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ABSTRACT

This research focuses on establishing a range of scaled separate and integral
effects experiments for studying thermal-hydraulic behavior occurring within a
component or region of the prismatic very high-temperature reactor (VHTR) such as
plenum-to-plenum heat transfer and gaseous dynamics during natural circulation. Natural
circulation of the coolant is the leading capability for VHTR to transport the decay heat
from the core to the reactor vessel during accident scenarios. To address this need, a
scaled-down facility is designed and developed with only two channels with upper and
lower plena. The emphasis is placed on high-resolution and high-fidelity experimental
data for local heat transfer and gaseous dispersion measurements utilizing sophisticated
techniques under different operating conditions. These techniques are 1) non-invasive
flush wall mounted heat transfer coefficient probe to measure reliably the heat flux and
surface temperature along the flow channels, and by measuring simultaneously these two
variables and the flowing fluid, the heat transfer coefficient can be obtained, 2) radial
temperature sensor adjuster to measure radial temperature variations of the coolant along
the flow channels, and 3) advanced gaseous tracer technique to accurately measure the
residence time distribution (RTD) in an of flow systems by injecting pulse change gas
tracer and then monitoring its concentration at the exit. The measured RTD is utilized to
quantify the gas dispersion and identify the degree of mixing in the system. The obtained
local heat transfer and gaseous dispersion data in this study will provide high spatial and
temporal resolutions benchmarking data for validating heat transfer and gaseous

dispersion computations and correlations that are integrated with CFD simulations.
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1. INTRODUCTION

Investigations of natural circulation heat transfer and gaseous dynamics in
different geometries and operating conditions have been the focus of the past and current
research by several authors. Natural circulation has received great attention from
researchers due to its presence in nature and engineering applications. In nuclear reactors,
natural convection is considered the design criterion 2. Also, natural circulation is one of
the leading capabilities for Prismatic Very High-Temperature Nuclear Reactor (VHTR)
after Loss of Flow Accidents (LOFA) 3. The Prismatic Very-High-Temperature Reactor
(VHTR) as a suitable candidate for the Next Generation Nuclear Plant (NGNP) intended
not only to generate electricity but also to produce hydrogen, provide process heat, and
for other potential ends. The prismatic Very-High-Temperature Reactor (VHTR) uses
TRISO (Tri-isotropic) nuclear fuel particles coated in gas-solid spouted beds into pins
(pellets) that are inserted in fixed fuel channels in a graphite block matrix. Additionally,
these hexagonal graphite blocks include coolant channels to allow the passage of helium
(coolant) from the upper plenum downward through the core to the lower plenum during
normal operation. In the event of the failure of the gas circulator (LOFA), in the prismatic
VHTR, the driving pressure drop force across the reactor core will decrease to zero, and
the natural circulation will occur. Also, during LOFA scenario, the coolant flows
direction is reversed. Hence, the central hot channels and lower plenum serve as up-
comers (risers), while the upper plenum and outer cold channels serve as down-comers
during intra-core natural circulation. Natural convection currents by coolant (working

fluid) plume transport the decay heat from the reactor core to the outer vessel of the



reactor, and it prevents the core from meltdown and localized hot spots. There are many
parameters affect the rate of natural convection heat transfer and gaseous dynamics, and
any consideration of each in a representative geometry can enhance the knowledge about

the phenomenon.

1.1 RESEARCH MOTIVATION
Most prismatic VHTR safety analyses and related natural circulation studies are

conducted using standard computational fluid dynamics (CFD) codes combined with heat
transfer computations such as CFD-STAR-CCM+, and CFD-Fluent and thermal
hydraulic codes such as RELAP5-3D that can provide crucial details of heat transfer and
gas dynamics data. There are extensive computational studies of natural circulation in the
prismatic VHTR have been reported in the open literature 8, However, the thermal
hydraulic codes analyses involve approximations in the obtained results because of
inexact nature of turbulence models that are used, assumptions used in the describing
equation such as the Boussinesq approximation, and nature of discretization required.
Despite there are many numerical and experimental studies available on natural
convection heat transfer in the open literature °¢, but these studies are carried out in
simple geometries with limited measurement techniques and can not be extended to
complex reactors. Also, there are some ongoing studies at Oregon State University (OSU)
related to plenum-to-plenum natural circulation heat transfer during depressurized
conduction cooldown (DCC) and pressurized conduction cooldown (PCC) accident
scenarios 118, These studies at Oregon State University are limited in ability to collect
local high-resolution and high-fidelity data on heat transfer and gaseous dynamics

because existing facilities have not implemented with newly available sophisticated



measurement techniques. This shows the lack of experimental studies on plenum-to-
plenum natural circulation heat transfer and gaseous dynamics and dispersion during the
loss of forced flow accident in the prismatic modular reactor. Particularly there are data
gaps for local heat transfer and gaseous dynamics measurements using sophisticated
noninvasive techniques. To fill these literature gaps, and to provide local experimental
data on the natural circulation, a high temperature and pressure scaled-down dual-channel
facility has been designed and developed in conjunction with sophisticated measurement
techniques in a novel way and for the first time. This facility can perform separate and
integral effects experiments under various operating conditions using different working
fluids (air and helium) for studying thermal-hydraulic behavior occurring within a
component or particular region of prismatic VHTR to provide crucial heat transfer and

gaseous dynamics data.

1.2 RESEARCH OBJECTIVES

The current study aims to experimentally investigate the intensity of plenum-to-
plenum natural circulation heat transfer and gaseous dynamics through the coolant flow
channels under different intensities of natural circulation. The flow channels are equipped
with a novel way sophisticated measurement techniques for the first time in this research. These

measurement techniques measure simultaneously heat transfer coefficient from the coolant
channels to the circulating gas and gas residence time distribution and dispersion along the flow

channels. The general objectives of the current study can be summarized as follows:

1. Design and development a scaled-down dual-channel experimental setup that can

be operated under high temperature and pressure.



2. Filling the gaps in the open literature and understanding of the natural circulation
heat transfer and gaseous dynamics and dispersion in the prismatic VHTR under
LOFA accident scenario using the sophisticated measurement techniques.

3. The measured local heat transfer and gas dynamics and dispersion data from this
study will provide high crucial benchmarking data for verifying and validating

thermal hydraulics codes and models for computations and correlations.

1.3 DESCRIPTION OF SOPHISTICATED MEASUREMENT TECHNIQUES
The advanced and sophisticated techniques that were implemented and utilized in
a novel way and for the first time in this research for both separate-effects and integrated-

effects measurements are as follows:

1.3.1 Radial Temperature Sensor Adjuster. A radial temperature sensor adjuster
for T-thermocouple has been designed and developed in-house to measure radially the
variation of helium temperatures along the flow channels (riser and downcomer) for
different axial locations with a step size of 1 mm. This radial temperature adjuster is used
to adjust the location of the T-thermocouple sensor (1.6 mm in diameter) along the flow
channels. It is worth mentioning that the radial sensor adjuster is designed and
constructed to withstand high temperature and pressure up to 300 °C and 1.034 x 10° Pa

respectively.

1.3.2 Noninvasive Flush Wall Mounted Heat Transfer Coefficient Probe. A
new noninvasive heat transfer coefficient probe has been designed, developed, tested, and
implemented as an integrated part of the channels. The probe consists of micro-foil heat

flux sensor (6.35x10° m x 1.78x102 m x 8x10° m) from RDF Corporation (model no.



27036-1) is a new fast-response sensor used to measure the heat flux and surface
temperature in single and multiphase flow systems reliably. By measuring simultaneously
the local instantaneous heat flux between the surface of the sensor and the flowing fluid,
the surface temperature of the sensor, and the flowing gas temperature, heat transfer
coefficient can be obtained.

It is worth mentioning that the sophisticated heat transfer coefficient probe has the
capability to detect the direction of heat transfer between the surface of foil sensor and
the flowing fluid. Negative heat flux signals mean that heat transfers from the flowing
fluid to the surface of foil sensor while positive heat flux signals imply that heat transfers
from the surface of foil sensor to the flowing fluid. The heat flux foil sensor is flush
mounted on the inner surface of the flow channels using high-temperature glue. Hence,
the micro-foil sensor is considered as non-invasive technique.

1.3.3 Gaseous Tracer (GT) Technique. The gaseous tracer (GT) is an advanced
technique used to accurately measure the residence time distribution (RTD) in a complex
flow structure of single and multiphase flow systems by injecting pulse change gas tracer
and then monitoring its concentration at the exit. The measured RTD can be utilized to
characterize and quantify the gas dispersion (which includes the contribution of both
molecular diffusion and turbulent mixing) and identify the degree of mixing in the
system. Also by applying axial dispersion model, the dispersion coefficient can be
estimated in the flow channel. The technique has been well designed to account and de-
convolute all the external mixing and dispersion. The GT technique consists of thermal

conductivity detector (TCD), vacuum gas sampling pump, digital controller, signal



amplifier, analog/digital (AD) converter, data acquisition (DAQ) software and computer

with data acquisition system.

1.4 DISSERTATION ORGANIZATION
The dissertation is structured in the following manner:

e Section 1. Introduction and motivation which provide a brief literature
review relevant to the work done in this dissertation, the objectives of this
study, and the implemented sophisticated measurement techniques.

e PAPER I. Investigation of natural convection heat transfer in a unique
scaled-down dual-channel facility.

e PAPER II. Experimental investigation of the helium natural circulation
heat transfer in two channels facility using varying riser channel heat
fluxes.

e PAPER IIl. Experimental study of the effect of helium pressure on the
natural convection heat transfer in a prismatic dual-channel circulation
loop.

e PAPER IV. Axial dispersion and mixing of the coolant gas within a
prismatic very high-temperature reactor.

e Section 2. Presents remarks and recommendations for future work on

prismatic very high-temperature reactor (VHTR).
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Abstract

Multiphase Reactors Engineering and Applications Laboratory (mReal) has
designed and constructed a scaled-down dual-channel facility to investigate plenum-to-
plenum natural circulation heat transfer through two channels for coolant flow that would
be encountered during a loss of flow accident in the prismatic modular reactor (PMR).
Heat transfer characterization of the current facility has been investigated under different
upper plenum and cooled channel outer surface temperatures using sophisticated flush
mounted heat transfer sensors. Results show a reduction in the values of local heat
transfer coefficient and Nusselt number along the heated channel with increasing outer
surface temperatures. One significant observation was the heat transfer reversal close to

heated channel exit, where the heat flows from gas to the channel wall. This flow
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reversal is attributed to recirculation at the heated channel exit to the upper plenum. The
average heat transfer results, when compared with previous literature, showed a similar

qualitative trend.

Keywords: dual-channel facility, natural circulation, prismatic modular reactor (PMR),

heat transfer characterization
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Introduction

The very high-temperature nuclear reactors (VHTRS) are considered one of the
promising next generation nuclear plants (NGNPs) designs due to their high efficiency,
inherent safety features, and a variety of applications 1. The prismatic modular reactor
(PMR) is one of the candidates for VHTRs. The PMR design concept uses TRISO (Tri-
isotropic) nuclear fuel particles coated in gas-solid spouted beds into pins (pellets) that
are inserted in fixed fuel channels in a graphite block matrix. Additionally, these
hexagonal graphite blocks include coolant channels to allow the passage of helium from
the upper plenum downward through the core to the lower plenum during normal
operation. The nuclear reactor core consists of an annular ring of graphite blocks with
fuel and coolant channels around reflector in the center with an outer ring of reflector
blocks. In the case of loss of flow accidents (LOFA), the normal gas flow is interrupted
as the coolant circulation system is lost. However, the coolant channels provide potential
paths for gas flow through natural circulation. Efficient decay heat removal by natural
circulation is desirable to achieve passive safety, which is a characteristic feature of PMR
design. Several computational studies have been conducted for heat transfer in prismatic
VHTRs during postulated accident scenarios. Tung et al. ? investigated potential natural
circulation using computational fluid dynamics (CFD) with different turbulence and
laminar models. Because of the geometrical symmetry in VHTRs, Travis et al. 3
performed a CFD study for only 1/6 core while Tung et al.  used a 1/12 core sector to
model natural circulation loops and investigated the effect of the distributed heat
generation on natural circulation strength. Haque et al. ® analyzed the thermal response of

prismatic VHTRs numerically using thermal hydraulics code THERMIX under a
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pressurized conduction cooldown (PCC) scenario and depressurized conduction
cooldown (DCC) scenario. These studies revealed that natural convection is effective in
preventing a core meltdown. However, there is a lack of benchmarking data to validate
these computational results. Limited numbers of experimental studies on plenum-to-
plenum natural circulation thermal hydraulics phenomena have been reported in the open
literature. For example, there is an ongoing study on plenum-to-plenum natural
circulation heat transfer during PCC and DCC accident scenarios at Oregon State
University’s high-temperature test facility (OSU-HTTF) ©. However, the facility is not
equipped for some separate effect experiments for local flow and heat transfer
measurements. Therefore, there is a need for establishing a range of scaled separate and
integral effects experiments for studying thermal-hydraulic behavior occurring within a
component or particular region of VHTRSs such as plenum-to-plenum heat transfer during
natural circulation. To address this need, a scaled-down facility is designed and
constructed at Multiphase Reactors Engineering and Applications Laboratory (mReal)
with only two channels with upper and lower plena. The emphasis is placed on high
resolution and high fidelity data for local heat transfer measurements utilizing
sophisticated techniques. An advanced fast response flush mounted heat transfer sensors
together with a series of thermocouples have been implemented for the first time in this
study. This study focuses on the effect of upper plenum and cooled channel temperatures
on the intensity of the natural circulation heat transfer. The data collected from this
facility will provide crucial benchmark data to validate codes such as; RELAP5-3D,

CFD-STAR-CCM+, CFED-Fluent, etc.
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Experimental work

Multiphase Reactors Engineering and Applications Laboratory (mReal) at
Missouri S&T has designed, developed, and tested a scaled-down dual-channel facility
with reference to the OSU-HTTF"®, The HTTF scaling down criteria provides a good
similarity to the reference prismatic block modular high-temperature gas-cooled reactor
(MHTGR). mReal has adopted the same scaling criteria for developing the current
facility with reference to HTTF"8, The current setup is 1 m in height with channel grid
plate diameter of 0.305 m. This layout mimics seven graphite blocks of the PMR; one
central block surrounded by six identical blocks as shown in Fig. 1(a). Each graphite
block would have one channel for the nuclear fuel surrounded by six coolant channels. A
physical picture of the current scaled-down facility is shown in Fig. 1(b) which consists
of two channels; one heated channel for upward flow in the center block and the other
cooled channel for downward flow in the outer edge of the outer block (Fig. 1(a)). The
outlet from the heated channel mixes in the upper plenum and returns through the cooled
channel to the lower plenum (Fig. 1(c)). The air was used in the current study as a
working fluid to perform natural flow conditions at operating pressure of 413.685 kPa.
Table 1 shows the dimensions of the current setup with respect to Oregon State’s HTTF.
The inside diameter of the two channels is kept constant at 0.016 m. The current facility
is made of an alloy of stainless steel with a thermal conductivity of 16.2 W/m.K to handle
high pressure up to 1034.21 kPa and temperature up to 533.15 K. The upper plenum of
the current facility is designed and developed with an external cooling jacket using
chilled water, which surrounds the whole upper plenum to control the temperature of the

outer surface as shown in Fig. 1(d). Also, a helical coil heat exchanger of 1 m length is
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used around the downward channel (cooled channel) to maintain the outside surface
temperature of the cooled channel at the desired value. A 3.5 mm diameter high thermal
conductivity copper tube with a wall thickness of 0.85 mm is used for the helical coil heat
exchanger on the cooled channel. Also, a high temperature and thermally conductive
silicone paste (OT-201-16, Omega Engineering, INC.) is added between the helical coil
and outer surface of the cooled channel to improve heat transfer. A high capacity chiller
(Applied Thermal Control Ltd, K4 chiller) is used to provide the chilled water at 275.8
kPa. The chiller is equipped with temperature and pressure controllers. Chilled water
comes from the chiller and goes upward (counter-current) with respect to the air flow
inside the cooled channel. The cooling jacket at the upper plenum is also connected with
the chiller to control the outer surface temperature of the upper plenum. Thus, the
temperatures of the outer surfaces for the cooled channel and the upper plenum are kept
constant at desired values during all experiments. The temperatures of the outer surface
of the upper plenum and cooled channel are the main variable for this study. An electrical
heater of 2.438 m length and a 0.0254 m width is wrapped continuously around the
heated channel to form a uniform heating source. The electrical heater is connected with
a variable voltage regulator with a span of 0-130 volts with a digital power reader (0.2%
accuracy) to control and monitor the magnitude of power supplied to the heated channel.
The outer surface of the heater is properly insulated by 0.05 m thickness ceramic fiber
blanket (thermal conductivity of 0.07 W/m.K) to minimize the heat loss from the heater
to the surrounding environment and to increase the heat input to the system. Also, the
lower and upper plena and the cooled channel are also thermally insulated by a ceramic

fiber blanket as shown in Fig. 1(b). For the heat transfer investigations, advanced
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integrated fast response heat transfer technique has been developed which consists of
flush mounted heat transfer foil sensors (6.35 mm x 17.78 mm x 0.08 mm) on the inner
wall of the channels (Fig. 2 and 3(a)) and a series of T-thermocouple (1.6 mm in
diameter) that are mounted along the channel’s axis at the front of heat transfer foil
sensors to measure the air temperature at the centerline. The foil sensor can
simultaneously measure the local heat flux and surface temperature by a thermocouple
built into the surface of the foil sensor. mReal laboratory and others®! have used such
flush mounted heat transfer techniques to characterize the heat transfer coefficients in
cold multiphase flow systems with an additional cartridge heater. The heated channel is
the source of heat in the current study. Therefore, additional cartridge heater is not
needed in this work. The heat transfer technique in the current study (Fig. 2) is
implemented in a novel way within this facility to allow heat transfer investigations at
different axial locations along the channels. Six axial positions along the heated channel
(Z/L= 0.044, 0.279, 0.409, 0.591, 0.773, 0.956 (end effect)) and three axial positions
along the cooled channel (Z/L= 0.044, 0.5, 0.956) are used in the current study to collect
the experimental data. These positions are used to collect data after reaching steady state
conditions. A small number of axial positions for the cooled channel is due to low
variation in the channel based on our preliminary computational study carried out during
the design of the facility 1. The heated and cooled channels are divided into small
sections. There is a connecting block for data collection at ends of each section along the
heated and cooled channels as shown in Fig. 2 and 3(a). Foil sensor flush mounted with
high-temperature glue at the inner surface is shown in Fig. 3(a). The T-thermocouple is

placed in front of the foil sensor (B in Fig. 3(a)) at the centerline of the channel to
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measure the centerline temperatures at the axial locations. It is worth mentioning that the
foil sensor is capable of detecting the direction of the heat transfer. Positive signal means
that heat transfers from the inner wall of the channel to the adjacent fluid, while negative
signal means that heat transfers from the adjacent fluid to the inner wall of the channel. In
the current work, a heat flow reversal is observed at Z/L =0.956 in the heated channel.
This end effect heat flow reversal is attributed to axial conduction from the upper plenum
inside the solid wall of the heated channel (conjugate heat transfer). This negative heat
transfer is excluded from the calculation of heat transfer coefficient. The local bulk
temperature of air in the heated channel is determined by fitting a straight line
interpolation between the measured inlet and outlet bulk air temperature since the isoflux
boundary condition is applied'>!3. A highly accurate system (Fig. 3(b)) is designed and
implemented to radially adjust the locations of T-thermocouple. This development
allowed us to measure the radial temperature of the air at the inlet and outlet of the heated
channel. In this study, the inlet and outlet (Z/L=0.779) bulk air temperatures are
measured by averaging 8 radial values with a step of 1/16 of channel diameter. Outlet
location is selected lower than the last sensor location (Z/L=0.956) due to the heat flow
reversal and the end effect. Available literature for an open channel without plenum also
reported heat flow reversal at the outlet of the heated channel'**°. By simultaneously
measuring the local instantaneous heat flux (q;) through the heated foil sensor, its surface
temperature (Ts) by a thermocouple at the foil surface, and the local bulk air temperature
(Tb), the instantaneous heat transfer coefficient (hi) and local time-averaged heat transfer

coefficients (havg) can be determined from the following equations °°:

b=t (1)

(Tar T il
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where N is the number of the collected data points, which is selected to be 2000 to
achieve stable values. The signals from the heat flux and thermocouples are sampled
simultaneously at 50 Hz for 40 s. The sampling frequency is selected based on
preliminary experiments with various frequencies that showed no difference in the time-
averaged heat transfer coefficients. In the current work, we are interested in estimating

the heat transfer coefficient along the heated channel.

Experimental procedure

The system is pressurized to the desired pressure before starting the experiments
using an external air compressor. All experiments for this study are carried out at 413.685
kPa. Once the pressure inside the facility reached the desired pressure of 413.685 kPa, the
air supply was turned off, and the electrical heater was adjusted to the desired power. The
total power supplied, Q:, from the electrical heater to the outer surface of the heated

channel is calculated as follows:

@ =VI (3)
The total power supplied could be divided through the following equation:

@ = Cronv. ¥ @rea. T Yogma. - (4)
The radiation heat transfer, ., . , from the heated channel is ignored in this study due to

the small value of ¢__ . . The conduction heat transfer,&_,, ., can be calculated from the

following equation:
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The conduction heat losses (&, /@, ) from the heated channel to the environment was

found to be 18% of the total input wattage to the heated channel. The wall heat flux (qw)
is calculated by subtracting the 18% conduction losses from the total power and then

dividing the remaining power by the area of the heated channel (= &, £}. The constant

heat flux to fluid in the heated channel was 2.046x10° W/m? for all experiments
performed for this study. After adjusting the desired heat flux (2.046x10° W/m?) to the
heated channel, the chiller is turned on and the chilled water is allowed to flow
continuously through the heat exchanger around the cooled channel and the cooling
jacket of the upper plenum. The effect of the outer surface temperatures of the upper
plenum and cooled channel on the intensity of natural circulation is investigated using
four outer surface temperatures (278.15 K, 288.15 K, 298.15 K, and 308.15 K). This
range of temperatures is restricted due to the capability of the current chiller. After
adjusting the desired outer surface temperatures and the power supplied to the heated
channel, the system is allowed to reach steady state. The steady-state condition was
confirmed when the temperature readings were not varying by more than 0.5 K within 30
minutes, and the local heat transfer coefficient was not changing by more than 0.8
W/m?.K within 30 minutes. Once the steady-state conditions were established, the
measurements of the heat transfer were taken and recorded. Local instantaneous and

time-averaged heat transfer coefficients (hi and hayg) are determined using Eq.(1) and (2).
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Results and Discussion

The results of the current work are presented using various parameters which are
defined in this section. The average free convection heat transfer coefficients in tubes can
be represented in the following form for a variety of circumstances *°:

Nu = m {Gr Pr)”. (6)

The Rayleigh number (Ra) is the product of Grashof and Prandtl numbers (Gr and Pr), so

Eq. (6) can be rewritten as:

Nu = m (Ra)™ (7

Hence, the physical properties of air (i.e.,o ./, &, pv,c,) are determined at the film

temperature (T5) which is calculated from the following equation °:

T, = Ts_r; Thi (8)
Then, the local Nusselt numbers (Nu) at different axial locations are calculated as:
N

== ©)

Afterward, the average heat transfer coefficient (k,) and the average Nusselt Number (

Nu, ) along the heated channel can be calculated as:

hy == hy,, d(L) (10)

11 (11)
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The average values of other parameters such as the Grashof number (Gr) and Prandtl

number (Pr) can be calculated based on the axial average inner surface temperature (T.),
the axial average bulk temperature (T,), and the average mean film temperature (T;) as

follows:

_ 1. fL=R773
T[S 7 T AW

(12)
= _ 1 fL=0773 13
T=f, Ty (L) (13)
= ST TIT (15)
The volumetric expansion coefficient of air (B) is calculated as:

—x

b= (16)
The Prandtl number is calculated as:
Pr=2" (17)
Finally, the average Rayleigh number (Ra) is calculated as:
Ra = Gr Pt (18)

Centerline and inner surface temperatures variations along the heated channel
Fig. 4 shows centerline air temperature (Fig. 4(a)) and the inner surface

temperature (Fig. 4(b)). Both graphs exhibit the same trend for all conditions. With
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increasing the upper plenum and cooled channel temperatures the air centerline and
channel wall temperatures are also increasing for all different axial positions. The air
temperature at the centerline and inner surface temperature along the heated channel are
increased by 21 % and 12 % respectively with increasing the outer surface temperatures
of the upper plenum and cooled channel from 278.15 K to 308.15 K. In general, the
distribution of both temperatures shows that the temperature is increased from the heated
channel leading edge (Z/L=0.044) to a certain axial position (Z/L=0.773). Beyond this
axial position, a reduction in both temperatures is observed. As noted for Z/L =0.956
there is a decrease in both air and surface temperatures as compared to the next lower
axial location (Z/L=0.773). The temperature increase from the inlet to Z/L=0.773 is due
to the continuous uniform heating applied to the channel. But temperature reduction in
the last portion of the channel is indicating towards possible heat flow reversal. This heat
flow reversal at the outlet of the channel is reported in the open literature!**® for an open
channel without a plenum. It is worth mentioning that at Z/L=0.956 (end effect) the heat
transfers from the adjacent air to the inner wall of the heated channel is observed by the
negative signal of heat flux from the foil sensor, while the other locations have positive
signals. This reversal in the direction of heat transfer at the end effect (Z/L=0.956) is
attributed to downward axial conduction inside the solid wall of the heated channel
(conjugate heat transfer between the upper plenum and top section of the heated channel).
So, a reduction in the temperatures is observed at Z/L=0.956 (end effect) for the heated
channel. Also, end heat losses at the top section of the heated channel have a significant
effect on the temperature reduction. The back-mixing is evidence of the complex thermal

fluids interactions in VHTRs. The literature also reports that the axial conduction along
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the heated channel and laminarization (buoyancy induced acceleration) have strong
effects on centerline and wall temperatures 2. The complexity of VHTRs and
interaction between mixing phenomena in the two plena and natural circulation in the
core could cause back-mixing and intensive recirculation of cooled air plumes from the
upper plenum into the top section of the heated channel that would lead to a reduction in
both temperatures (Ts and T¢) at the top portion of the heated channel (Z/L=0.956). From
these results, it is concluded that the outer surface temperatures of the upper plenum and
cooled channel have a significant effect on the air temperature at the centerline and the
inner surface temperature of the upward flow channel in the natural circulation conditions

of PMR.

Centerline and inner surface temperatures variations along the cooled channel

The distribution of inner surface temperature (Ts) and air temperature at the
centerline (T¢) for cooled channel under various cooling conditions exhibits a general
decreasing trend from the top inlet (Z/L=0.956) to bottom exit (Z/L=0.044), as shown in
Fig. 5. However, for high cooling rate (lower chiller temperatures of 278.15 and 288.15
K) the end effects are observed even for the cooled channel. The obtained results along
the cooled channels indicated that there is a small local temperature difference between
Ts and T, which is less than 2 K along the cooled channel for all conditions. This finding
emphasizes that the majority of the thermal energy carried by air coming up from the
heated channel is absorbed in the upper plenum. By increasing the outer surface

temperatures of the upper plenum and cooled channel from 278.15 K to 308.15 K, the
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temperatures of the air and channel inner surface along the cooled channel (downward

flow) increase.

Heat transfer coefficient and Nusselt number variations along the heated channel

The heat transfer coefficient (h;) is a quantitative characteristic of convective heat
transfer between the bulk fluid temperature and inner surface temperature of the heated
channel. It is usually used to calculate the dimensionless group Nusselt number as shown
in Eg. (9) and (11). The local heat transfer coefficient and local Nusselt number are
decreased by 23% and 25% respectively with increasing the outer surface temperatures of
the upper plenum and cooled channel from 278.15 K to 308.15 K as shown in Fig. 6. It
worth mentioning that the direction of heat transfer is observed to be from the inner wall
of the heated channel to the adjacent air from Z/L=0.044 to Z/L= 0.773, but at the
position of Z/L=0.956 (end effect) there is a reversal in the direction of heat transfer. The
heat transfers from the adjacent air layer to the inner wall at Z/L =0.956. This reversal in
the direction of heat transfer could be attributed to the downward axial cooling
conduction inside the solid wall of the heated channel from the upper plenum and co-
circulation at the top section of the heated channel as reported in the literature!®°,
Therefore, we have excluded the value of heat transfer coefficient at this position (Z/L
=0.956) in calculating the average heat transfer coefficient. These negative values are
also not included in the heat transfer coefficient and Nusselt number plots. Therefore,
additional investigations are needed in conjunction with computational fluid dynamics to
identify the thermal boundary layer and heat reversal at the top portion of the channel.

Also, it is observed from the distribution of local Nusselt number, and heat transfer
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coefficient for a certain condition that the heat transfer coefficient and Nusselt number
initially decrease from the leading entrance of the heated channel to a certain axial
position (Z/L) equals 0.409. This reduction is attributed to the building up of
hydrodynamic and thermal boundary layers of the air. Beyond this axial position
(Z/L=0.409), the local Nusselt number and heat transfer coefficient values tend to
increase up to Z/L =0.591. This enhancement in the Nusselt number and heat transfer
coefficient could be attributed to the possibility of transition to turbulence and a
secondary flow effect of upward flow along the sides of the channel and downward flow
near the channel centerline due to radial temperature and viscosity differences that lead to
a higher heat transfer coefficient which is discussed by Mohammed and Salman *3. Also,
it is observed that there is a reduction in the value of heat transfer coefficient and Nusselt
number after Z/L =0.591, which could be attributed to an extension of the end effect but

without a reversal in the direction of heat transfer.

Test of the heat transfer results with the available correlations from literature

There are many correlations available in the literature to predict the heat transfer
data in natural convection. The correlations related to natural convection induced by a
constant wall heat flux have been selected and used in this study, as summarized in Table
2 2122 The selected correlations for testing the heat transfer data collected in this study
were based on a wide range of experimental data. The comparison between the current
experimental data in terms of average Nusselt number and the selected correlations is
shown in Fig. 7. One can observe the qualitative similarity between the experimental data

and the selected correlations, but the present experimental results are always higher than
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the predictions from Miyamoto et al. #* and Aydin and Guessous %2 correlations. The
deviation between experimental and predicted results is presented in terms of the average

absolute relative error (AARE) that is calculated from the following equation:

AARE = l’}_':::ﬁ[ A0prodicredi™ Y8 amperimantsli
= iy A Y .
™

(19)

Nispperimentali

The AARE between the experimental results and the Miyamoto et al. 2! and Aydin and
Guessous 22 correlations are 21 % and 20% respectively. From the comparison, it is clear
that the upper and lower plena have a significant effect on the heat transfer and natural
circulation phenomenon leading to end effects. These end effects produce heat flow

reversal which may have implications for PMR design and safety analysis.

Conclusions

A high temperature and pressure scaled-down dual-channel facility at Multiphase
Reactors Engineering and Applications Laboratory (mReal) at Missouri S&T has been
designed and developed to experimentally investigate natural circulation that would be
encountered during an accident scenario of pressurized conduction cooldown (PCC) in a
prismatic modular reactor (PMR). The current facility consists of two channels for
coolant flow and an upper plenum and a lower plenum. In the current study, the effect of
the outer surface temperatures of the upper plenum and cooled channel (downward flow)
on the intensity of natural circulation is investigated using advanced fast response flush
mounted foil sensors in conjunction with a series of thermocouples. Four different outer

surface temperatures of the upper plenum and cooled channel (278.15, 288.15, 298.15,
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and 308.15 K) are examined at a high pressure of 413.685 kPa using air as working fluid.

The specific conclusions of the current study are summarized as follows:

= The majority of heat removal occurs by heat transfer through the upper plenum.

= Due to conjugate heat transfer and re-circulation at the top section of the heated
channel, there is a drop of both centerline air temperature, and the channel wall
temperature is observed.

= Measurements also reveal a reversal of heat flow close to the heat channel outlet,
where the heat started to flow into the channel wall rather than from the wall to
the air.

= |nner channel surface temperature and air temperature at the centerline are
influenced by the outer surface temperatures of the upper plenum and cooled
channel along the circulation loop. The air temperature at the centerline and inner
surface temperature along the heated channel (upward flow) are increased by 21%
and 12 % respectively with increasing the outer surface temperatures from 278.15
K to 308.15 K.

= The local heat transfer coefficient and local Nusselt number are decreased by 23
% and 25 % respectively with increasing the outer surface temperatures of the

upper plenum and cooled channel from 278.15 K to 308.15 K.

= Experimental results of the convective heat transfer are compared with literature

correlation®:?2 and are found within 20% and 21% respectively.

The obtained benchmark data will be used to validate commercial CFD codes that can be

reliably used to predict flow behavior inside such systems.
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Notation

Cp heat capacity of air (J/ kg.K)

Do outer diameter of the heated channel (m)

g acceleration gravity (m/s?)

Gr Grashof number, dimensionless, M

Gr* modified Grashof number, dimensionless, Ra; /Pr

Navg time-averaged local heat transfer coefficient (W/m?.K)
hi local instantaneous heat transfer coefficient (W/m?.K)
hy average heat transfer coefficient (W/m?2.K)

I total current applied (Amps)

Ks thermal conductivity of the insulation material (W/m.K)
k thermal conductivity of air (W/m.K)

L length of the heated channel (m)

I characteristic length (m)

m coefficient of correlation

n coefficient of correlation

N number of data points



Nu

Nug

NUpredicted, i

NUexperimental,i

Pr

Qi

Qw

Qt

Q conv
Qrad
Qcond
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. ) byl
Nusselt number, dimensionless, ikf—

: : Bl
average Nusselt Number, dimensionless, f

predicted Nusselt number from empirical correlation, dimensionless

experimental Nusselt number, dimensionless

Prandtl number, dimensionless, “—:5

local instantaneous heat flux (W/m?)

imposed wall heat flux (W/m?)

total power supplied (W)

convection heat transfer from the heated channel surface (W)

radiation heat transfer from the heated channel surface (W)

axial conduction heat transfer through the heated channel (heat losses) (W)
thermal resistance (K/W)

Rayleigh number, dimensionless, Gr Pr

Ef g it

modified Rayleigh number, dimensionless, e

channel inner Surface Temperature (K)
bulk air temperature (K)

air temperature at the centerline (K)

air film temperature (K)

average mean film temperature (K)
average value of channel inner surface temperature(K)

average value of bulk temperature (K)
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AT temperature difference across the insulation material (K)
\Y total voltage applied (Volts)

Ax thickness of insulation (m)

Z/L dimensionless axial position

Greek Letters

o thermal diffusivity (m?/s)

B volumetric expansion coefficient of air (1/K)
H dynamic viscosity of the air (kg.m/s)

1 kinematic viscosity of air (m?/s)

o density of air (kg/m°)
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Table 1. Dimensions of the current facility with reference to OSU-HTTF.

Parameter Current facility OSU-HTTF
Tube diameter (m) 0.016 0.016
Coolant channel length 1 2

inside block (m)

Core diameter (m) 0.3 1.2

Upper plenum height (m) | 0.239 0.956
Outer vessel diameter (m) | 0.381 1.524

Number of channels

Two channels
(one upward flow and

other downward flow)

516 coolant channel
210 Heater Rod
Six inner gap channel

36 outer gap channel
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Table 2. Correlations from literature.

Investigators Empirical correlation Conditions
Miyamoto et al.?* | Nu, =0.104 Raj **% (1.5 x 10" < 6r = 1.7 x 10%)
, air
Aydin and N, =0.219 ( Raj Pr /4 Apply to all fluids.
FAs1t+Fr
Guessous??
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Fig. 1. (a) schematic diagram of top view of the seven blocks, (b) physical picture
of the current facility, (c) position of the channels at the lower plenum, and (d) insulated
upper plenum with cooling jacket (all dimensions in Sl units, m)
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Fig. 1. (a) schematic diagram of top view of the seven blocks, (b) physical picture of the
current facility, (c) position of the channels at the lower plenum, and (d) insulated upper
plenum with cooling jacket (all dimensions in SI units, m) (cont.)
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Fig. 1. (a) schematic diagram of top view of the seven blocks, (b) physical picture of the
current facility, (c) position of the channels at the lower plenum, and (d) insulated upper
plenum with cooling jacket (all dimensions in SI units, m) (cont.)
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Fig. 2. Schematic diagram of the experimental setup with the heat transfer technique
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Fig. 6. (a) axial distribution of local heat transfer coefficient along the
heated channel and(b) axial distribution of local Nusselt number along the
heated channel



2.35

2.25

43

A
A A

A

= o B -
A Experimnetal data
» Aydin and Guessous
W Miyamoto et al.

13.2 13.22 13.24 13.26 13.28 13.3 13.32
Log Ra*

Fig. 7. Comparison of experimental results with available correlations in the literature.



44

Il. EXPERIMENTAL INVESTIGATION OF THE HELIUM NATURAL
CIRCULATION HEAT TRANSFER IN TWO CHANNELS FACILITY
USING VARYING RISER CHANNEL HEAT FLUXES

Ibrahim A. Said [*3], Mahmoud M. Taha [+, S. Usman 21", M. H. Al-Dahhan 1.2
[1 Multiphase Reactors Engineering and Applications Laboratory (mReal), Chemical and
Biochemical Engineering Department, Missouri University of Science and Technology,

Rolla, MO, 65409, USA
21 Mining and Nuclear Engineering Department, Missouri University of Science and
Technology, Rolla, MO, 65409-0170, USA
31 Chemical Engineering Department, Faculty of Engineering, Alexandria University,

Alexandria, Egypt

* Corresponding author: usmans@mst.edu

Abstract

Natural circulation is considered an important passive safety aspect of the
prismatic block gas cooled reactor during accident scenarios. Experimental investigations
for helium natural circulation heat transfer in a scaled down separate-effects dual-channel
facility have been performed at Multiphase Reactors Engineering and Applications
Laboratory (mReal). The current facility consists of two channels (riser and downcomer)
for coolant flow between upper and lower plena. In the present study, the riser channel is
heated uniformly using an electric heater, and the downcomer channel is cooled
uniformly using a heat exchanger with chilled water to initiate natural circulation. The
intensity of natural circulation heat transfer along the riser and downcomer channels is

investigated at different levels of constant heat fluxes ranging from 860 W/m? to 2293
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W/m? at 413.7 kPa using sophisticated a noninvasive heat transfer probe. The heat
transfer data in terms of the local heat transfer coefficient, the local wall surface, and
helium temperatures are collected at different axial and radial locations. Also, the local
Nusselt numbers are estimated along the two channels. Results confirm that the heat
transfer coefficient and Nusselt number values increase as the heat fluxes increase due to
increased convection currents. Average riser wall surface temperature increased by 84%
when heat fluxes increase from 860 W/m? to 2293 W/m?, Also, small variations in the
temperatures of the wall surface and helium are observed along the downcomer channel
due to the large volume of the upper plenum. A reversal in the direction of heat transfer
close to the outlet of the riser channel (Z/L = 0.956) is observed, as well as a reduction in
the wall surface temperature due to co-circulation. The heat transfer reversal being
reported here is very significant and would have profound effects on the overall design of
the natural circulation systems. The radial temperature distributions along the riser
channel showed a unique peaking in the center close to the exit (Z/L = 0.956). Also, the
local radial variation of density, dynamic viscosity, and thermal conductivity as
dimensionless values with respect to bulk values are measured along the riser channel.
Results showed that the deviation of local values from the bulk values increases with
increasing the magnitude of heat flux to the riser channel. The average heat transfer
results in terms of Rayleigh number and Nusselt number, when compared with previous

literature correlations, showed a similar qualitative trend.

Keywords: natural circulation; prismatic block gas cooled reactor; noninvasive heat

transfer probe; heat transfer coefficient and Nusselt number
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Introduction
High-temperature gas-cooled reactor (HTGR) or very high-temperature reactor

(VHTR) is considered one of the candidates for the next generation nuclear plants
(NGNPs) due to their advantages over other new reactor designs. One of the very high-
temperature reactor advantages is their capability to passively remove decay heat from
the reactor through natural circulation and convection from the reactor core during
accident scenarios. Natural circulation of the coolant and high thermal conductivity of
graphite (moderator) are the leading capabilities for VHTR to transport the decay heat
from the core to the reactor vessel. Natural circulation is expected to occur under
pressurized conduction cooldown (PCC) and depressurized conduction cooldown (DCC)
scenarios in VHTR 2. There are some studies performed on the fluid flow and heat
transfer in the VHTR under the natural circulation in VHTR using computational fluid
dynamics (CFD) calculations®®. These studies reveal that natural circulation is an
effective safety system, and it prevents the core from meltdown and localized hot spots
after the loss of flow accidents (LOFA). Valentin et al. ® at City College of New York
examined natural circulation in a simplified graphite-fuel matrix using COMSOL
Multiphysics code. They investigated the effect of geometry, operational conditions, and
fluid properties on the passive cooling systems. There is an ongoing study at Oregon
State University’s high-temperature test facility (OSU-HTTF) related to plenum-to-
plenum natural circulation heat transfer during PCC and DCC accident scenarios 27,
These studies are limited in the ability to measure local high-resolution and high-fidelity
heat transfer coefficient and heat transfer rate because the used facilities are not equipped
with newly available sophisticated measurement techniques. Haque et al. 8 investigated

the PCC and DCC accident scenarios using thermal hydraulic code called THERMIC.
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Also, Simone et al. ° employed CFD code to examine combined convective, conductive,
and radiative heat transfer during decay heat removal in VHTR. The discussed literature
survey shows the lack of experimental studies on plenum-to-plenum natural circulation
heat transfer during the loss of forced flow accident scenario in the prismatic modular
reactor. Particularly there are data and knowledge gaps for local heat transfer coefficient
measurements using sophisticated noninvasive techniques. To fill these literature gaps
and to provide local experimental data on the natural circulation, a high temperature and
pressure dual-channel facility has been used in this study. The facility is designed,
developed, and implemented by Multiphase Reactors Engineering and Applications
Laboratory (mReal)*° research team at Missouri S&T. This facility can perform separate
and integral-effects experiments for studying thermal-hydraulic behavior occurring
within a component or particular region of VHTR. The facility is equipped with
sophisticated measurement techniques that are integrated in a novel way to
experimentally investigate the intensity of natural circulation between the two plena
through the flow channels. In this study, a noninvasive fast-response flush-mounted heat
transfer probe with high response time and high sensitivity that measures heat flux and
surface temperature has been developed. A radial temperature measurement adjuster
using T-thermocouple (1.6 mm in diameter) has also been developed and machined in-
house to measure the radial helium temperature variations along the flow channels. Heat
transfer data in terms of the heat transfer coefficients, Nusslet numbers, and axial and
radial temperatures are measured across the flow channels with the considerations of the
thermal boundary conditions of isoflux (constant axial heat flux conditions), ranging from

860 to 2293 W/m?, for the riser channel. The experiments have been performed at high
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operating pressure, 413.7 kPa, using helium as a working fluid, for constant outer surface
temperatures of the upper plenum and downcomer channel. We performed all the
experiments at 413.7 kPa for safety considerations, and we also have an ongoing separate
effect study on the operating pressure effect. Hence, a mid-value pressure of 413.7 kPa is
selected here. The obtained local heat transfer data in this study will provide high spatial
and temporal resolutions benchmarking data for validating heat transfer computations and

correlations that are integrated with CFD simulations.

Experimental work

Multiphase Reactors Engineering and Applications Laboratory (mReal) at
Missouri S&T has designed, developed, and implemented a unique small scale dual-
channel facility'®. This facility which was used in this work is shown in Figure 1. The
dual-channel facility is made of stainless steel alloy and consists of two vertical channels
(riser and downcomer) and two plena connected with two stainless steel flanges. The
inside diameter of the channels is 1.6 mm, while the height of the channels and the
channel spacing (measured from the axis of the two channels) are 1 m and 105 mm,
respectively. The height of the channel represents five scaled-down blocks®. A flexible
tape-type electrical heater (2.4 m in length and 254 mm in width) is wound uniformly
around the riser channel. A variable voltage regulator with a span of 0-130 volts and a
digital power reader is connected to the electrical heater to control the power supplied to
the riser channel. A heat exchanger using chilled water (length 1 m) of copper tube is
used around the downcomer channel to control the outer surface temperature of the
downcomer channel to the desired value. Furthermore, the heat exchanger around the

downcomer channel is used to make a cooling by chilled water for the helium inside the
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downcomer and simulate the downward flow. Also, the outer surface of the upper plenum
is equipped with a cooling jacket using chilled water to maintain the outer surface of the
upper plenum at the desired temperature. A chiller (Applied Thermal Control Ltd, K4
chiller) was used in the current study to provide the chilled water at the desired
temperature for the cooling jacket and heat exchanger. The chilled water flows
countercurrent with respect to the helium flow inside the downcomer channel. The
cooling jacket at the upper plenum is also connected with the chiller to maintain the outer
surface temperature of the upper plenum at the desired value. Since the difference
between the inlet and outlet chilled temperatures of the cooling jacket and heat exchanger
always turned out to be less than 1 °C, the constant wall temperature can be assumed as
the thermal boundary condition for the downcomer channel and upper plenum. Thus, the
temperatures of the outer surfaces for the downcomer channel and upper plenum are kept
constant at 5 °C. This temperature of 5 °C for outer surface temperatures for the upper
plenum and downcomer channel, is selected due to the higher rate of heat transfer
coefficients along the riser channel, which is based on our experimental study carried out
and related to the effect of the outer surface temperatures of the downcomer channel and
upper plenum on the intensity of natural circulation®®. The entire lower plenum is
insulated using a ceramic fiber blanket to establish adiabatic conditions. To minimize the
heat exchange between the experimental facility and the environment, every part of the
system was also carefully insulated using a thick ceramic fiber blanket (0.05 m in
thickness). More details regarding the experimental facility and cooling and heating
systems can be found elsewhere®®. A radial adjuster for helium radial temperature

measurements has been developed and machined in-house to radially adjust the location
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of the T-thermocouples (1.6 mm in diameter) along the flow channels (Figure 2). This in-
house development of a radial adjuster allowed us to measure the radial temperatures of
helium at different axial locations along the flow channels. Six axial positions along the
riser channel (Z/L= 0.044, 0.279, 0.409, 0.591, 0.773, 0.956 (end effect)) and three axial
positions along the downcomer channel (Z/L= 0.044, 0.5, 0.956) have been used in the
present study to perform the measurements of the heat transfer coefficients and the
flowing helium radial temperatures. The local instantaneous heat fluxes and surface
temperatures along the riser and downcomer channels are measured using a noninvasive
heat transfer probe of micro-foil heat flux sensor (6.35x10° m x 0.01778 m x 8x10° m)
from RDF Corporation (model no. 27036-1). The micro-foil heat flux sensor was flush-
mounted on the inner surface of the flow channels (Figure 3) to make the measurements
noninvasive. The micro-foil sensor has both the heat flux and thermocouple sensors.
Thus, the micro-foil sensor can simultaneously measure the local instantaneous heat flux
between the foil sensor and the flowing fluid and the local instantaneous inner surface
wall temperature of the sensor. In our laboratory (mReal), we have used such flush
mounted heat transfer technique to characterize the heat transfer coefficient and
consequently Nusselt number in cold flow multiphase systems 1%*2. The measured signals
of the heat flux, in the range of microvolts, need to be amplified prior to being sent to the
data acquisition system. Hence, an amplifier with model number JH4300-AC from JH
Technology has been used in the current study. Figure 4 shows the sequence of the signal
collection from the micro-foil heat flux sensor to the data acquisition system. After
amplification, the heat flux signals together with the signals of the thermocouples were

sampled at 50 Hz sampling rate for 40 seconds. It is worth mentioning that the micro-foil
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sensor is capable of detecting the direction of the heat transfer between the wall surface
and flowing helium. The positive signal of heat flux means that heat transfers from the
inner surface of the channel to the flowing fluid, while a negative signal means that heat
transfers from the flowing fluid to the inner surface of the channel. In the downcomer
channel, negative signals of heat fluxes are observed for all experimental conditions.
These negative signals confirm that helium flows downward through the downcomer
channel. Positive signals of heat flux are observed along the riser channel from Z/L =
0.044 to Z/L = 0.773, but negative heat flux signals close to the exit (end effect) of the
riser channel (Z/L =0.956) are observed for all experiments. These negative heat flux
signals confirm that there is a reversal in the direction of heat transfer from the flowing
helium to the inner surface of the riser channel. Hence, we have excluded the heat flux
signals at Z/L =0.956 from the measurements of heat transfer coefficient and
consequently the Nusselt number for the riser channel'®. More details regarding the end
effects are discussed in the results and discussion section. The local instantaneous heat

transfer coefficient (k;) and the local time-averaged heat transfer coefficient (k) could
be estimated from Equations 1 and 2 by measuring the local heat flux (g.) by the heat
flux sensor and the difference between wall surface temperature (T,;) measured by the
heat flux sensor and the characteristic fluid temperature (T,.) measured by the T-
thermocouple using the radial adjuster *%2:

b=t (1)

(TarTy il
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Where N is the number of the data points over 40 seconds for 50 Hz sampling rate, which
is selected to be 2000 to achieve a high stable value of heat transfer coefficient over all
the experiments. The characteristic fluid temperature ('T,;) for the riser channel is
measured at each axial location by averaging eight radial values (Tg; ;) with a step 1/16 of

the channel inside diameter (1 mm step size) as follows:

v 1 —j=E,
T'.:!_:' - E:{:lTEL.i (3)

In the downcomer channel, the characteristic fluid temperature is the helium temperature
at the centerline due to slight variation in the radial measured temperatures. T-
thermocouples (1.6 mm in diameter) are used to measure the helium temperature at the
centerline of the downcomer channel. A series of experiments were performed using
helium as a working fluid at a high temperature and operating pressure of 413.7 kPa
(selected due to safety reasons and in light of other ongoing research), in which the outer
surface temperatures of the upper plenum and downcomer channel are kept constant at 5
°C during all experiments. Six values of the supplied constant heat fluxes (isoflux) to the
riser channel have been used ranging from 860 to 2293 W/m?. Each experiment was
performed from the rest state at uniform helium and wall temperatures distribution
(within £ 0.3 °C), starting with the simultaneous dissipation of electrical power in the
heated section (riser) and circulation of the chilled water in the heat exchanger around the
heat sink (downcomer) and cooling jacket around the upper plenum. The steady-state
conditions were established for each experiment when the readings become stable for all

thermocouples signals (+ 0.5K) and heat transfer coefficient signals (0.8 W/m? K),
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which were usually achieved after approximately 3-4 hours. A National Instrument SCXI
module data acquisition system and a personal computer were used for the data collection
and reduction (Figure 5). The data acquisition was performed through the LabVIEW

software.

Results and discussion
End effects

Heat flow reversal is observed at the outlet of the riser channel (Z/L = 0.956)
under conditions (high pressure and temperature) that are not identified or systematically
reported in the open literature. Barnes'® predicted that heat is transported from the gas to
the wall (heat flow reversal) in the exit region of the test section. Figure 6 shows the
negative signals of the heat flux at Z/L = 0.956 for all different experimental conditions.
It is worth mentioning that the remaining signals of the heat flux from Z/L = 0.044 to Z/L
= 0.773 give positive values. Also, the radial distributions of helium temperature close to
the exit (Z/L = 0.956) showed a central peaking for all experiments (Figure 7). This
central peaking is evidence of the heat flow reversal from the adjacent flowing fluid to
the inner wall, which is consistent with the negative signals for the heat fluxes. Therefore,
this reversed flow should also induce separation of the ascending boundary layer flow as
well flow oscillations as reported in literature 3. The heat flow reversal can take its origin
from several parameters: axial cooling conduction through the solid wall of the riser
channel (conjugate heat transfer) and the presence of the upper plenum as an adiabatic
extension with large expansion ratio at the outlet ***° The upper plenum as adiabatic

extension acts as a shroud with respect to the helium plumes coming from the riser
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channel. This phenomenon has to be investigated further, especially regarding the

expansion ratio between the riser channel and upper plenum.

Axial distribution of wall surface temperatures along the riser channel

Figure 8 exhibits very similar wall surface temperature patterns at different
applied constant heat fluxes ranging from 860 to 2293 W/m?. In all experimental
conditions, the maximum surface temperature is not attained at the exit section of the
riser channel due to the end effects, which are discussed previously. Also, one can remark
that the surface temperature gradually increases with the channel length until Z/L =
0.773, beyond which it begins to decrease. This behavior can be explained if Figure 9 is
considered. At the leading edge of the riser channel, point (A), the thickness of the
boundary layer is too small; then, it gradually increases until the point (B). From point
(A) to the point (B), the helium inside the riser channel is heated by convection currents
from the inner surface while it flows through the riser channel. This makes the helium
temperature increases with the axial distance (Z/L) until the point (B), where the
maximum temperature is attained. Beyond point (B), one would expect a straight line
relation between the surface wall temperature and the channel length (BC) with the case
being that of constant heat flux (isoflux). A reduction in the wall surface temperatures, as
represented by (ABD) is observed due to the end effects. In fact, an inflow of denser
helium from the upper plenum cools the thermal helium plumes coming out from the riser
channel, and it can penetrate the riser channel. As shown in Figure 8, for any given axial
position, the surface temperature increases with the increase of the heat fluxes from 860

W/m? to 2293 W/m? because the natural convection is the dominating factor in the heat
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transfer process. The average riser wall surface temperature increased by 84 % for heat

fluxes increase, from 860 W/m? to 2293 W/m?2.

Radial distribution of helium temperatures along the riser channel

Figures 10-15 show the radial distribution of helium temperatures along the riser
channel from the entrance (Z/L = 0.044) to the exit (Z/L = 0.956) for different applied
constant heat fluxes. For all experimental conditions, the radial temperatures exhibit a
very similar trend. Three interesting distinguished radial profiles emerge from these
figures as follows: 1) developing profile from Z/L = 0.044 to Z/L = 0.591, 2) flattened
profile at Z/L = 0.773, and 3) reversed profile close to the exit (Z/L = 0.956). At the top
section of the riser channel, the flow is slow and unable to remove large amounts of heat
compared to higher flow. Hence, the helium bulk temperature will increase to a value
approximately equaling the wall surface temperature, as shown in the flattened profiles
for Z/L = 0.773. After Z/L = 0.773, the gas is unable to remove additional heat, and the
direction of the heat is reversed. This phenomenon has significant effects on the dynamic
performance in terms of buoyancy force. Also, at this condition, the buoyancy force has
no more contribution to the increased fluid velocity. Figure 16 shows the effects of the
axial surface wall temperature on the helium radial temperature profiles along the

channel.

Radial variation of the physical properties along the riser channel
The radial variations of density, dynamic viscosity, thermal conductivity, and heat

capacity in the terms describing the transfer of momentum, mass, and heat are the

primary cause of the changes in the distribution of temperature, heat transfer coefficient,
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and velocity profiles. Figures 17-19 show the experimental density, thermal conductivity,
and dynamic viscosity radial profiles as dimensionless values for helium plotted as a
physical property at local radial temperature divided by the bulk value. The bulk values

for the physical properties along the riser channel are estimated at the operating pressure

and characteristic fluid temperature (T, =% TIZ0T;, ), while the local values (eight

—i=]

values with a step size of 1 mm from the inner wall) are estimated at the operating

pressure and the measured local radial temperature (T¢; ) using the radial adjuster for T-

thermocouple. The helium properties used in the current study are based on a report from
Petersen?®. Figures 17-19 are presented for selected levels of applied constant heat fluxes
to the riser channel (860, 1433, and 2293 W/m?) for three different axial locations: the
inlet (Z/L = 0.044), close to the middle (Z/L = 0.409), and at the exit (Z/L = 0.956). It is
clear from Figures 17-19 that the deviation of properties from the bulk values increases
for any given axial location with increasing the magnitude of heat fluxes. Also, one can
remark that the variation of the dynamic viscosity is very similar to the thermal
conductivity for all cases.

Axial distribution of the local heat transfer coefficient (b, .} and Nusselt number

HVE
By D .
(Nuy = ﬂf—) along the riser channel

The evolution of the local heat transfer coefficient and local Nusselt number

(Ne,,) along the height of the riser channel is presented in Figures 20 and 21 for different

constant heat fluxes ranging from 860 to 2293 W/m? with similar approximate trends. In

the inlet section (Z/L = 0.044), the cold helium is drawn into the lower end of the riser
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channel, causing a high heat transfer coefficient and consequently high Nusselt number.
Between Z/L= 0.044 and Z/L = 0.409, a decrease in the local heat transfer coefficient and
Nusslet number can be observed for low values of constant heat flux (860, 1146, 1433,
and 1720 W/m?), while for higher constant heat fluxes (2006 and 2293 W/m?), the local
heat transfer coefficient and Nusslet number decrease from Z/L = 0.044 to Z/L= 0.279
due to higher convection currents. This reduction in the local heat transfer coefficient and
the Nusselt number could be attributed to growing of the boundary layers by rising
helium. After Z/L = 0.409 for lower values of heat flux or Z/L = 0.279 for higher values
of heat flux, an increase in the local heat transfer coefficient and Nusslet number is
observed until Z/L= 0.591. This enhancement in the local heat transfer coefficient and
Nusslet number is due to the laminarization effect in the wall region (buoyancy effect)
and due to upstream axial conduction in the solid walls, preheating the helium in the
hydrodynamics developing section. Also, a transition to turbulence could be happening in
this region. Beyond Z/L = 0.591, one would expect the increase in local heat transfer
coefficient and local Nusselt number to continue with the case being that of constant wall
heat flux, but a reduction in the values of the local heat transfer coefficient and the
Nusselt number is observed. This could be attributed to an extension of the end effects of
the riser channel. Also, Tung et al. reported that at the interface between the upward
flow channel and the upper plenum, the axial velocity decreases quickly as the working
fluid expands into the upper plenum. Hence, a reduction in the values of heat transfer
coefficients is observed at the top section of the riser channel. Figures 20 and 21 also

confirm that the local heat transfer coefficient and Nusslet number increase as the heat
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flux increases due to increasing natural convection currents, which improve the heat

transfer process.

Comparison of the natural convection Nusselt numbers along the riser channel with
the previous work

To the authors' knowledge, there are no available correlations regarding natural
convection heat transfer for the current geometry of the riser channel with upper and
lower plena (end effects) that may be compared with the heat transfer coefficient
obtained in this work. The only available correlations that can be compared with this
work are established for natural convection heat transfer in a vertical isoflux circular tube
without plena at atmospheric pressure using air'”'®, Table 1 summarizes the selected and
used correlations for comparison. The selected correlations are based on a wide range of
experimental data that were used to develop these correlations. The comparison of heat

transfer coefficient obtained in this work in terms of the average Nusselt number

(N, = Eif—") and Rayleigh number (Ra, = &r, Pr) is shown in Figure 22. All the

physical properties of the helium in N, and Ra, have been evaluated at the average

mean film temperature ( Ty, = ——& ) 192 One can remark that the average

experimental Nusselt numbers (N, ) showed a similar qualitative trend. Also, from the
comparison, it is clear that the average experimental Nusselt numbers (N, ) are higher

than that calculated by the literature correlations*”8. This confirms that simple geometry

without upper and lower plena, as well as higher pressure, has a significant quantitative



59

effect on the results of convective heat transfer. This finding is consistent with the open
literature about the role of restrictions at the ends of heated sections on the obtained heat
transfer coefficients and consequently, Nusselt numbers 182122 in which the restriction
configurations at the ends of the heated section have a significant effect on the heat

transfer results.

Axial distribution of wall centerline’s helium and inner wall surface temperatures
along the downcomer channel

Figures 23 and 24 show the centerline’s helium temperature (Figure 23) and the
inner wall surface temperature (Figure 24). Both figures exhibit general decreasing rate
for all experimental conditions from the inlet (Z/L = 0.956) to the outlet (Z/L = 0.044).
One can remark that the end effects are observed at the outlet of the downcomer channel
in terms of an increase in both temperatures. This end effect, at the end of the downcomer
channel, may be attributed to the conductive heat transfer between two channels close to
the exit of the downcomer as well as co-circulation. Hence, a dip in both temperatures is
observed at Z/L = 0.5. With increasing the applied heat fluxes for the riser channel, the
centerline’s helium and channel wall temperatures also increase for all axial positions
(Z/L =0.044, 0.5, 0.956). The helium temperature at the centerline and inner wall surface
temperature along with the downcomer channel increase by 16 % and 14 %, respectively,
with increasing the magnitude of applied constant heat fluxes to the riser channel from
860 W/m? to 2293 W/m?2. It is worth mentioning that small local temperature differences
are observed between the both temperatures, which are less than 2 °C for all experimental

conditions. These small local temperature differences mean that the majority of heat
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carried by helium plumes from the riser channel is absorbed within the upper plenum.
This finding is also reported by Said et al.*° along the downcomer channel. Therefore, in
this study, we did not measure the radial variation of helium temperatures along the
downcomer channel.

Axial distribution of the local heat transfer coefficient (h and Nusslet number

nvgj
by, D
(Nuy = ﬂf—) along the downcomer channel

Figures 25 and 26 show an axial distribution for the local heat transfer coefficient
and Nusslet number along with the downcomer channel with a decreasing trend from the
inlet (Z/L = 0.956) to the outlet (Z/L = 0.044) for all experimental conditions. It worth
mentioning that the direction of heat transfer is observed to be from to helium flow to the
inner wall of the downcomer channel. This finding emphasizes that the helium flows
downward through the downcomer channel. Also, it is observed from Figures 25 and 26
for a given condition that the local heat transfer coefficients and Nusselt number decrease
from the leading entrance of the downcomer channel to the outlet. This decreasing rate of
local heat transfer coefficients and the Nusselt number is evidence of the descending flow

in the downcomer channel.
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Remarks

A high pressure and temperature natural circulation heat transfer experiments
have been carried out at Multiphase Reactors Engineering and Applications Laboratory
(mReal). A dual-channel facility with two channels for coolant flow and two plena has
been used to measure crucial local heat transfer data in terms of axial and radial
temperatures, heat transfer coefficients, and Nusslet numbers along the flow channels
using helium as a working fluid. Experiments are carried out at 413.7 kPa using a
sophisticated noninvasive heat transfer probe in conjunction with a radial temperature
measurement adjuster for T-thermocouple, which has been designed and developed in-
house to measure the radial helium temperatures radially. The intensity of natural
convection across the two channels (riser and downcomer) has been investigated by
varying the supplied constant heat fluxes to the riser channels. Six values of constant heat
fluxes are used in the current study (860, 1146, 1433, 1720, 2006, and 2293 W/m?), while
the outer surface temperatures of the upper plenum and downcomer channel are kept at 5
°C. The main findings of the current study can be summarized as follows:

e The upper plenum as adiabatic extension acts as a shroud for the helium flow
coming from the riser channel. Hence, a reduction in the wall surface temperature
is observed close to the exit of the riser channel

e A reversal in the direction of heat transfer is observed close to the exit of the riser
channel with a central peaking for helium radial temperatures.

e The radial temperature measurements of helium for the riser channel revealed

three interesting distinguished radial profiles: 1) developing profile from Z/L =
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0.044 to Z/L = 0.591, 2) flattened profile at Z/L = 0.773, and 3) reversed profile
close to the exit (Z/L = 0.956).

Radial variations of density, dynamic viscosity, and thermal conductivity as
dimensionless values with respect to the bulk values are experimentally measured
for the riser channel. The experimental results showed that the deviation of these
properties from the bulk values increases with increasing the magnitude of heat
fluxes applied to the riser channel.

Local time-averaged Nusslet values decrease initially from the leading edge of the
riser channel to a certain axial position (Z/ L = 0.409 for small values of constant
heat fluxes and Z/L= 0.279 for high values). Then, they gradually increase to Z/L
= 0.591 with a sharp drop after Z/L = 0.591 due to end effects.

A qualitative agreement is obtained between the current experimental heat
transfer results and literature correlations in terms of average Nusselt numbers.
Also, the average Nusselt numbers for this work were greater than the predicted
values from the literature correlations. This could be attributed to the role of upper
and lower plena as adiabatic extensions at the ends of the riser channel, which
was missing in the literature.

Experimental measurements reveal a decreasing rate for values of a local Nusselt
number from the inlet of the downcomer channel ( Z/L = 0.956) to the outlet ( Z/L
= 0.044).

Small local temperature differences between the centerline’s helium temperature

and wall surface temperature are observed along the downcomer channel. This
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finding emphasizes that the majority of heat carried by the helium from the riser
channel is absorbed in the upper plenum.

e The obtained benchmark results can be used to validate the heat transfer
computations in conjunction with CFD simulations.

e This study has advanced the knowledge and understanding of the natural

circulation phenomenon in nuclear systems using a representative setup.
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Notation

Cp heat capacity of helium (J/ kg.K)

D diameter of the riser channel (m)

g acceleration gravity (m/s?)

&ry Grashof number, dimensionless, M

Navg time-averaged local heat transfer coefficient (W/m?.K)
hi local instantaneous heat transfer coefficient (W/m?.K)
k thermal conductivity of helium (W/m.K)

L length of the riser channel (m)

N number of data points
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. ) by D
Nusselt number, dimensionless, lkf—

. . ho..L
Nusselt number, dimensionless, lkf—

Prandtl number, dimensionless, “—:5

local instantaneous heat flux (W/m?)

Rayleigh number, dimensionless, &r; Pr

channel inner Surface Temperature (K)
characteristic helium temperature (K)
radial temperature (K)

T'.:_; '!'T']:

2

average mean film temperature (K),

average value of channel inner surface temperature(K)
average value of chracteritic helium temperature (K)

dimensionless axial position

thermal diffusivity (m?/s)

volumetric expansion coefficient of helium (1/K)
dynamic viscosity of the helium (kg.m/s)
kinematic viscosity of helium (m?/s)

density of helium (kg/m?3)
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Table 1. The available literature correlations

Author Correlation Conditions of correlation
e A vertical tube open at both
ends without restriction.
Yunus ¥

Nu,=0.59 Ra, 0%

e |soflux thermal configuration.

e Air (atmospheric pressure).

Mohamed and

Salman 18

N, =1.248 Ra,*?

e A vertical tube opens at both
ends with tube restriction at
the entry.

e Isoflux thermal configuration.

e Air (atmospheric pressure).
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Abstract

The effects of helium pressure on the convection heat transfer coefficient and
temperature fields (helium and wall surface temperatures) in a unigque scaled-down dual-
channel natural circulation loop with upper and lower plena have been investigated in this
study. Natural convection is one of the passive safety systems of the prismatic very high-
temperature reactors (VHTRS) during the accident scenarios. The operating helium
pressure was varied from 413.47 to 689.12 kPa in the temperature range from 6 to 196 °C.
Radial and axial measurements were carried out along the flow channels using a new

sophisticated flush wall-mounted heat transfer coefficient probe in conjunction with the
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radial adjuster for T-thermocouple that are integrated in a novel way to characterize
natural convection heat transfer in terms of heat transfer coefficient, Nusselt number,
helium temperature, and wall surface temperature. The obtained experimental results
along the flow channels showed the dependence of natural convection on the system’s
pressure in which the Rayleigh number is proportional to the square of the helium pressure

(Ra e P?). Also, it was found that upon increasing the helium pressure from 413.47 to

689.12 kPa, the heat transfer coefficient and Nusselt number are increased by 30% and
35%, respectively. Moreover, the wall surface temperature along the downcomer and riser
channels are decreased by 12.7% and 18% with increasing the helium pressure from

413.47 t0 689.12 kPa, respectively.

Keywords: Helium pressure; natural circulation loop; prismatic very high-temperature

reactors (VHTRS); accident scenarios; heat transfer coefficient probe
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1. Introduction

Investigations of natural convection heat transfer and flow dynamics in different
geometries and operating conditions have been the focus of many past and current studies
by several authors. Natural convection has received significant attention from researchers
due to its presence in nature and engineering applications. In nuclear reactors, natural
convection is being implemented as an engineered feature to achieve passive safety 2.
Natural convection is one of the main passive safety phenomena in the prismatic very
high-temperature reactors (VHTRS) cooled by gas helium for a safeguard under the loss
of flow accidents (LOFA) 3. In the event of the failure of the gas circulator, LOFA, the
driving pressure drop force across the reactor core will decrease to zero. Subsequently,
the natural circulation due to density differences will be established to remove the decay
heat from the core. Also, during the LOFA scenario, the coolant flows direction is
reversed, and there are two different possibilities for flow direction that may occur inside
the flow channels in the core due to large temperature variation. For the heated sections
of the core, the coolant would flow upward, while in the relatively cooled section, the
coolant would flow downward, establishing the natural circulation loop due to buoyancy
force. The coolant channels with upward flow act as riser channels, while the coolant
channels with downward flow act as downcomer channels. Natural convection currents
by helium plumes transport the decay heat from the reactor core to the reactor cavity
cooling system, and it prevents the core from possible meltdown and localized hot spots.
There are many parameters affecting the rate of natural convection heat transfer, and
consideration of each in a representative geometry can enhance one’s knowledge about

the phenomenon. Most reactor safety analyses and related natural convection studies are
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conducted using standard computational fluid dynamics (CFD) codes combined with heat
transfer computations such as CFD-STAR-CCM+, and CFD-Fluent and thermal
hydraulic codes such as RELAP5-3D that can provide crucial details of heat transfer data.
There are extensive computational studies of natural circulation in the prismatic very
high-temperature reactor (VHTRS) that have been reported in the open literature 3%,
However, the thermal hydraulic codes used for these studies involve approximations in
the obtained results because of the inexact nature of turbulence models that are used,
assumptions used in the describing governing equations such as the Boussinesq
approximation, nature of discretization required and so forth. Despite many numerical
and experimental studies available on natural convection heat transfer in the open
literature %2, little consideration is given to the effect of operating pressure variation on
the flow field, heat transfer coefficient, and temperature profile 2>2%, Furthermore, the
previous studies were carried out in simple geometries with limited measurement
techniques and can not be extended for complex reactor geometries. Therefore, the
Multiphase Reactors Engineering and Applications Laboratory (mReal) research team at
Missouri S&T developed a unique scaled-down separate effect experimental facility of
two flow channels?’. The mReal research team developed a new integrated noninvasive
heat flux sensors and radial temperature adjusters for the T-thermocouple sensor (1.6 mm
in diameter) in a novel way to measure axially and radially heat transfer coefficient and
the corresponding temperatures along the flow channels. Design features of the facility is
discussed in details elsewhere?’. Several experimental measurements were executed on
the nature convection for a loop of two flow channels (riser and downcomer channels)

with upper and lower plena under different helium pressures (413.47, 482.38, 551.29,
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620.20, and 689.12 kPa). Therefore, the main objective of the current work is to
experimentally investigate the phenomenon of the natural convection in terms of heat
transfer coefficients, Nusselt number and temperature fields (gas and wall surface
temperatures) at different operating pressures with helium as a working fluid using the
newly developed facility and the novel techniques.

Under these operating conditions, the variation of natural convection coefficients and the
axial and radial temperature fields along the riser and downcomer channels have been
studied. The obtained knowledge and benchmarking data can be valuable for detailed
validation of thermal hydraulic codes and CFD codes integrated with the heat transfer
computations. Though this work only uses two channels for coolant flow, the study can

be extended to multiple channels and different working fluid.

2. Experimental setup

The experimental setup is a scaled down separate effects facility fabricated using
stainless steel alloy to handle high temperature and pressure. Figures 1-2 show a physical
picture and schematic diagram of the experimental setup?’. This setup is capable of
simulating accident scenarios for thermal hydraulics phenomena in prismatic very high-
temperature reactors (VHTRS). It consists of two plena (i.e., upper and lower plena) with
two channels for coolant flow in the reactor core. The two channels mimic the upward and
downward flows inside the reactor core in the case of loss of flow accidents (LOFA). In
particular, the interest is to model pressurized conduction cooldown scenario (PCC). The
inside diameter of the flow channels is kept constant at 16 mm, while the height of the

channels was 1 m, representing five prismatic blocks. The upward flow in the riser channel,
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for reactor core, is simulated by electrically heating the riser channel by four heavily
insulated Duo-Tape electrical heaters (50.8 x 609.6 mm) with a maximum wattage capacity
of 312 watts at 120 V. Each electrical heater is individually connected to a variable voltage
regulator with a digital power reader to control the magnitude of wattage supplied to the
riser channel. The downward flow in the downcomer channel is mimicked by executing
cooling for the outer surface of the channel. A helical coil heat exchanger is implemented
around the downcomer channel to cool the surface and initiate the downward flow. Also,
the outer surface of the upper plenum is equipped with a cooling jacket to keep the outer
surface temperature of the upper plenum at a constant value. An automatic chiller (Applied
Thermal Control Ltd, K4 chiller) with temperature and pressure controllers has been used
to provide chilled water at the desired temperature to the cooling jacket and helical coil
heat exchanger for downcomer. The difference between the inlet and outlet of chilled water
across the cooling jacket and heat exchanger always turns out to be less than 1.5 K. Hence;
the constant wall surface temperature can be assumed as a thermal boundary condition for
the downcomer channel and upper plenum. The lower plenum walls are maintained at
adiabatic conditions by using thick ceramic fiber blanket. To reduce the heat losses to the
environment, the whole setup is thermally insulated by a ceramic fiber blanket, as shown in
Figure 1. Further detailed explanation of the experimental setup in conjunction with design

considerations can be found elsewhere %’.
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3. Measurement techniques

3.1 Radial temperature sensor adjuster

A radial temperature sensor adjuster for T-thermocouple has been designed and
developed in-house to measure radial temperature variation of the coolant (helium) along
the flow channels (riser and downcomer) for different axial locations. This radial
temperature adjuster is used to adjust the radial location of the T-thermocouple sensor
(1.6 mm in diameter with a time response of 4 seconds) along the flow channels (Figure
3). Also, Figure 4 shows a schematic diagram of the radial positions of the T-
thermocouple sensor for a given axial location. Eight radial measurements of helium
temperature with a step size of 1 mm have been performed. It is worth mentioning that
the radial sensor adjuster is speficially designed and constructed for this application and

can withstand high temperature and pressure up to 300 °C and 1.03 x 10° Pa, respectively.

3.2 Noninvasive flush wall mounted heat transfer coefficient probe

A new noninvasive heat transfer coeficient probe has been designed, developed,
tested, and implemented as an integrated part of the channels. The current probe consists
of the micro-foil heat flux sensor (6.35x10° m x 1.78x10? m x 8x10®° m) from RDF
Corporation (model no. 27036-1). This new fast-response sensor has been used to
measure reliably the heat flux and surface temperature in single and multiphase flow
systems 2728 | By measuring simultaneously the local instantaneous heat flux between the
surface of the sensor and the flowing fluid, the surface temperature of the sensor, and the
flowing gas temperature, the heat transfer coefficient can be obtained. The measured

instantaneous heat flux (i), surface temperature (Tsi), and characteristic fluid
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temperature (Ty,i) can be used as per Equations 1-2 to estimate the local instantaneous

heat transfer coefficients (h;) and the local time-averaged heat transfer coefficients (hav):

h, = —— (1)

(T Tpgd

havg = is[ E'z; hn (2)

The sampling time is 40 seconds at sampling rate 50 Hz to collect 2000 data points in
order to achieve a high stable value of the estimated heat transfer coefficients for the
experimental conditions. The characteristic fluid temperature (T, ;) for the riser channel is
measured for a given axial location by averaging eight radial values of helium

temperature (Ty;;) with a step size of 1 mm (1/16 of the inside diameter):

1 —i=B
T'.:!.' =E J'::l_TF:[' (3)

For the downcomer channel, the characteristic fluid temperature (T ;) is the centerline’s

helium temperature. For the downcomer, there was only slight variation in the measured
radial helium temperatures for any given axial location. Based on experiments that were
conducted in the downcomer channel, only 2 K or less radial tempertaure variations were
observed. Hence, centerline’s helium temperature was used as the characteristic fluid
temperature for the downcomer channel.

It is worth mentioning that the sophisticated heat flux sensor has the capability to detect
the direction of heat transfer between the surface of foil sensor and the flowing fluid.
Negative heat flux signals mean that heat transfers from the flowing fluid to the surface

of foil sensor while positive heat flux signals imply that heat transfers from the surface of
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foil sensor to the flowing fluid. The heat flux foil sensor is flush mounted on the inner
surface of the flow channels using high-temperature glue. Hence, the micro-foil sensor is
considered a noninvasive technique. Six non-dimensional axial locations along the riser
channel (Y/H= 0.044, 0.279, 0.409, 0.591, 0.773, 0.956 (end effect)) and three non-
dimensional axial locations along the downcomer channel (Y/H= 0.044, 0.5, 0.956) are
used in the current work to simultaneously measure the heat flux and the surface
temperature using the flush wall mounted heat transfer probe and the flowing gas radial
temperature using the thermocouple adjuster. These positions are used to measure these
parameters during steady-state conditions. One can remark that the number of axial
locations in the downcomer channel is less than the riser channel due to low variation in
the measured heat transfer coefficients and the flowing gas temperatures by performing

experiments to assess such variations.

3.3 Data acquisition (DAQ) system

The data acquisition system of the national instrument terminal block (NI SCXI-
1303), SCXI module, SCXI combination chassis with the controller, and chassis power
card in conjunction with nine amplifiers and a personal computer were used for the data
collection and reduction (Figure 5). The data acquisition and post-processing are
executed using LabVIEW software and MATLAB. It is worth mentioning that the
measured heat flux signals from the foil sensors, in the range of microvolts, need to be
amplified before sending these to the data acquisition system (DAQ). Afterwards, the
amplified signals of heat flux in conjunction with the signals of temperatures from the

thermocouples are sampled for over 40 seconds at a sampling rate of 50 Hz. The
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sampling rate of 50 Hz is selected based on our experiments with various sampling rates
that showed no difference in the heat transfer coefficient. Also, collecting 2000 data
points ensured achieving high stable values of the estimated heat transfer coefficients

over the range of our experimental conditions.

4. Description of the experiemental work

Each experimental test starts by introducing dry helium into the present facility
until the desired pressure is achieved. Five values of helium pressure are used as the main
variable in the current study ( 413.47, 482.38, 551.29, 620.20, and 689.12 kPa). Then, the
electrical heaters and chiller are simultaneously turned on and adjusted to the desired
values. The water from the chiller simultaneously flows to the cooling jacket around the
upper plenum and the helical coil heat exchanger around the downcomer channel. The
outer surface temperatures for the upper plenum and downcomer channel are kept
constant at 5 °C for all experimental runs?’. An isoflux thermal condition is implemented
for the riser channel at a constant value of 1720 W/m? for all experimental tests. After
adjusting the desired values of the helium pressure, outer surface temperatures of the
upper plenum and downcomer channel, and wattage supplied to the riser channel, the
system is allowed to reach steady-state conditions. The thermal steady-state condition
was achieved approximately within 3-4 hours depending on the experimental condition.
The steady-state conditions were achieved when the local heat flux signals did not vary
by more than 0.8 W/m2 within 30 minutes, and the temperature signals did not vary by
more than 0.5 K within 30 minutes. Once the steady-states are achieved, the signals of the

heat transfer coefficients at different axial locations along the riser and downcomer
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channels are simultaneously measured with the radial and axial temperatures. To achieve
highly accurate heat transfer results and to minimize the experimental error, each
experimental run was repeated three times. The amplitude-domain method was used for
the time series data analysis?® to quantify the amplitude distribution in the measured
signals. The results showed that the maximum standard deviations were 0.06 and 0.02 for
heat transfer coefficients and temperature, respectively. This reveals that the measured

parameters are close to the mean value with an acceptable experimental error.

5. Results and discussion

5.1 Pressure dependent of Rayleigh number
The Rayleigh number (Ra) is used as a common dimensionless value to describe

natural convection 2°

o BATTT Cr
ok

Ba=

(4)

= The Ra can be rearranged in terms of pressure by substituting all density-dependent

properties with 2 = # for ideal gas to yield

Ra= EL2IE 2 pi=C p2 (5)
k pT? R

where C is a substitute for all variables that fixed besides the pressure. To validate the
assumption of helium (working fluid) as an ideal gas and hence the validity of Equation
5, the following analysis has been performed. The ideal gas properties can be classified

into four categories depending on the operating pressure. These categories are dense,
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dilute, rarefied, and Knudsen gas and can be defined based on the mean free path, & , and

the characteristic geometric length, L, as follows: 3

Densegas A< L,A#d (6)
Dilutegas A< L,4d (7
Rarefied gas A& L (8)
Knudsen gas A =L )

For the helium molecules, diameter (d) is 3.7 x 107*° m. By using Eq. (10), the mean

free path is easily obtainable 2. The mean free path at different pressure and the
corresponding Knudsen number (Kn)are shown in Tables 1-2 for the riser and
downcomer channels, respectively. The Knudsen number (Kn) is the ratio of the mean

free path of the geometric length.

. L (1)

Kn=: (11)

It is clear from Tables 1-2 that over the given range of the operating pressure from 413.47
to 689.12 kPa for the riser and downcomer channels, the current experiment is located
within the dilute gases range (Eq.7), where C is not a strong function of operating
pressure 313334 Thus, the Rayleigh number is proportional to F*, which confirms the

assumption of helium as an ideal gas.
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5.2 Flow and heat reversal close to the outlet of the riser channel (Y/H = 0.956)

Heat and flow reversal may occur at the exit of the heated channel (riser) under
operating conditions that are not clearly reported in the open literature. In the current
study, the flow and heat reversal corresponds to the inflow of colder/denser working fluid
(helium) from the upper plenum into the top section of the riser. Therefore, this reversed
heat and flow should induce flow oscillation and consequently separation of the
ascending boundary layer as reported by Bouia et al. . Figure 6 shows a reversal in the
direction of the heat transfer in terms of negative heat flux signals, from the flowing
helium to the inner wall of the riser channel close to the exit of the riser (Y/H = 0.956).
This observation is also reported by Barnes 3¢, in which Barnes observed that heat is
transported from the flowing fluid to the inner wall at the final section of the heated
section. It is worth mentioning that the other heat flux signals, from Y/H = 0.044 to Y/H
= 0.773, give positive signals, which confirms that there is no reversal in the direction of
heat. Furthermore, figure 6 shows that the magnitude of reversed heat fluxes increases as
the operating pressure decreases due to an increase in the intensity of co-circulation with
decreasing pressure. Also, a central peaking for radial helium temperature is observed
close to the exit (Y/H = 0.956) for all experimental conditions, as shown in Fig. 7. The
central peaking of the radial helium temperature is evidence of the flow and heat reversal,
which is consistent with the observed negative signals for the heat fluxes close to the exit

(Y/H = 0.956).
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5.3 Wall surface temperature distribution along the riser channel

The wall surface temperature distributions are shown in Fig. 8. The axial
distribution of the surface temperature with the dimensionless channel length (Y/H) for
different operating pressures (413.47, 482.38, 551.29, 620.20, and 689.12 kPa) exhibits
the following trend: the value of the wall surface temperature gradually increases from
the channel entrance (Y/H = 0.044) until a certain limit to reach a maximum value at Y/H
= 0.773, beyond which it begins to decrease. This phenomenon can be explained as
follows: at the entrance of the riser channel, the surface temperature gradually increases
until the boundary layer fills the channel. From the entrance of the channel to the
maximum value, the helium inside the channel is heated by convection currents from the
inner surface of the channel while it is flowing through the riser channel from the leading
edge (Y/H = 0.044), which makes the helium temperature increase with the axial distance
until a maximum value at Y/H = 0.773. A reduction in the wall surface temperature is
observed after Y/H = 0.773, as shown in Fig. 8. The dip in the wall surface temperature
after Y/H = 0.773 could be attributed to a large expansion ratio between the riser channel
and upper plenum. Also, this reduction could be attributed to the flow and heat reversal
as well as a cold inflow of denser helium inside the top section of the riser from the upper
plenum, and in turn, a reduction in the wall surface temperature is observed close to the
exit (Y/H = 0.956). This trend is similar to that found in the open literature®>41637 |t js
worth mentioning that the wall surface temperature in the riser channel is decreased by

18% for the operating pressure increase from 413.47 to 689.12 kPa.
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5.4 Radial distribution of helium temperature along the riser channel

Figures 9 -13 show the radial variation of the helium temperatures along the riser
channel for different axial locations under operating pressures ranging from 413.47 to
689.12 kPa. Very similar trends for the radial temperature are obtained for all
experimental conditions. Three main radial profiles could emerge from Figures 9-13 as
follows:
A) Developing radial profile from Y/H = 0.044 to Y/H < 0.591.

B) Flattened radial profile at 0.591= Y/H =0.773. At 0.591=< Y/H <0.773, the helium

flow is slow and unable to remove large amounts of thermal energy. Hence, the bulk
temperature of helium equals to a value approximately equaling the inner wall surface
temperature as shown in Figures 9-13.

C) Reversed radial profile close to the exit of the riser (Y/H = 0.956). At Y/H = 0.956,

the direction of the heat transfer is reversed. For the revered profile, the buoyancy force
has no more contribution to the helium velocity.

The flattened and reversed radial profiles have significant effects on the dynamic
performance of the natural convection in terms of buoyancy force. The exact axial
location of the heat transfer reversal requires higher resolution of the axial data collection

between 0.773 =Y/H =0.956.
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5.5 Axial distribution of the local heat transfer coefficient (h) and Nusselt number
(Nzey) along the riser channel

Local values of heat transfer coefficients are shown in Figure 14. To meaningfully

compare the current finings with any similar future computations or experimental studies
in the literature, a plot of Nz, = "ifi is shown in figure 15. Use of N ywill enable
comparison with other geometries and fluids. As shown in Figures 14-15, N, and h

decrease with the increase of dimensionless axial distance (Y/H) from the lower end of
the riser (Y/H = 0.044) until a minimum value at Y/H = 0.279, then it starts to increase

until Y/H = 0.591. One can remark a reduction in the N, and h after Y/H=0.591. This
behavior of h and N, can be explained if Figure 16 is considered. Figure 16 is a

schematic diagram which has been used to visualize the effect of operating pressure on

the Nz, and h. It is worth mentioning that the variation of h along the riser channel
length is similar to the variation of N ,. At the entrance of the riser channel, point (A),

the cold helium is drawn into the lower end of the riser channel, causing a higher heat

transfer coefficient (h) and consequently a higher Nusselt number (N,). From point (A)

to point (B), the boundary layers grow up, causing an increase of the temperature

distribution and consequently a reduction of the N, and h. This makes the N, and h
decrease with the axial distance (Y/H) until a point (B) where the minimum h and N,
are attained. Through line (BCD), the values of N, and h increase due to the

laminarization effect in the wall region (buoyancy effect) and also due to the upstream
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axial conduction in the solid wall preheating the helium in the hydrodynamics developing

section . Beyond point (D), one would expect N, and h to continue increasing with

the constant heat flux condition as represented by (DE), but a reduction in the values of

Nuy and h is observed, represented by (DF). This reduction could be attributed to an

extension of the end effect of the riser channel. Also, it is clear from Figures 14-15 that

the natural convection intensity in terms of N, and h is suppressed by decreasing the

pressure. This could be attributed to the fact that Ra is directly proportional to the square
of the operating pressure as addressed in the section 5.1 of Pressure dependent of
Rayleigh Number. Furthermore, with increasing the operating pressure, the molecular
movement and subsequent collision increase and cause an increase in convective heat

transfer.

5.6 Axial distribution of wall surface temperature and centerline’s helium
temperature along the downcomer channel

Our initial assessment experiments in the downcomer channel showed no
significant statistical radial variations of helium temperature for given axial location.
Hence, inner wall surface temperature and centerline’s helium temperature are only
reported in the downcomer channel. Figures 17-18 show that the axial variation of the
inner wall surface temperature and centerline’ helium temperature at three different axial
locations (Y/H) for different levels of operating pressure ranging from 413.47 to 689.12
kPa using helium: close the inlet (Y/H = 0.956), in the middle (Y/H = 0.5), and close to

the exit (Y/H = 0.044). With increasing the operating pressure from 413.47 to 689.12
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kPa, the helium centerline, and channel wall temperatures are decreased by 15.5 and 12.7
% respectively. It is also clear from Figures 17-18 that the local difference between the
centerline helium temperature and wall surface temperature for any given axial location
(Y/H) is small due to the large volume of the upper plenum in comparison of the volume
of downcomer channel as reported by Said et al.?’. Also, a general trend of gradual
decrease in both temperatures is observed along the channel from the inlet (Y/H=0.956)
to the outlet (Y/H = 0.044). An end effect is observed close to the outlet of the
downcomer channel in terms of an increase in temperature due to co-circulation of
helium at the outlet of downcomer channel, as well as conductive heat transfer between

two channels close to the exit of the downcomer channel.

5.7 Axial distribution of local heat transfer coefficient (h) and Nusselt number (i )

along the downcomer channel
Figures 19-20 show the variation of heat transfer coefficient (h) and Nusselt number

(N25,) along the downcomer channel for three axial positions (Y/H) under different levels

of operating pressure: close the inlet (Y/H = 0.956), in the middle (Y/H = 0.5), and close

to the exit (Y/H = 0.044). The negative values of N, and h in Figures 19-20 represent a

negative direction for heat transfer from the flowing helium to the inner wall, while the

positive values of N, and h correspond to a positive direction for heat transfer from the

inner wall to the flowing helium. For all experimental conditions, for the downcomer
channel, the direction of heat transfer is observed to be from to the helium flow to the

inner wall of the downcomer channel for Y/H = 0.956 and Y/H = 0.5, while a reversal in
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the direction of heat transfer with positive values close to the exit (Y/H = 0.044) are
observed for pressure values greater than 413.47 kPa due to end effects in terms of co-

circulation. One can remark that the values of N, and h are increased with increasing
the operating pressure. Also, it is observed that the local Nusselt number (¥ ,) and heat
transfer coefficient (h) for a given operating pressure that the local Nz, and h decrease

from the leading entrance of the downcomer channel (Y/H = 0.956) to the outlet (Y/H =

0.044). This decreasing rate of the local N, and h is evidence of the decreasing flow in

the downcomer channel and establishment of the natural circulation.

6. Remarks

Natural convection heat transfer along the flow channels in a unique dual-channel
circulation loop has been experimentally studied at various helium pressures. In the
current study, a new noninvasive heat transfer coefficient probe and radial adjuster T-
thermocouples were successffuly developed, tested, and employed to experimentally
characterize the plenum-to-plenum (P2P) heat transfer and associated temperature fields
(helium and wall surface temperatures) during natural convection in VHTRs for various
helium pressures. The key findings from the present study are summarized as follows:

e The Rayleigh number (Ra) is proportional to the square of the operating pressure
(Ra @ P?).
e The steady-state temperatures, inner wall surface, and helium temperatures are

lower at high helium pressure, which means lower heat transfer resistance.
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e Inner wall surface temperatures in the riser channel and downcomer channel
decrease by 18% and 12.7%, respectively with increasing the helium pressure
from 413.47 to 689.12 kPa.

e There is no significant change between the centerline’s helium and the wall
surface temperatures along the downcomer for given conditions due to the large
volume of the upper plenum which acts as a shroud to coming helium plumes
from the riser channel.

e A central peak in the helium temperature is observed close to the exit of the riser
channel due to co-circulation and conjugate heat transfer.

e Heat transfer by convection along the channels is found to increase by increasing
the helium pressure, which means lower heat transfer resistance. By increasing
the helium pressure, the mass flow rate increases because of increase in the
density difference in the circulation loop.

e The heat transfer coefficient and Nusselt number are increased by 30% and 35%

with increasing the system’s pressure from 413.47 to 689.12 kPa, respectively.
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Nomenclature

Symbols

C constant

Cp heat capacity of helium (J/ kg.K)

d helium molecules diameter (9.8 x 167 ,m )

D inside diameter of the flow channel (m)

g acceleration gravity (m/s?)

Navg time-averaged local heat transfer coefficient (W/m?.K)
hi local instantaneous heat transfer coefficient (W/m?.K)
k thermal conductivity of helium (W/m.K)

Ks Boltzmann constant (1.38 x 1022 J/K)

Kn Knudsen constant

L characteristic geometric length (m)

N number of data points

Ny, Nusselt number, dimensionless, "ifi

P operating pressure (Pa)

Qi local instantaneous heat flux (W/m?)

R universal gas constant (JJKmol K)

Ra Rayleigh number, dimensionless

Ts channel inner surface temperature (K)

T characteristic helium temperature (K)



Tt radial temperature (K)

Y/H dimensionless axial position

Greek letters

B volumetric expansion coefficient of helium (1/K)
u dynamic viscosity of the helium (kg.m/s)
2 density of helium (kg/m?®)
A mean free path (m)
Subscript

i axial position

j radial position
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Table 1. Variation of the mean free path (4 ) and Knudsen number (Kn) with the

operating pressure for riser channel

P (kPa) AM(m) Kn (dimensionless)
413.47 3.10945E-07 1.9434E-05

482.38 2.60918E-07 1.63074E-05

551.29 2.2391E-07 1.39943E-05

620.20 1.95296E-07 1.2206E-05

689.12 1.73118E-07 1.08198E-05

Table 2. Variation of the mean free path (1 ) and Knudsen number (Kn) with the

operating pressure for downcomer channel

P (kPa) AM(m) Kn (dimensionless)
413.47 2.20231E-07 1.37644E-05

482.38 1.88613E-07 1.17883E-05

551.29 1.64864E-07 1.0304E-05

620.20 1.46387E-07 9.14921E-06

689.12 1.31572E-07 8.22324E-06
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Figure 1. Physical picture of the unique scaled-down dual-channel circulation loop
facility.
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r (mm) —— ——
|

Wall > Centerline
e

r/R I—ll—l—lllil

[
1 087 075 062 05 037 025 0.125 0.0

Figure 4. Radial position of the T-thermocouple sensor (1.6 mm in diameter).
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Abstract

Multiphase Reactors Engineering and Applications Laboratory (mReal) research
team performed, for the first time, gas phase dispersion experiments in a separate-effect
cold-flow experimental setup for the coolant flow within heated channels (riser channels)
of the prismatic modular reactor core under accident scenario using sophisticated gaseous
tracer technique. The current separate-effect experimental setup was designed and
developed in light of local velocity measurements obtained experimentally by using the
hot wire anemometry (HWA) in a previous experimental study carried out at mReal for
the same operating conditions. The current measurements consist of pulse-response of
gas tracer (helium) that is flowing through the mimicked riser channel (separate-effect
setup) using air as a carrier in conjunction with integral convolution method to account

the extra dispersion within the sampling lines and analytical system. The dispersion of the
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gas phase within the separate-effect riser channel was described using one-dimensional
axial dispersion model (1D-ADM). In the current study, the axial dispersion coefficient
(D) and Peclet number (Npe) of the coolant gas phase and their residence time distribution
(RTD) within the developed representative separate-effect channel were measured and
quantified. Effect of heating intensities in terms of heat fluxes on the coolant gas
dispersion along core riser channels were mimicked in the current study by a certain
range of volumetric air flow rate ranging from 0.0015 to 0.0034 m%s which
corresponding to heating intensity range from 200 to 1400 W/m?. Results confirm that a
reduction in the response curve spreads in terms of residence time distribution (RTD) is
achieved by increasing the volumetric air velocity (representing heating intensity). Also,
the experimental results reveal a reduction in values of axial dispersion coefficient (D)
(an increase of Peclet number (Npe)) with increasing the air volumetric flow rate (heating
intensity). This could be attributed to an increase of the eddy diffusivity of mass. The
current quantification of axial gas dispersion along the coolant channel will be used to
advance the present knowledge of the safety features of the prismatic modular reactor
under accident scenario

Keywords:

Prismatic modular reactor; gaseous tracer technique; axial dispersion coefficient (D);

Peclet number (Npe)
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Introduction

The prismatic modular reactor (PMR) is a promising candidate of the next
generation nuclear plants (NGNPs). One of the prismatic modular reactor (PMR)
advantages is its capability to passively remove the decay heat from the reactor core
through natural circulation under the loss of flow accidents (LOFA) scenario (Tung et al.
2013). In the scenario of the loss of flow accident (LOFA), the natural circulation, due to
large temperature variations and consequently density differences, is initiated to remove
the decay heat from the reactor core. Furthermore, during the LOFA event, the direction
of the coolant flows within the reactor core is reversed, and there are two different
possibilities for the direction of the flow may occur inside the coolant flow channels due
to large densities variations. For the heated portions of the reactor core, the gas coolant
flows upward, while in the relatively cooled portions (lower temperature) the gas coolant
flows downward establishing the natural circulation. The gas coolant channels with
downward flow act as downcomer channels, while the coolant channels with upward
flow act as riser channels. A description and more details regarding the prismatic modular
reactor under accident scenario is given by Said et al. (2017). The efficiency of the
natural circulation as a safety feature of the prismatic modular reactor is dependent upon
how the gas coolant removes the decay heat from the reactor core. Therefore, to reliably
simulate the thermal hydraulic phenomena within the reactor core, the gas-coolant heat
transfer and dynamics need to be characterized by a representative geometry. In the open
literature, there are few studies performed on the flow field in the prismatic modular
reactor under the natural circulation using computational fluid dynamics (CFD) (Haque et

al. 2006; Simoneau et al. 2007; Tung and Johnson 2011; Aldridge 2013; Tung et al. 2013;
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Tung et al. 2014; Tung et al. 2016). Furthermore, there are unique experimental studies
that were performed in the Multiphase Reactors Engineering and Applications Laboratory
(mReal) at Missouri S&T, Rolla that are directed to understand the heat transfer and
coolant dynamics within a dual-channel circulation loop under high pressure and
temperature (Said et al. 2017; Said et al. Under review 2017; Said et al. 2017 under
review; Taha et al. 2017 under review; Taha et al. 2017 under submission). The mReal
research team implemented sophisticated measurement techniques, including hot wire
anemometry (HWA), radial temperature T-thermocouple adjuster, and heat transfer
coefficient probe to experimentally measure and analysis local coolant velocities,
temperature fields (coolant and inner wall temperatures), and local heat transfer
coefficients along the flow channels under different operating conditions. Findings from
these studies at mReal fill the gap in the literature in terms of providing a unique
benchmark data of heat transfer in conjunction with gaseous dynamics within a
representative geometry of prismatic modular reactor (PMR), which can be implemented
for verification and validation (V&V) the computational fluid dynamics (CFD) codes
combined with heat transfer computations such as CFD-STAR-CCM+, and CFD-Fluent
and thermal hydraulic codes such as RELAP5-3D. It is worth mentioning there is a
critical need to tie the findings at mReal with the gas coolant dispersion and mixing along
the coolant channels to understand the thermal hydraulic of the PMR under accident
scenario. To the authors acknowledge, there are no reported studies in the open literature
related to quantifying and understanding the gas coolant dispersion along the flow
channels of the prismatic modular reactor (PMR) under an accident or normal scenarios.

The only available experimental studies in the open literature are oriented to empty tubes
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under different operating and design conditions (Wen and Fan 1975). Unfortunately,
these studies are carried out in non-representative geometries and operating conditions
that cannot be extended to the prismatic modular reactor under LOFA scenario. In the
current study, sophisticated gaseous tracer (GT) technique, for the first time, has been
developed and implemnted to accurately characterize and quantify the gas dispersion
(both molecular diffusion and turbulent mixing) and identify the degree of mixing along
the flow channels. Implementation of the gas dispersion and mixing measurements using
the gaseous tracer technique within the dual-channel circulation loop of Said et al. at
mReal (Said et al. 2017) is technically challenging and will not produce reliable
benchmark data due to temperature limitations and other difficulties as discussed in the
next section of the experimental work. Hence, the measured axial local gas coolant
velocities with the use of hot wire anemometry (HWA) along the riser channel of the
dual-channel circulation loop under different heating intensities (200 to 1400 W/m?)
(Moharam 2017 under submission) were used to design and develop the current separate-
effect test section which mimics the riser channel of the dual-channel circulation loop at
mReal under atmospheric cold flow conditions. This is executed by matching the axial
local gas coolant velocities between the riser channel in the dual-channel circulation loop,
which is designed at mReal with reference to high-temperature test facility at Oregon
State University (Castafieda 2014; Said et al. 2017) and the current separate-effect test
section for atmospheric air condition. This is achieved by adjusting the cross sectional
area of the test section as well as the input volumetric air flow rate to the test section to
get similarity in terms of local air velocity between the separate effect test section and the

dual-channel circulation loop. The current study provides high temporal resolutions and
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spatial benchmarking data in terms of axial dispersion coefficients for safe, efficient

design, and operation of the PMR under accident scenarios.

Experimental work
Gas dispersion and mixing challenges

Multiphase Reactors Engineering and Applications Laboratory (mReal) research
team at Missouri S&T designed and constructed a high pressure and temperature dual-
channel facility, mimicking prismatic modular reactor (PMR), for natural circulation
passive safety system heat transfer and gas dynamics investigations (Said et al. 2017).
Implementation of the gas dispersion measurements using the gaseous tracer technique in
this facility is technically challenging and will not produce reliable measurements in
terms of residence time distributions (RTD). These difficulties arise from the following:
1) temperature limitations (the thermal conductivity detector component of the gaseous

tracer technique cannot withstand temperature exceeds 48°i;), 2) recirculation of the gas

tracer within the dual-channel at mReal (the dual-channel facility is a closed system
under high pressure and temperature, and there is a great opportunity for the gas tracer to
reciruclate that will affect the measured signals repeatability), and 3) vacuum pumping
components of gaseous tracer technique would affect naturally-driven flow within the

dual-channel facility.

New approach of the experimental setup
A separate effect cold-flow convergent channel was designed and developed for

gas dispersion investigations mimicking naturally-driven upward flow within the riser
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coolant channel of the dual-channel facility. Therefore, this separate-effects convergent
channel was designed with matching the axial local velocity measurements of the riser
channel of the dual-channel facility which is operated under different heating intensities
(200, 600, 1000, and 1400 W/m?) by implementing hot wire anemometry (HWA)
measurement technique (Moharam 2017 under submission). Each heating intensity in the
dual-channel circulation loop facility for the riser channel is represented by adjusted air
volumetric flow rate (0.0015, 0.0024, 0.0032, and 0.0034 which are corresponding to
200, 600, 1000, and 1400 W/m? respectively) that is forced to flow through this
developed convergent channel. In other words, naturally driven flow inside the dual-
channel facility for the riser channel was matched by controlling forced flow through the
convergent channel. Afterward, the convergent channel dimensions were calculated by
using the previously reported axial air gas mean velocities and controlled volumetric flow
rates. Table 1 shows actual velocities of the air as a coolant within the riser channel of the
dual-channel circulation loop (from HWA measurements), and the matched one through
the developed converged channel (cold flow conditions). Figure 1 shows a schematic
diagram of the separate-effect convergent channel that is used for the current
experiments. The convergent channel is divided into three regions: A) lower mixing
region (lower plenum) which is modeled as ideal continuous stirred tank reactor (CSTR)
to provide the inlet tracer concentration to the one-dimensional axial dispersion model
(1D-ADM) as explained in the section of convolution and regression methods, (B) upper
mixing region (upper plenum) which is designed and developed for mimicking channel
end effects (Said et al. 2017) as well as uniform sampling, and (C) core channel which

mimics the riser channel without end effects. Preliminary experiments in terms of
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residence time distribution (RTD) were performed to check the uniformity of mixing in
the lower and upper plena (A&B). The sampling of the gas tracer for the preliminary
experiments was done at different radial positions as: r/R = 1 (center of the convergent
channel), r/R = 0.5, and r/R = 0.0 (near the wall surface of the convergent channel).
Figure 2 of the preliminary experiments for the upper plenum at different sampling radial
positions (0.0034 m®/s) shows that there were no significant differences in the measured
signals of the gas tracer under the same operating conditions. This finding confirms that

well-mixed conditions were achieved through lower and upper plena (A&B).

Gaseous tracer technique

The gaseous tracer (GT) is an advanced technique used to accurately measure the
residence time distribution (RTD) in a complex flow structure of single and multiphase
flow systems by injecting pulse or step change gas tracer and then monitoring its
concentration at the exit (Han and Al-Dahhan 2005; Han 2007; Abdulmohsin and Al-
Dahhan 2016). The measured RTD can be utilized to characterize and quantify the gas
dispersion (which includes the contribution of both molecular diffusion and turbulent
mixing) and identify the degree of mixing in the system. The well-designed gaseous
tracer measurement technique that was developed by (Han 2007) in conjunction with the
needed methodology of integral convolution to obtain a direct measurement of the gas
dispersion through the test channel has been adopted in the current work. Schematic
diagram and physical picture of the gaseous tracer technique configuration with the
current convergent channel are shown in Figures 3 and 4, respectively. As shown in

Figures 3 and 4, the gaseous tracer unit consists of a gas analyzer, gas vacuum pump, and
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PC with data acquisition system (DAQ). The gas analyzer is a GOW-MAC 20 series
binary analyzer which contains a flowing reference thermal conductivity detector (TCD),
held at room temperature. A GOW-MAC 59-300 vacuum pump was used to draw the gas
sample out of the test channel and pass to the TCD. The outlet of the convergent channel
is connected to the sample line of the TCD, where the outlet pulse response is recorded.
The response from the TCD was amplified, converted to digital signals, and recorded as
time series data at a sampling frequency of 10 Hz that can be adjusted as well. Common
difficulties involved in the gaseous tracer technique are non-ideal injections and extra
dispersion in the sampling and analysis system, which may cause significant
measurement errors if they are not accounted. Due to the extra dispersion caused by the
sampling and analytical components, responses measured by the gas analyzer do not
exactly represent the actual tracer response. To take account of the extra dispersion
effects in the sampling and analytical system, a convolution or deconvolution method
needs to be applied (Levenspiel 1972). These two methods both yield a fair comparison
between experimental measurements and reactor model predictions, either by adding the
extra dispersion to the model predictions (convolution) or by removing the extra
dispersion from the measurements of the whole system (deconvolution). However, due to
its numerical instability, the deconvolution method is difficult to apply and is not widely
used in chemical engineering research (Mills and Dudukovi¢ 1989). On the other hand,
the convolution method had not been employed in gas dispersion studies till 1990 (Wachi
and Nojima 1990; Shetty et al. 1992; Kantak et al. 1995). Before that, the systems were
assumed to have ideal tracer input and an ideal sampling and analytical system, which are

not the actual cases. In the current study, the convolution integral method is implemented
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to quantify the extra dispersion in the in the lower and upper plena along with the extra
dispersion exists because of the sampling and analytical system. To estimate the extra
dispersion in the lower and upper plena as well as the sampling and analytical system,
three ports for injection (I-1, 1-2, and 1-3) and one port for sampling (S-1) were designed
and developed along the convergent channel as shown in Figures 3 and 4. The gas tracer
(helium) introduced through a solenoid valve controlled by a digital timer, the injecting
time was set to be 0.5 s as one shot, and the pulses were precisely started at the set time.
Gas samples were continuously withdrawn to the gas analyzer through thin nylon tubes
(1.6 mm inner diameter) under vacuum generated by the pump connected to the exit of
the analytical instrument. Using the designed injection and sampling ports, for each air

volumetric flow rate conditions, three measurements were obtained as shown in Table 2.

Analysis and processing of the gas tracer signals

In this study, averaged resident time results were obtained from three replications
of each experimental. Figure 5 shows a sample of the measured output signals for three
experimental runs for an average volumetric flow rate of 0.0032 m®/s for measurement—1
(11-S). It is worth mentioning that the reproducibility of all the current measurements was
within + 1.5 %. The measured signals for all experimental tests in terms of helium
concentration (mV) are normalized by the minimum (Cmin) and maximum (Cmax)
concentration values to achieve a common scale for all signals from zero to one. It is
worthwhile to mention here that normalizing of the output tracer signal is an important
step for qualitative comparison for the dispersion of different sections signals within the

system. The normalized value of the output tracer signal in terms of dimensionless
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response (€ ,....1) can be estimated as follows (Han 2007; Abdulmohsin and Al-Dahhan

2016):

' — i Cain ( 1)

normod i Canin

For all measurements, minimum values for output tracer signals are zero as shown in

Figure 5. Hence, we can rewrite Equation 1 to become as follows:

C = )

normod Comnx

Figure 6 shows normalized signals for the gas tracer under different injection positions
corresponding to Table 2. It is remarkable that there is no significant difference between
measurement-1 (11-S) and measurement-2 (I12-S). Table 3 shows the mean residence time

(tm) as a first moment of the RTD and variance (z2) as a second moment of the RTD for

the three measurements (11-S, 12-S, and 13-S) for selected operating conditions (0.0032
m3/s and 0.0034 m3/s) just for illustration. The mean residence time (tm) and the variance

(&) are defined as follows:
Mean residence time (tm)

It is the average value of the response time (t), or it is the mean age of the gas tracer
within the test section. Mean is the first moment of the RTD function. The mean (tm) is

given by (Levenspiel 1972):

a? =2 = 3)

A o
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Variance (a?)

It is a measure of the gas tracer response about the mean (tm) and has units of (s?). The
magnitude of the variance depends on the degree of the dispersion within the system, the
greater value of variance, the higher degree of dispersion in the system and hence, the
more response curve spreads and vice versa. The variance is given by the following

equation (Levenspiel 1972):

ag°=— — -t 5
= )
or we can rewrite it in a discrete form

a?=2LE- £ ©®)

Variance and mean residence time results confirm that as the volumetric air flow rate
(heating intensity) increases, the mean residence time and variance decrease. In other
words, there is a reduction in the response curve spreads which is achieved by increasing

the volumetric air velocity and consequently the heating intensity.

Convolution and regression methods

The main objective of integral convolution and regression methods is to properly
extract the response or residence time distribution (RTD) of the test section separately
from the whole system, which includes sampling lines from the system to the thermal
conductivity detector (TCD) as well as external volumes of upper and lower plena. The
upper and lower plena were assumed to follow an ideal continuous stirred tank reactor

(CSTR) model, while the test section (channel core) was assumed to be one-dimensional
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axial dispersion model (1D-ADM). It is worth mentioning that these assumptions were
validated by the experimentally measured signals of the gas tracer as shown in the next

sections.

Description of the gas dispersion and mixing within the lower plenum using a CSTR

model
An ideal CSTR model was used to assess the gas tracer mixing within the lower

plenum (figures 3 and 4) to get the input gas tracer concentration (¢;,) to the one-

dimensional axial dispersion model (ID-ADM). Figure 7 shows the sequence of the
integral convolution and regression to obtain the CSTR parameter (¥.) in conjunction

with the input concentration (¢;,) to the 1D-ADM. For the ideal CSTR model the
concentration of the gas tracer throughout the reactor is identical to the concentration in
the effluent stream. A non-reactive mass balance on the gas tracer for pulse injection at
time t = 0 into the ideal CSTR model gives for time greater than zero

(t>0) (Levenspiel 1972; Fogler 1999; Abdulmohsin and Al-Dahhan 2016)

Gas tracer in — Gas tracer out = Accumulation (7

0.0-Civ=V=2 (8)
By separating the variables and integration with Ci = Cnax at t = 0 and normalizing the

concentration yields
€; = Crmax g T )

Cu=g—=8 7 (10)
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where €,,, is a dimensionless form for the theoretical lower plenum tracer output signal,

which is the input to the ID-ADM for the test section, t is the instant time, and z,is the

residence time within the lower plenum for the CSTR model. It is worth mentioning that

the T, of the CSTR model was estimated by the regression analysis using the measured

gas tracer signal in terms of residence time distribution at the lower plenum outlet.

Measuremnt-2 (12-S) “C{2})” was used as the same input to the lower plenum to

convolute the lower plenum as an ideal CSTR to predict the input tracer concentration

(€;,(t}) to the 1D-ADM (Levenspiel 1972; Han 2007; Abdulmohsin and Al-Dahhan

2016)
258 = [ c.(e)-c(@t—¢') dt’ (12)
More details regarding the convolution method can be found elsewhere (Levenspiel

1972; Han 2007; Abdulmohsin and Al-Dahhan 2016). The convoluted output, € (}, of

13 B

the ideal CSTR prediction was compared with the measured response of the

measurement-1 (11-S) “C{1}”. Then, the parameter =, was estimated by minimizing the

averaged squared error between the convoluted prediction from CSTR ideal model

(€:,(£}) and the experimental measured value €{1} from measurement-1 (I1-S) as

follows: (Han 2007; Abdulmohsin and Al-Dahhan 2016):
Error = —E7-4[C7,(¢) — c (1) (51 (12)

Figures 9-11 show a good agreement between the predicted €. (¢} and measured values

1

from experiment-1 “C{1}”, in which the average squared errors were found between
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1.2x10% and 4.7x107 for volumetric air flowrate ranging from 0.0015 to 0.0034 md/s.

This indicates that the gas mixing within the lower plenum can be modeled as an ideal
CSTR model for all experimental conditions. Thus, the calculated €,,, from the ideal

CSTR model in the lower plenum in conjunction with the fitted parameter r, was used as
an input tracer concentration to the test section, in which the 1D-ADM is based on a

known input tracer concentration.

Estimation of the gas dispersion within the test section using the axial dispersion
model

The one-dimensional axial dispersion model (ID-ADM) is used to describe the
gas tracer dispersion within the test section. In this model, there is an axial dispersion of
the gas tracer, which is governed by analogy to Fick’s law of diffusion. Every element of

the system is transported by molecular and convective diffusions at a rate equal to “D

Ag” in conjunction with bulk flow “UAC”. Where D is the effective dispersion

coefficient within the system (m?/s), A is the cross sectional area (m?), U is the

superficial velocity (m/s), and g is the concentration gradient of the tracer (mole/m*). A

non-reactive mole balance on the gas tracer over a short length AZ of the test section in
absence of radial variations yields (Levenspiel 1972; Han 2007; Abdulmohsin and Al-

Dahhan 2016)

g e fe (13)

F= 8z &t

D
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The gas tracer concentration in the mole balance equation (Equation 15) can be rewritten

in a dimensionless form as follows:

a° Fonp Bogur _ Gopnr
Dge ~ %0~ w (14)
where,
e
CL""H? = - (15)
Lmax

Once initial and boundary conditions defined, the solution of Equation 14 will yield the
effluent tracer concentration (Cout).

Closed-closed Danckwerts boundary conditions (Danckwerts 1953) were used in this
study. An assumption is established for no radial variations of the tracer concentration or
dispersion either downstream (Z = 0.0) or upstream (Z = L) of the test section. However,
between the downstream and upstream we have axial dispersion. The corresponding
boundary conditions are as follows:

At Z = 0.0 (downstream)

gL
UC-D<-=UCi (16)

The tracer concentration within Equation 16 can be rewritten in a dimensionless form as

follow:

e _ )
U Cout — D — 2% = U Cinput (17)
where,
CL‘-‘H? = e : (18)
Cpp= ot (19)
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At Z = L (upstream)

22200 (20)

dz

where Cin is estimated by Equation 10 with the fitted parameter of zs as shown in Figure
7. The initial condition is given by

t=0.0,C=0.0 (21)
Figure 12 shows the sequence of the integral convolution and regression analysis
schematically to obtain the parameter “D” of the 1D-ADM. Using Cin from Equation 10
as the input tracer concentration to 1D-ADM to yield an output profile Cout, Which is then
convoluted by C(3) from measurement-3 (Table 2) (Levenspiel 1972) to produce the

convoluted prediction (£:.)

[~

Eu (0 = [} Coue (ED.CEME—1). 0t (22)

Then the convoluted 1D-ADM prediction, &=

[l

was compared against the measured
response of the measurement—1 “£{1)” of the whole system. Then, the dispersion

coefficient parameter, D, was estimated by minimizing the averaged squared error

between the convoluted prediction from 1D-ADM (€;,-(t)) and the experimental
measured value {1} from measurement-1 as follows (Levenspiel 1972; Han 2007;

Abdulmohsin and Al-Dahhan 2016):

Error == X7, [Chpr (8.} — € (1) (£ (23)
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Figures 13-16 show a good model fit of £;,- and C(1) for selected operating conditions.

The averaged squared error calculated by Equation (23) was in the range of 6.8x107° ~

22.24x10%3,

The axial dispersion coefficient (D) is used to determine the dispersive Peclet number

(Nre) which represents the ratio of the rate of transport by convection to the rate of

transport by dispersion as follows:
T

Npe= ==

F'¥)

(24)

The value of Npe is used to quantify the degree to which the axial dispersion affects the
performance of the separate-effect test section. A high value of the Npe corresponds to a

slightly dispersed system.

Effect of the volumetric air flow rate (corresponding to heating intensity) on the gas
phase axial dispersion coefficient (D) along the riser channel

The qualitative effect of the volumetric air flow rate on the axial dispersion
coefficient (D) can be illustrated by noting that, as the dispersion coefficient (D) varies
from 0 to oo, the system behavior changes from ideal plug flow to perfect mixing. As
shown in Figure 17, D values decrease with increasing the volumetric air flow rate
(increasing heating intensity). This 