of 26.23% at 

laminar flow conditions.  

However, this pseudo-3D model is only valid for the prediction of the local heat 

transfer coefficients at the center of the void, and not accounting for the variation of the 

heat transfer in the void, which can be better approximated by including more 

measurements at different locations in the void between the pebbles, which was done in 

this work. As for the other empirical correlations that are found in the literature, they are 

only applicable for the prediction of the overall heat transfer in a pebble bed reactor’s core. 

Therefore, in the following subsection, we develop a polynomial regression model for the 

prediction of the local Nusselt’s number and, hence, the local convective heat transfer 

coefficients within the range of the design and operation conditions investigated this work.  
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Figure 18. Comparison of the empirical correlations with the measured overall convective 

heat-transfer at the superficial inlet gas velocities studied (0.3 m/s to 2 m/s). 

5.3. MODELING OF THE LOCAL HEAT TRANSFER COEFFICIENT IN A PBR 

Polynomial regression is used for the modeling and prediction of various operation 

systems, in both research and the optimization of industrial processes. These models link 
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includes some nonlinearity, quadratic terms are added to develop a second order 

polynomial model, which can account for the nonlinearity (Montgomery et al., 2013).   

A second order polynomial model can be expressed as (Bas and Boyaci, 2007): 

ŷ =  𝛽𝛽0 + �𝛽𝛽𝑗𝑗

𝑘𝑘

𝑗𝑗=1

.𝑋𝑋𝑗𝑗 + �𝛽𝛽𝑗𝑗𝑗𝑗

𝑘𝑘

𝑗𝑗=1

.𝑋𝑋2𝑗𝑗 + ��𝛽𝛽𝑖𝑖𝑗𝑗.𝑋𝑋𝑖𝑖.𝑋𝑋𝑗𝑗
𝑖𝑖<𝑗𝑗

 (11) 

where ŷ is the predicted response, 𝛽𝛽0 is the intercept, 𝛽𝛽𝑗𝑗 are the estimates of the main effects 

𝑋𝑋𝑗𝑗, 𝛽𝛽𝑗𝑗𝑗𝑗 are the estimates of the quadratic effects 𝑋𝑋2𝑗𝑗, 𝛽𝛽𝑖𝑖𝑗𝑗 are the estimates of the two-factor 

interactions 𝑋𝑋𝑖𝑖.𝑋𝑋𝑗𝑗. 

These second order polynomial models provide an in-depth understanding of the 

effect of each of the input features on the output as well as the interaction between the input 

features. Two features are said to interact if the effect of one of the features on the response 

depends on the settings of another feature. The quadratic terms are included in the model 

to quantify the nonlinearity in the relationship between the input features and the output of 

the system (Bas and Boyaci, 2007).  

For our study, in order to be able to assess and mathematically estimate the local 

heat transfer coefficients between the pebbles and the flowing gas inside the pebble bed 

reactor within the range of our experimental set-up, a second order polynomial model was 

developed for the prediction of Nusselt’s number (𝑁𝑁𝑀𝑀). The parameters and their 

experimental range are shown in Table 2. The model development and data analysis were 

conducted using the JMP Pro 16 software (SAS, 2021).  
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Table 2. Parameters and their experimental range. 

Parameters Range of variation 

Axial position (𝒁𝒁
𝑯𝑯

) 0.23 – 0.94 

Radial position (𝒓𝒓
𝑹𝑹

) 0 - 0.9 

Axial position in the void (𝒗𝒗
𝑳𝑳
) - 0.9 

Reynolds number 993.78 – 6625.2 

 

The coefficients of the model were obtained using the normal equation as the 

optimization algorithm. The normal equation is expressed as follows (Montgomery et al., 

2013):  

 
𝑋𝑋′.𝑋𝑋.𝛽𝛽 = 𝑋𝑋′.𝑢𝑢 (12) 

where 𝑋𝑋 is the matrix of the input features of the model, 𝑋𝑋′ is the transpose of 𝑋𝑋, 𝑢𝑢 is the 

response vector and 𝛽𝛽 is the vector of the coefficients. 

For our study, after eliminating the quadratic and interaction terms that have an 

insignificant effect on the variation of Nusselt’s number (𝑁𝑁𝑀𝑀), the model Eq 13 can be 

expressed as follows:  

𝑁𝑁𝑀𝑀 = −62.50 +  60.1 
𝑍𝑍
𝐻𝐻

+ 52.7 
𝑐𝑐
𝐿𝐿

+ 20.16 
𝑟𝑟
𝑅𝑅

+ 0.057 𝑅𝑅𝑅𝑅

− 34.1 �
𝑍𝑍
𝐻𝐻
�
2

− 19.79 �
𝑐𝑐
𝐿𝐿
�
2

− 10−6 𝑅𝑅𝑅𝑅2 − 42.52 
𝑍𝑍
𝐻𝐻

.
𝑐𝑐
𝐿𝐿

+ 0.0086 
𝑍𝑍
𝐻𝐻

.𝑅𝑅𝑅𝑅 + 0.0034 
𝑐𝑐
𝐿𝐿

.𝑅𝑅𝑅𝑅 + 0.0044
𝑟𝑟
𝑅𝑅

.𝑅𝑅𝑅𝑅 

(13) 
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The analysis of variance (Christensen, 2018), the lack of fit (Neill and Johnson, 

1984) and the analysis of residuals (Kim, 2019) proved that the model was statistically 

validated and can be used for the prediction of the heat transfer coefficient (expressed as 

𝑁𝑁𝑀𝑀) within our experimental range.  

     To evaluate the accuracy of the model, the coefficient of determination 𝑅𝑅2 was 

calculated using the average absolute relative error (𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑) was calculated using  Eq.10. 

𝑅𝑅2 = 1 −
𝑆𝑆𝑆𝑆𝑑𝑑
𝑆𝑆𝑆𝑆𝑇𝑇

= 1 −
∑ (𝑢𝑢𝑖𝑖 − ŷ𝑖𝑖)2𝑁𝑁
𝑖𝑖=1
∑ (𝑢𝑢𝑖𝑖 − 𝑢𝑢�)2𝑁𝑁
𝑖𝑖=1

 (14) 

 where 𝑆𝑆𝑆𝑆𝑑𝑑 is the sum of the squares of the residuals, 𝑆𝑆𝑆𝑆𝑇𝑇 is the total sum of squares, 𝑢𝑢𝑖𝑖 is 

the response for experiment 𝑢𝑢, ŷ𝑖𝑖 is the predicted response for experiment 𝑢𝑢, 𝑢𝑢� is the 

arithmetic mean of the responses 𝑢𝑢𝑖𝑖 and 𝑁𝑁 is the number of experiments.  

The 𝑅𝑅2 value was found to be equal to 0.9808, indicating that 98.08% of the 

variation of the heat transfer coefficient can be explained by the studied parameters. This 

high 𝑅𝑅2 value also indicates an excellent correlation between the experimental output and 

the predicted output, as shown in the goodness of fit plot (Figure ). The overall 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 value 

was found to be equal to 9.08%, which is less than 10%, indicating that the model provides 

excellent forecasting of the heat transfer coefficient within the studied experimental range, 

considering the complexity of the heat transfer mechanisms. The 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 value is even lower 

for the predictions at turbulent flow conditions, with an 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 4.11%, meaning that the 

model performs much better at turbulent flow conditions compared to laminar flow 

conditions for which the 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 is equal to 16.52%. 
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Figure 19. Goodness of fit plot. 

Student’s t-test was done in order to rank the terms of the model by their 

importance, and hence, by the significance of their influence on the variation of the heat 

transfer (Nusselt’s number) (Neideen and Brasel, 2007). Student’s t-test consists of a 

comparison between the 𝑑𝑑𝑝𝑝𝑣𝑣𝑝𝑝𝑖𝑖𝑜𝑜 of each input feature with the 𝑑𝑑𝑠𝑠𝑝𝑝𝑣𝑣𝑝𝑝𝑖𝑖𝑠𝑠𝑝𝑝𝑖𝑖𝑐𝑐 that is calculated 

based on the number of experiments and the degrees of freedom (Neideen and Brasel, 

2007).  

The results of student’s t-test are shown in Table 3. The 𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 of the terms of the 

model is too low, and hence to make the comparison between the terms easier, the 

𝐿𝐿𝑐𝑐𝑈𝑈𝑊𝑊𝑐𝑐𝑟𝑟𝑑𝑑ℎ was calculated for each term as − log10(𝑝𝑝𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣). From Table 3, Reynold’s 

number (𝑅𝑅𝑅𝑅) has the most significant influence on the heat transfer coefficient, followed 

by the radial position (𝑝𝑝
𝑅𝑅
) due to the effect of the wall, followed by the axial level (𝐻𝐻

𝐷𝐷
) and 

the position in the void ( 𝑣𝑣
𝐿𝐿
), which depends on the angular orientation of the probe pebble. 
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The nature of the effect of each of the input features on Nusselt’s number (𝑁𝑁𝑀𝑀) is better 

elucidated in Figure 20 which consists of contour plots that show the variation of 𝑁𝑁𝑀𝑀 based 

on the axial position (𝐻𝐻
𝐷𝐷

) the radial position (𝑝𝑝
𝑅𝑅
) in the column, at laminar flow conditions 

(𝑅𝑅𝑅𝑅 = 993.78) and turbulent flow conditions (𝑅𝑅𝑅𝑅 = 6625.2). It is apparent that the range 

of variation of Nusselt’s number is much higher when the flow of the gas is turbulent (𝑅𝑅𝑅𝑅 =

6625.2), and near the wall (𝑝𝑝
𝑅𝑅

= 0.9), as explained above.  

Table 3. The results of student’s t-test. 

Term Log Worth Graphical Comparison of LogWorth P-value 

𝑅𝑅𝑅𝑅 140.591  0.00000 

𝑅𝑅𝑅𝑅2 43.271  0.00000 

𝑟𝑟
𝑅𝑅

 36.879  0.00000 

𝑍𝑍
𝐻𝐻

 22.430  0.00000 

𝑐𝑐
𝐿𝐿

 
17.358  0.00000 

𝑍𝑍
𝐻𝐻

.𝑅𝑅𝑅𝑅 10.185  0.00000 

𝑍𝑍
𝐻𝐻

.
𝑐𝑐
𝐿𝐿

 
6.793  0.00000 

𝑟𝑟
𝑅𝑅

.𝑅𝑅𝑅𝑅 4.227  0.00006 

𝑐𝑐
𝐿𝐿

.𝑅𝑅𝑅𝑅 
2.597  0.00253 

�
𝑍𝑍
𝐻𝐻
�
2

 
1.806  0.01564 

�
𝑐𝑐
𝐿𝐿
�
2

 
1.326  0.04718 
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Figure 20. Contour plots showing the variation of Nusselt’s number (Nu) as a function of 

the axial lev l (Z/H) and the radial position (r/R) at a)- Re=993.78 and b)- Re=6625.2. 
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Despite pebble bed reactors being operated at high superficial inlet gas velocities 

and hence at high turbulent flow conditions, this correlation is still useful for the estimation 

of the local convective heat transfer coefficients, represented by Nusselt’s Number (𝑁𝑁𝑀𝑀), 

in the case of loss of flow accidents (LOFA) within the design and operating conditions of 

the experimental data. The 𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of this correlation is 4.55%. 

Based on the above explanation, two separate polynomial regression correlations 

were developed based on the flow regime inside the pebble bed.  

The first correlation is valid for laminar flow conditions (993.78 ≤ 𝑅𝑅𝑅𝑅 ≤

1987.56) and is expressed as follows (Eq5):  

𝑁𝑁𝑀𝑀 = −0.44 +  7.238 
𝐻𝐻
𝐷𝐷

+ 12.17 
𝑐𝑐
𝐿𝐿
− 10.28 

𝑟𝑟
𝑅𝑅

+ 0.02 𝑅𝑅𝑅𝑅 − 10.07 
𝐻𝐻
𝐷𝐷

.
𝑐𝑐
𝐿𝐿

+ 0.012 
𝑐𝑐
𝐿𝐿

.𝑅𝑅𝑅𝑅 + 0.02 
𝑟𝑟
𝑅𝑅

.𝑅𝑅𝑅𝑅 

(5) 

The second model is valid for the estimation of the local convective heat transfer 

coefficients at high superficial inlet gas velocities, corresponding to high turbulence flow 

conditions (3975.12 ≤ 𝑅𝑅𝑅𝑅 ≤ 6625.2), within the design and operating conditions of the 

experimental data. This correlation is expressed in the following (Eq.6) and it has an 

𝐴𝐴𝐴𝐴𝑅𝑅𝑑𝑑 of 2.69%:  

Nu = −53.40 +  43.67 
H
D

+ 94.88 
l
L

+ 89.14 
r
R

+ 0.038 Re − 5.5 �
H
D
�
2

− 38.36 �
l
L
�
2

− 2 × 10−6 Re2 − 16.58 
H
D

.
l
L
− 0.008 

r
R

. Re 

 (6) 
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6. CONCLUSION 

The heat transfer coefficient is one of the main criteria by which the performance 

of the very high gas-cooled nuclear reactor is evaluated. In this study, the forced convective 

heat transfer coefficient between the pebbles and the coolant gas (air) that passes through 

the bed was investigated using an advanced technique that consisted of a probe pebble, a 

micro-foil sensor and a thermocouple probe. The measurements were taken at four radial 

locations ((r R⁄ = 0.0, ±0.33, ±0.67, and ± 0.9) along one diameter line at three axial 

levels (H1= 21.6 cm, H2= 44.5 cm, H3= 86.4 cm from the top of the distributor) under 

various superficial inlet gas velocities (𝑈𝑈𝑔𝑔 = 0.3, 0. .6, 1.2, 1.6 and 2 m/s). At each location 

and under every superficial inlet gas velocity, the angular orientation of the pebble was 

changed in order to allow the measurement of the heat transfer at three vertical positions 

in the void (𝑐𝑐/𝐿𝐿 = 0.1, 0.5 and 0.9). 

The local heat transfer coefficients varied significantly depending on the position 

inside the pebble bed and increased substantially with the increase of the coolant gas 

velocity. Additionally, the heat transfer coefficients were also found to be higher in the 

near-wall region, compared to the center of the reactor. This was attributed to the wall-

pebble interactions, which provides lower resistance to the flow of the gas compared to the 

center of the reactor, where the pebbles are tightly packed, lowering the local actual 

velocity of the coolant gas.  

The heat transfer coefficient was also found to be dependent on the position in the 

void as changing the angular orientation of the probe pebble in the void from top to bottom 

showed that the heat transfer coefficients are considerably higher in the center and bottom 
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of the void, compared to the top position, where being in vicinity of the pebbles from the 

top limits the passage of the coolant gas and its velocity. 

The increase of the turbulence of the flow of the coolant gas was found to increase 

the heat transfer coefficient regardless of the location inside the reactor. However, this 

increase in turbulence also decreases the differences in the heat transfer coefficients 

obtained at different location, due to the increase of thermal mixing.  

The local heat transfer coefficients obtained in this study were used to calculate the 

overall heat transfer in the reactor, which was compared with several correlations that are 

found in the literature. The comparison showed a relatively good agreement of the 

experimental data with the (Wakao and S, 1982), (Gupta et al., 1974) and (Bird et al., 2002) 

empirical correlations at turbulent flow conditions. A polynomial regression model was 

also developed for the prediction of the Nusselt’s number based on the location inside the 

reactor and the flow conditions and it showed a very good agreement with the experimental 

data within the range of the design and operation conditions of this study.  

The acquisition of accurate data of the local heat transfer inside a PBR, like in this 

study, is essential for the development of an in depth understanding of the reactor’s 

performance and can be utilized as benchmark data for the validation of CFD simulations.  

NOMENCLATURE 

Symbol Discretion Unit 

HTC Heat Transfer Coefficient. (-) 

PBR Pebble Bed Reactor. (-) 

VHTGR Very High Temperature Gas-Cooled Reactor. (-) 
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TRISO Tristructural-isotropic fuel particle. (-) 

LOFA Loss Of Flow Accident. (-) 

CFD Computational Fluid Dynamics (-) 

DEM Discrete Element Method (-) 

mFReel Multiphase Flows and Reactors Engineering and 
Education Laboratory (-) 

hi Instantaneous heat transfer coefficient 𝑤𝑤
/𝑐𝑐2 𝐾𝐾 

havg Time-averaged heat transfer coefficient 𝑤𝑤
/𝑐𝑐2 𝐾𝐾 

𝑇𝑇𝑠𝑠,𝑖𝑖 Pebble surface temperature 𝐾𝐾 

𝑇𝑇𝑏𝑏,𝑖𝑖 Flowing air temperature 𝐾𝐾 

𝑞𝑞𝑖𝑖 Local instantaneous heat flux 𝑤𝑤/𝑐𝑐2 

𝜀𝜀 Average void of the bed. (-) 

𝑈𝑈𝑔𝑔 Superficial inlet gas velocity 𝑐𝑐/𝑠𝑠 

𝑍𝑍
𝐻𝐻

 
 

Axial position inside the column. 

 

(-) 

𝑐𝑐
𝐿𝐿

 
 

Axial position of the thermocouple probe in the void. 

 

(-) 

𝑟𝑟
𝑅𝑅

 
 

Radial position inside the experimental column. 

 

(-) 

𝑅𝑅2 Coefficient of determination  

AARE. Average Absolute Relative Error.  
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SECTION 

3. CONCLUSIONS  

The first paper investigated the local velocity of the gas flowing within the pebble 

bed reactor (PBR). For the first time, a sophisticated hot wire anemometry (HWA) 

technique was used, which was supported with a novel probe-protector case that protected 

the probe, allowing the measurements to be gained at various locations in a long pebble 

bed with a pebble diameter of 5 cm and an aspect ratio of 6. A second-order polynomial 

correlation was developed to predict the local gas velocity at the fully developed region of 

the bed within the experimental range. Thus, the work obtained new benchmark data with 

high-accuracy results for local gas velocities inside the PBR. 

The second paper involved an investigation of the local heat transfer coefficients 

between the pebbles and the coolant gas in a PBR using a sophisticated measurement 

technique that consists of a heated pebble probe, a micro-foil heat flux sensor flushed 

mounted on the surface of the heated pebble probe, and a thermocouple in the center of bed 

void in front the sensor. Therefore, local heat transfer coefficients were measured at various 

axial, radial, and angular locations with superficial gas velocities covering both laminar 

and turbulent flow conditions. Furthermore, a pseudo-3D correlation was developed and 

found to provide accurate predictions, with an averaged absolute relative error (AARE) of 

3.33% at high Reynolds numbers of our operation and design conditions. 

In the third paper, the effect of increasing the effect of location inside the pebble 

bed while orienting the probe pebble angularity during interaction with the coolant gas. An 

advanced technique consisting of a probe pebble, a micro-foil sensor, and a thermocouple 
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probe was used to obtain accurate measurements of the local heat transfer coefficients. A 

second-order polynomial model using dimensionless parameters such as Nusselt’s number 

(Nu) from experimental data was then compared with the empirical correlations available 

in the literature. Therefore, the accurate data of gas velocity measurements of local heat 

transfer obtained in this study can serve as benchmark data for validating numerical models 

such as CFD simulations coupled with heat transfer calculations. 
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