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Initial scaling studies and conceptual thermal fluids experiments for
the prismatic NGNP Point Design

Donald M. McEligot and Glenn E. McCreery
Idaho National Engineering and Environmental Laboratory (INEEL)
Idaho Falls, Idaho 83415 USA

The objective of this report is to document the initial high temperature gas reactor scaling
studies and conceptual experiment design for gas flow and heat transfer. The general approach
of the project is to develop new benchmark experiments for assessment in parallel with CFD and
coupled CFD/ATHENA/RELAPS5-3D calculations for the same geometry. Two aspects of the
complex flow in an NGNP are being addressed: (1) flow and thermal mixing in the lower
plenum ("hot streaking" issue) and (2) turbulence and resulting temperature distributions in
reactor cooling channels ("hot channel" issue). Current prismatic NGNP concepts are being
examined to identify their proposed flow conditions and geometries over the range from normal
operation to decay heat removal in a pressurized cooldown. Approximate analyses are being
applied to determine key non-dimensional parameters and their magnitudes over this operating
range. For normal operation, the flow in the coolant channels can be considered to be dominant
forced convection with slight transverse property variation. The flow in the lower plenum can
locally be considered to be a situation of multiple buoyant jets into a confined density-stratified
crossflow -- with obstructions. Experiments are needed for the combined features of the lower
plenum flows. Missing from the typical jet experiments are interactions with nearby circular
posts and with vertical posts in the vicinity of vertical walls - with near stagnant surroundings at
one extreme and significant crossflow at the other.

Two heat transfer experiments are being considered. One addresses the "hot channel”
problem, if necessary. The second experiment will treat heated jets entering a model plenum.
Unheated MIR (Matched-Index-of-Refraction) experiments are first steps when the geometry is
complicated. One does not want to use a computational technique which will not even handle
constant properties properly. The MIR experiment will simulate flow features of the paths of jets
as they mix in flowing through the array of posts in a lower plenum en route to the single exit
duct. Initial conceptual designs for such experiments are described.
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Nomenclature

function of

flow area

empirical coefficient

specific heat at constant pressure

diameter

hydraulic diameter, 4 Acs / Pw
wire diameter

acceleration of gravity

units conversion factor, e.g., 1 kgm /(N s2), 32.1739 Ibm ft / (Ibf sec2)

mean mass flux, m / Acg

lower plenum height

convective heat transfer coefficient
thermal conductivity, turbulent kinetic energy
mass flow rate

perimeter; Py, wetted; Pp, heated surface
pressure, pitch

heat flux; q"w, wall heat flux

radius

temperature

mean velocity

bulk or mixed-mean streamwise velocity

friction velocity, (g¢ Tw / p)l/ 2
Reynolds shear stress

velocity fluctuation about mean
axial location

Non-dimensional quantities

Ac
Bo

Bo*
d+
f, {7

Gr*
Ky

general acceleration onset parameter (see text)
general buoyancy onset parameter (see text)

Jackson buoyancy parameter, Gr* / (ReDh3-425 Pr0-8)
wire diameter, dug /v

friction factor, 2 pp g¢ Tw / G2

Grashof number based on heat flux, g q"wall Dh4 / (k v2)
acceleration parameter, (vp/ Vb2) (dVp / dx)

v



Nu Nusselt number, h Dy, / kp

Pr Prandtl number, °p wk

qt heat flux, B q"wall / (G cp)

Re Reynolds number, 4 m /T1D p; Reph, based on hydraulic diameter, G D / n
Ri overall Richardson number, g (p1-p2) H/ (p1 Vbz)

Greek symbols

B volumetric coefficient of expansion, - (1/p) (®/T)p
€ dissipation of turbulence kinetic energy

absolute viscosity

kinematic viscosity, L/ p

density

a T < T

shear stress; Ty, wall shear stress

Subscripts

b evaluated at bulk or mixed-mean temperature (or enthalpy)
D based on diameter

DB Dittus-Boelter [1930] correlation

Dh evaluated with hydraulic diameter

f, fc forced convection

1, in evaluated at inlet, entry

] jet

max maximum value

p support post

ref evaluated at reference conditions

w, wallwall, evaluated at wall temperature



Introduction

Background The ultimate goal of the present study is the improvement of predictive
methods for design and safety analyses of advanced gas-cooled reactors (AGCRs) for higher
efficiency and enhanced safety and for deployable reactors for electrical power generation,
process heat utilization and hydrogen generation. While key applications would be very high
temperature reactors (VHTRs) using the closed Brayton cycle (CBC) for higher efficiency (such
as the proposed Next Generation Nuclear Plant), results of the proposed research should also be
valuable in gas-cooled fast-spectrum reactor systems (GFRs) as well as reactors with
supercritical-pressure flow. Higher efficiency leads to lower cost/kwh and reduces life-cycle
impacts of radioactive waste (by reducing waste/kwh). The outcomes will also be useful for
some space power and propulsion concepts and for some fusion reactor concepts as side benefits,
but they are not the thrusts of the investigation.

The Next Generation Nuclear Plant (NGNP) is intended to meet three basic requirements:
(1) a coolant outlet temperature of 1000 C, (2) passive safety and (3) a total power output
consistent with that expected for commercial high-temperature gas-cooled reactors [MacDonald
et al., 2003]. Both prismatic fuel types and pebble bed fuel types are being considered with
helium as the coolant. The present study concentrates on issues for prismatic versions but some
aspects are common to pebble bed designs. The prismatic NGNP Point Design is an
evolutionary version with roots stemming from the Fort Saint Vrain high-temperature gas-cooled
reactor; the immediate predecessor is the General Atomics gas turbine - modular helium reactor
(GT-MHR) shown in Figure 1. Currently, modifications of the GT-MHR design are being
proposed in order to meet the NGNP design requirements and, thereby, to identify issues and
R&D needs pertinent to typical NGNP and VHTR designs which are expected to evolve.

Advanced gas reactors and combined cycle concepts offer the potential of high thermal
efficiency and enhanced safety [Kugeler, 1996]. Gas-cooled reactors are also ideal for use in
small deployable systems; historically, one of the first GCRs was an Army reactor for this
purpose, the ML-1 at NRTS (now INEEL). In addition to improving efficiency, AGCR-CBCs
enhance system safety by removing steam and water components. Safety is inherently enhanced
by avoidance of the steam cycle: no flashing or boiling is possible, there are no neutronic
reactions with the coolant, no chemical reactions between coolant and fuel and no corrosive
corrosion products. Passive safety features include a negative coefficient of reactivity, core
power and power density, passive reactor cavity cooling systems and below-grade containment
for protection from aircraft and terrorist actions.

General effects of strong heating of a gas are variation of the transport properties,
reduction of density causing acceleration of the flow in the central core, and - in some cases -
significant buoyancy forces. The ranges of temperatures and, hence, property variation that
should be considered for safety analyses in some applications are as follows:

Temperature range (K) Property variation
Tin Twall,max P/p; VIVi k/k; cp/Cpi
GT-MHR 573 1873 0.31 33 2.6 1.1
HTTR 673 1873 0.36 2.8 2.3 1.1
GC-FBR 723 1323 0.55 1.8 1.6 1.06
VHTR/NGNP 763 1873 041 2.5 2.1 1.08
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Fig. 1. GT-MHR reactor which serves as the basis for the current prismatic NGNP Point Design
[MacDonald et al., 2003].

Typical reactor thermal hydraulic safety codes use a one-dimensional transient approach,
employing correlations such as the Dittus-Boelter relation or equivalent for Re > 2000. Their
predictions can be optimistic for low-Reynolds-number flow and/or with significant buoyancy
forces and/or for gas mixtures. Figure 2a demonstrates that Nusselt numbers (convective heat
transfer coefficients) can be factors of two or three lower - and thermal resistances higher - than
the correlation suggests for heated gas flow through a circular tube [McEligot, 1986].
Conventional wisdom is that buoyancy forces aid in upflow; this impression can be misleading.
Wang, Li and Jackson [2002] show that, in turbulent upflow, the effect of significant buoyancy



forces can be to lower the Nusselt number compared to forced flow by fifty per cent in a pipe and
35 per cent in a channel (Figure 2b). The magnitude of the effect varies with geometry and
position. Better predictive approaches are needed for use in these codes.
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Fig. 2. Typical correlations in reactor thermal hydraulics codes overpredict convective heat
transfer parameters for gases in some scenarios: (a) at low Reynolds numbers in a circular tube
[McEligot, 1986] and (b) with buoyant effects in turbulent upflow through circular tubes and
rectangular channels [Wang, Li and Jackson, 2002].

Thermal fluid considerations for safety analyses Proposed advanced gas-
cooled power reactors in the U. S. have design differences from the Japanese HTTR research
reactor mentioned above. For power generation higher flow rates are used, giving higher
Reynolds numbers in the passages. Annular cores are employed with a central reflector region
with high thermal capacitance, causing slow, gradual thermal response to disturbances. It is
appropriate to consider three of several operating modes.

The design for full power operation is intended to be a steady-state condition. Flow and,
therefore, Reynolds numbers in the coolant passages are large so forced convection dominates
the heat transfer problem. Typical Reynolds numbers are of the order of 50,000; consequently,
buoyancy forces and thermal radiation are not significant and the phenomenon of laminarization
is unlikely. A concern during this mode of operation is the potential damage to metallic
components from local hot "streaks" caused by poor mixing of the high-temperature jets that
enter the lower plenum from the hottest coolant channels (Figure 3). The temperature,
momentum and turbulence profiles of the gas exiting the channels serve as initial conditions for
the passages forming these jets.



Concern: Spatial variations in local fission rate and
material behavior will cause “hot channels” which may
cause “hot streaking” in the lower plenum — and
possible structural problems
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Fig. 3. Relation of "hot channel" and "hot streaking" issues.

The most extreme accident scenario is believed to be a LOFA/LOCA = a simultaneous
Loss of Flow Accident and Loss of Coolant Accident ("low pressure conduction cooldown").
The compressors stop so there is no flow. The coolant leaks to atmospheric pressure so there is
no significant residual coolant in the channels as opposed to the high pressure operating
condition. Allowable temperatures are high, e.g., 1600 C for the central region. The main
thermal problems become thermal conduction and thermal radiation. Since the Grashof number

varies as p2, it drops to near zero; estimates show that heat transfer in the reactor by natural
convection would be less than 0.1 per cent of the heat transfer rate. The important thermal
questions become adequate evaluation of the thermal capacitances of the various materials in the
reactor and the thermal emissivity of the exposed surfaces involved, particularly the metals used
in the vessel and the reactor internals.

A scenario likely to occur more frequently is the LOFA alone ("pressurized cooldown").
Coolant is not lost so helium remains at its high pressure operating condition. Due to the high
thermal capacitance of the structure, the transient problem is quasi-steady as far as the fluid
physics is concerned. That is, fluid residence times in the passages are much shorter than the
characteristic thermal response times of the solids forming the passage surfaces and determining
the thermal boundary conditions; the convection problem can be treated as instantaneously
steady. The flow varies from its initial high Reynolds number to near zero as the temperature
differences are reduced, approaching thermal equilibrium. During this transient the flow
sequentially passes from the high-Reynolds-number turbulent regime, though the low-Reynolds-
number turbulent and laminarizing regimes, to laminar flow both upwards and downwards. For
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predictions, the most difficult and uncertain conditions are the low-Reynolds-number turbulent
and laminarizing flows, particularly with gas property variation and complex geometries. Also
of concern is the mixing of the hot plumes from the core into the upper plenum during this
accident scenario (comparable to the jets into the lower plenum during normal operation).

During the LOFA two cases of natural circulation become of interest: that between the
hotter and cooler channels within the core and that between the vessels and cooling panels of the
passive cavity cooling system. In both cases, natural circulation is induced by differences in
buoyancy forces but within the passages themselves the flow may be considered to be
predominantly forced from the surroundings (although this forced convection may be modified
by buoyancy forces within the passages and thermal radiation across them). In the cooling
channels the fluid is typically high pressure helium and in the cavity cooling system it would be
air or an air-helium mixture at atmospheric pressure (the higher thermal conductivity of helium
can be an advantage to passive cooling systems [McEligot and Taylor, 1996]).

The Modular Helium Reactor (MHR), which serves as the design predecessor of the
prismatic NGNP Point Design, is an ultra-safe, meltdown-proof, helium-cooled reactor which is
based on thirty years of high temperature gas-cooled reactor experience and is representative of a
Generation IV advanced reactor design. The MHR takes advantage of the unique properties of
helium gas as coolant, graphite as moderator and coated particles as fuels. The Gas Turbine-
Modular Helium Reactor (GT-MHR) couples the helium-cooled modular reactor core with a gas
turbine to produce electricity directly from the high-temperature helium coolant at efficiencies
approaching fifty per cent. One of the inherent safety features of gas-cooled reactors is their
capability of maintaining a gas environment for cooling the core under a major loss of
containment. During normal operation the thermal energy from the core is removed by forced
convection and during severe accidents, in which the coolant forced flow and/or the coolant
containment is lost, it is removed by conduction, radiation or natural circulation.

The high-temperature gas cooled reactors use pressurized helium as coolant to enhance
the heat transfer process. Under extreme accident conditions these reactors can lose their
capabilities for forced circulation of their coolant (Loss of Forced Cooling Accident, LOFA),
and/or lose the capability of containing the coolant (Loss of Coolant Accident, LOCA).

During full power operation, forced convection is the dominant heat transfer mechanism
within the helium flowing from the core. Typical Reynolds numbers within the coolant passages
in the graphite core are on the order of 50,000. Under these conditions turbulent mixing is the
predominant contributor to the heat transfer process and buoyancy or thermal radiation are of
lesser importance. During partial load operations (e.g., as low as fifteen per cent of the design
power) the helium inventory is reduced to maintain the same volumetric flow rate at the turbine
inlet. Under these conditions the typical Reynolds number within the core coolant passages may
be reduced to values around 5, 000 or lower, at which point a potential transition from turbulent
to laminar flow could occur. Computational techniques with supporting test data are needed to
address the heat transfer from the fuel to the coolant during this transition from turbulent to
laminar flow, including the possibility of an early laminarization of the flow.

Another area, which requires further development, is the prediction of the turbulent
mixing of the high temperature coolant jets that enter the plenum beneath the core. Poor mixing
of these jets can cause local hot spots resulting in potential damage of metallic components.



Conditions of the flow through the lower plenum of the core during normal operation are in the
following ranges:

Helium temperature 700 - 1000 C
Helium pressure 40 - 80 atm
Flow type Stagnant to highly turbulent

The design issue in this case is the need for predicting the rate of turbulent mixing occurring
between the hotter coolant jets and the rest of the flow before these hot jets impinge on the
metallic components at the exit or floor of the core lower plenum. Due to the complexity of the
flow path in the lower plenum, computational techniques with supporting test data are needed to
address this turbulent mixing process.

Under the first accident scenario, LOFA, helium remains at its high pressure operating
conditions within the undamaged vessel (also called a "pressurized conduction cooldown").
Conditions are:

Helium temperature 400 - 1600 C
Helium pressure 40 - 80 atm
Flow type Overall natural circulation

Due to the high thermal capacities of the graphite core structure, this accident is a quasi-steady
phenomenon as far as the fluid physics is concerned. That is, fluid residence times in the core
passages are much shorter that the characteristic thermal response times of the graphite blocks
where these passages are located. The dominant convective heat transfer mechanism from the
solid to the coolant can be treated, therefore, as instantaneously steady. During this accident the
flow sequentially passes from the high-Reynolds-number turbulent regime, through the low-
Reynolds-number turbulent and laminarizing regimens, to laminar flow driven by buoyancy
forces. Design issues are the prediction of the buoyancy-driven coolant flow between hotter and
cooler core channels and the evaluation of the thermal mixing of hot plumes in the core upper
plenum before they reach metallic components.

During a LOFA accident there are two more cases of buoyancy-driven flow phenomena
specific to gas-cooled reactor design that are of interest: the flow between the inner hotter and
the outer cooler channels within the core and the flow between the reactor containment vessel
outer surface and the cooling panels of the passive cooling system that encircle the vessel. In the
core cooling channels the fluid is typically high-pressure helium and in the cavity cooling system
it is air at atmospheric pressure or a mixture of air and helium. The design issue here is the need
for an accurate prediction of the maximum fuel temperature of the reactor core during a LOFA.
This temperature is directly correlated to a clear understanding of the buoyancy-driven heat
transfer within the core and outside the reactor vessel.

During the extreme case of a LOCA followed by a LOFA the reactor looses the capability
for forced cooling flow and the coolant reaches atmospheric conditions, so that there is no
significant residual coolant in the core channels as opposed to the high pressure operating
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conditions. The main heat transfer mechanisms in this case became thermal conduction and
thermal radiation. The important thermal questions become, therefore, an adequate evaluation of
the thermal capacitances of the various materials in the reactor core and the thermal emissivities
of the exposed surfaces involved, particularly the metals used in the reactor internals, the vessel
and the cooling panels of the passive cavity cooling system.

Present R&D project for improved modeling and benchmark studies of gas flow
and heat transfer for NGNP applications The goal of this ongoing R&D effort is to
develop the analytical tools necessary for design, operation, safety studies, assessments and
licensing for the proposed NGNP (Next Generation Nuclear Plant). The primary objectives of
this coordinated experimental and computational research are:

e to build accurate, reliable numerical simulation models of important NGNP thermal-
hydraulic phenomena

e to provide benchmark data for the assessment and improvement of thermal-hydraulic
codes proposed for evaluating the NGNP design and

e to begin preliminary code development and assessment tasks based on identified
modeling needs and existing data.

This study builds on the accomplishments of recent NERI and INERI projects led by INEEL
[McEligot et al., 2002, 2003, 2004]. Its unique Matched-Index-of-Refraction flow system will be
utilized for benchmark measurements to assess current and future modeling techniques to benefit
NGNP and VHTR programs.

Meaningful feasibility studies for NGNP designs will require accurate, reliable
predictions of material temperatures to evaluate the material capabilities. In a prismatic NGNP
these temperatures depend on the thermal convection in the coolant channels for the core and in
other important components. Unfortunately, correlations in one-dimensional system codes for
gas-cooled reactors typically underpredict these temperatures, particularly in reduced power
operations and hypothesized accident scenarios. Likewise, most turbulence models in general-
purpose CFD (computational fluid dynamics) codes provide optimistic predictions [Mikielewicz
et al., 2002; Richards, Spall and McEligot, 2004]. These treatments are further complicated by
the non-homogeneous power distributions with strong peaking that can occur and buoyancy,
strong pressure gradients and gas property variations in the channels ("hot channel" issue). DoE
needs improved modeling capabilities, independently from the sometimes simplistic approaches
employed by reactor vendors; these computational capabilities need, in turn, to be validated by
comparison to experimental and analytical benchmark data.

The NGNP is presently based on the very high temperature reactor (VHTR) concept.
The NGNP point design and the VHTR concept feature complex geometries and wide ranges
of temperatures, leading to significant variations of the gas thermodynamic and transport
properties plus possible effects of buoyancy during normal and reduced power operations and
loss-of-flow and loss-of-coolant scenarios. The complex geometries proposed have included
non-circular fuel channels, high-temperature exit regions, plenum regions, regenerative heat
exchangers, reactor cavities with cooling panels, etc.



Existing system safety codes provide reasonable predictions for high-Reynolds-number
flows but their correlations can give misleading results for low-Reynolds-number gas flows with
buoyancy, as in accident scenarios, even with simple circular tubes. Conceptually, CFD codes
with turbulence models can yield predictions for improvement of correlations and preliminary
design; however, recent assessments have shown that most turbulence models used in general
purpose codes give unreliable, optimistic predictions for these cases. Further benchmark data are
needed for complex geometries - to avoid this problem and to improve predictive capabilities.
These bases can be obtained from direct numerical simulations (DNS) or large eddy simulations
(LES), after validation with measurements, or by experiments. (DNS calculations are not
currently part of this project but useful DNS databases are available from our current I-NERI
project {McEligot et al., 2003].)

Six areas of thermal hydraulic phenomena -- in which the application of improved CFD
(computational fluid dynamics) and system thermal-hydraulic analytical techniques can be used
in the design and safety analyses of a prismatic NGNP -- have been identified [McEligot et al.,
2002] as indicated in Figure 4. Several of these phenomena are pertinent to pebble bed versions
of the NGNP as well. The initial studies will concentrate on "Coolant flow distribution through
reactor core channels" and "Mixing of hot jets in the reactor core lower plenum," phenomena
that are important both in normal operation and in accident scenarios.

Normal operation at full or partial loads
- Mixing of hot jets in the reactor core lower plenum
("hot streaking")
- Coolant flow and temperature distributions
through reactor core channels ("hot channel")

Loss of forced reactor core cooling (LOFA or
“pressurized cooldown")
- Mixing of hot plumes in the reactor core upper
plenum
- Coolant flow and temperature distributions i
through reactor core channels (natural \
circulation, "hot channel")
- Rejection of heat by natural convection and
thermal radiation at the vessel outer surface

Loss of forced reactor core cooling and loss of
coolant inventory (LOCA or "depressurized
cooldown")
- Prediction of reactor core depressurized i
cooldown - conduction and thermal radiation
- Rejection of heat by natural convection and i
thermal radiation at the vessel outer surface

Fig. 4. Pertinent areas of thermal hydraulic phenomena.

Accurate predictions of the thermal mixing in the lower plenum are needed to predict the
temperature distribution of the coolant exit duct and its material behavior (Figure 3). Due to the
variation of the heat generation across and along the core, the jets from the cooling channels into
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the plenum may vary in temperature substantially; if the turbulent mixing of these flows is
incomplete, high temperature gas may impinge on lower plenum surfaces and / or the entrance of
the core outlet flow duct causing potential structural problems ("hot streaking" issue). Non-
uniformity of the gas temperature distribution in the outlet duct will also affect the high pressure
turbine adversely. The geometric transition from the circular cooling channels in the core to the
lower plenum is complex as is the configuration of the lower plenum itself with its array of posts
supporting the core. Hence, reliable, accurate predictive techniques are needed for the flow and
mixing in the plenum and of the temperature and flow distributions of the hot jets entering the
plenum ("hot channel" issue).

INEEL is extending the ATHENA/RELAPS-3D codes to treat flows in NGNPs and
VHTRs. Under an LDRD program, ATHENA/RELAPS5-3D has been linked to the Fluent CFD
code to provide a tool capable of providing a macroscale flow resolution where adequate (core,
piping, balance-of-plant) with a microscale flow resolution where it is necessary (inlet or outlet
plenum). INEEL has recently led pertinent research projects for the NERI program
("Fundamental thermal fluid physics of high temperature flows in advanced reactors systems"
[McEligot et al., 2002]) and the Korean I-NERI program ("Advanced computational thermal
fluid physics and its assessment for supercritical reactors" [McEligot et al., 2003]). These
computational and experimental projects both addressed effects of fluid property variation and
complex geometries, key features of flows in NGNPs and VHTRs. INEEL partners developed
LES (large eddy simulation) and DNS (direct numerical simulation) codes for low-Reynolds-
number, strongly-heated, buoyant gas flows in channels to serve as benchmarks in those
situations in gas-cooled reactors [McEligot et al., 2002, 2003].

INEEL has developed the World's largest Matched-Index-of-Refraction (MIR) flow
system (http://www.inel.gov/env-energyscience/physics/mir/). By using optical techniques, such
as laser Doppler velocimetry (LDV), measurements can be obtained in small complex passages
without disturbing the flow. The refractive indices of the fluid and the model are matched so that
there is no optical distortion. The large size provides good spatial and temporal resolution. It
was employed for velocity / turbulence data in scaled fuel channels for a VHTR concept and an
SCWR concept. This facility provides means to measure flow fields, turbulence and mixing in
the complex geometry of the NGNP lower plenum. The resulting data can be employed to assess
CFD codes and their turbulence models for the limiting case of dominant forced convection
where temperature can be considered to be a passive scalar; a code must satisfy this test before it
can be considered for extension to include more complicated phenomena (e.g., buoyancy
influences).

The general approach of the project is to develop new benchmark experiments for
assessment in parallel with CFD and coupled CFD/ATHENA/RELAP5-3D calculations for the
same geometry. Velocity and turbulence fields will be measured in INEEL's unique Matched-
Index-of-Refraction (MIR) flow system, the World's largest; these data will be used to assess the
capabilities of the CFD code and its turbulence models and to provide guidance in improving the
models. Heat transfer experiments will also be developed and accomplished for the same
purposes. Existing databases from experiments, direct numerical simulations and large eddy
simulations will also be utilized where appropriate. A "lower plenum model," based on the point
design of the NGNP, will be developed for the coupled CFD/ATHENA/RELAPS5-3D codes and
calculations will be performed to identify potential mixing problems ("hot streaking").



The INEEL CFD effort will employ the FLUENT code as a representative of typical
commercial CFD codes that may be employed in NGNP / VHTR design and safety analyses.
The FLUENT models developed will then be made available for coupling with the systems
analysis code RELAP5S/ATHENA for systems level analyses. Initially, the data used for
assessment of the model will be currently available data. Data generated in NERI Project 99-
0254 will be perused and selected on the basis of applicability to the present project’s objectives.
These data include those by Jackson and Li [2000a], Jackson and Li [2000b], Wu et al. [2001],
Kim et al. [2002], Wang, Li and Jackson [2002], Wu, Xu and Jackson [2002] and DNS and LES
databases. The models will be assessed against new measurements as they become available.

Outcomes of this proposed research will be (1) validated predictive techniques for gas
flows with property variation and buoyancy effects through the complex geometries important in
NGNP development, (2) benchmark data - both computational and experimental - for assessing
existing and future CFD codes and (3) improved guantitative understanding of the limitations of
current and proposed system and CFD codes.

Tasks initiated during FY-04 include:
1) Scaling studies for experiment design
2) Conceptual design of heated experiments
3) Conceptual design of fluid dynamics experiments for lower plenum

Figure 5 describes the relations of these experimental tasks to each other and to research
proposed for future years. The objective of the present report is to document the initial high
temperature gas reactor scaling studies and conceptual experiment design for gas flow and heat
transfer.

Needs |

v v
Heated experiment Isothermal lower plenum
concepts flow experiment concepts
[
v N
Coolant channels Lower plenum . j i
| | | p | Design . Pebble
| * Fabrication '\ bed
* Measurements | exits?
Selection of first * Documentation : ’
heated experiment T s
* Design 1 :
* Fabrication ; i
* Measurements
* Documentation
R 2 ISR, S A
Second heated experiment i Other important geometries

Fig. 5. Overview of proposed experimental tasks.
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Scaling studies for experiment design

The objective of the benchmark experiments is to provide careful measurements to
assess the capabilities and performance of the modeling approaches of CFD codes and systems
codes, such as ATHENA/RELAPS-3D. Two aspects of the complex flow in an NGNP will be
addressed: (1) flow and thermal mixing in the lower plenum and (2) turbulence and resulting
temperature distributions in reactor cooling channels ("hot channel" problem). Both normal
operation and reduced power or accident scenarios will be considered.

The relations between these two regions have been demonstrated schematically in Figure
3. In the prismatic NGNP Point Design the cooling channels are simple vertical, circular tubes
with complexity entering the problem due to the spatial variations in local fission rate and the
temperature dependencies of the gas properties. The channels connecting the cooling channels to
the lower plenum (Figure 6) and the lower plenum configuration itself introduce a variety of
complex geometrical flow passages.
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Fig. 6. Examples of designs for the geometric transitions from coolant channels to hot jet flows
in the lower plenum of typical gas-cooled reactor cores.

Current prismatic NGNP concepts are being examined to identify their proposed flow
conditions and geometries over the range from normal operation to decay heat removal in a
pressurized cooldown. Approximate analyses are being applied to determine key non-
dimensional parameters and their magnitudes over this range. The ranges of these parameters
in the reactor design identify the databases needed for assessment of codes (tools) that the NGNP
"Integrator" will want to use. For example, for cooling channels key parameters would include

the Reynolds number, Prandtl number, q* (non-dimensional heat flux), Bo* (buoyancy) and Ky

(streamwise acceleration as density decreases). From this information, geometries and desired
operating conditions can be calculated for experiments representing channels and plena and
dominant flow phenomena can be deduced. Preliminary model design can then be initiated and
tentative dimensions can be provided to CFD and systems modelers to calculate preliminary
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predictions which will assist in developing the measurement matrices (or modifying the
apparatus).

Heated vertical tube ("hot channel" issue)

The so-called "deterioration" of turbulent convective heat transfer observed in some
experiments with common gases can be due to radial property variation, acceleration, buoyancy
or combinations of these phenomena, depending on the conditions of the applications [Hall and
Jackson, 1969; McEligot, Coon and Perkins, 1970; Mikielewicz et al., 2002].

For pure forced convection in turbulent flow through an uninterrupted long duct at
constant properties (i.e., low heating rates giving small temperature differences), the convective
heat transfer from the fuel rods away from the entrance can typically be predicted by a relation of
the form

Nuph = C ReDh0-8 pr0.4

as shown for internal flow in tubes by Dittus and Boelter [1930]. For gas flow in circular tubes
this relation becomes

Nup ~ 0.021 ReDO-8 pr0.4

[McAdams, 1954; Kawamura, 1979]; for predicting surface temperatures, it is important to
recognize that this coefficient is ten percent lower than the common textbook value (i.e., liquids).
Other relations have been recommended for circular tubes but for Prandtl numbers near unity,
most predict approximately the same magnitude [Taylor, Bauer and McEligot, 1988]. If one
rearranges this relation to predict the convective heat transfer coefficient explicitly for a given
mass flow rate and geometry, one sees that the variation with properties as the flow is heated
along a duct takes the form

h ~ Cp0.4 k0.6 /4,04

With "strong" heating, the temperature variation leads to fluid property variation which,
in turn, can cause several phenomena which may reduce or improve the convective heat transfer
parameters. For gases, the property variations may be approximated by non-dimensional power
laws as [Perkins, 1975]

(Wyref) ~ (T/Tref)? (k/kref) = (T/Tref)P

(p/pref) = (p/pref) (Tref/T) (cp/ep,ref) = (T/ Tref)d

The variation of the properties across the flow will modify the fluid temperature distribution and
the relation between the heat flux and the temperature difference, i.e., the convective heat transfer
coefficient. This effect can often be accommodated by introducing property ratios such as pw/[b
(or in the case of gases, Tw/Tp) in empirical correlations [Kays, 1966]. For moderate fluid

property variation, Gersten and Herwig [Section 16.1.7g, 1992] have derived analytical
predictions of the exponents to be applied to the property ratios and, hence, temperature ratio in
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such correlations. For gases, the modification of the Nusselt number will be less than about five
per cent if the temperature ratio is less that about 1.1 [McEligot, 1986].

In addition to the property ratios, a non-dimensional heat flux

qt = Bq"wall/ (G p) where f3 = - (1/p) (dp/dT)p

can provide an indication of whether the Nusselt number may be significantly changed. This
quantity (or a comparable one) evolves when one non-dimensionalizes the mathematical
description for cases with specified wall heat flux distributions [Bankston and McEligot, 1970].

(The definition becomes q* = q"wall / (G cp T) for fluids satisfying the perfect gas
approximation.) For high-Reynolds-number flow without significant buoyancy or acceleration

influences, a value of q* < ~ 0.0005 is expected to induce a reduction in Nusselt number of less
than five per cent as shown by an empirical correlation of McEligot, Magee and Leppert [1965].

Non-dimensionalization of the governing equations and their boundary conditions plus
property variations shows that, in forced convection for a given geometry, the heat transfer
coefficient can be represented as

Nu = Nu{ReDh, Pr, q%, a, b, d, x/Dp}

for gases at low Mach numbers satisfying the perfect gas approximation [Bankston and
McEligot, 1970]. As noted above, the constants a, b and d are the exponents of the power law
approximations for the properties and accommodate their dependencies on temperature. In
turbulent flow the dependence on the distance from the thermal entry (x/Dh) becomes negligible

after about thirty diameters. For typical gases, d is small and a and b are 0.5 to 1.0
approximately (for helium Worsoe-Schmidt [1966] employed a = b = 0.65 and d = 0.0) and the
resulting function is not highly sensitive to small differences in their values. Thus, one can use
the same correlation for data with air, nitrogen and helium [McEligot, Magee and Leppert, 1965].

In fact, for many gases the parameters g, a, b and d can be replaced by a temperature ratio
Tw/Tp raised to a fractional power as indicated above [Kays, 1966; Gersten and Herwig, 1992].

A significant variation of fluid properties across the flow makes it important for
investigators to identify specifically at what temperature (or enthalpy) the properties are
evaluated in their relations. There are many different definitions of the Reynolds number and,
therefore, different magnitudes depending on the choices for property evaluation [McEligot,
1967, 1986]. Use of properties evaluated at the bulk enthalpy is usually most convenient for a
designer in a case where the wall heat flux distribution is known because the enthalpy can be
determined via an energy balance [Ward Smith, 1962]. It is also important to specify clearly the
source of the fluid properties employed in the data analysis.

Heating of a fluid in a duct reduces its density so the velocity increases in the streamwise
direction. This streamwise acceleration corresponds to a favorable streamwise pressure
gradient, which is known to stabilize laminar boundary layers. One may hypothesize that for a
turbulent flow, the acceleration would tend to stabilize bursting from the important viscous layer
and thereby reduce turbulent transport [Corino and Brodkey, 1969]. With sufficiently large
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acceleration, a condition called "laminarization" can occur where flows expected to be turbulent
show heat transfer parameters as low as in laminar flows [Bankston, 1970]. A measure of this

phenomenon is an acceleration parameter Ky defined as (vb/Vbz) (dVp/dx) [McEligot, Coon and

Perkins, 1970]. For an arbitrary cross section with some unheated surfaces, this parameter can be
shown to be

Ky = 4 (Ph/Pw) q* / ReDh
which reduces to
Ky ~4qt/Rep

for circular tubes. Moretti and Kays [1965] suggested that for Ky less than about 3 x 10-6 the

flow would remain turbulent while for higher values it is likely to laminarize, giving a substantial
reduction in heat transfer parameters. For flows accelerated by lateral convergence, Murphy,
Chambers and McEligot [1983] found agreement with turbulent predictions when Ky < ~ 9.5 x

10-7 and agreement with laminar predictions when Ky > ~ 4 x 10-6.

If buoyancy forces become significant in vertical rurbulent flow through a heated duct,
the convective heat transfer can become inhibited in upflow while in downflow it could be
enhanced; these observations are opposite to those for laminar flow and are not as one might
expect [Jackson, Cotton and Axcell, 1989]. With a specified wall heat flux, the Grashof number
is usually defined as

Gr* = g B q"wall Dh*/ (k v2)

Jackson [Mikielewicz et al., 2002] developed an approximate analysis for the onset of buoyancy
influences in fully-established flow in terms of a buoyancy parameter which can be written as

Bo = Gr* 3M+ (vw/vb) (pw/pb) 12 / [2 Nuph Reph3 (f1/2)3/2 Pr0-4]

for an arbitrary heated surface in a vertical duct. Here 8\7 is a distance near the edge of the
viscous layer (Jackson used 26) and the Nusselt number and friction factor correlations are for
pure forced convection to fully-established flow in a duct of the appropriate cross section and
appropriate heated surface. A value of Bo =~ 0.1 would correspond to the onset of buoyancy
influences. Applying the Dittus-Boelter correlation for gases and the Blasius friction correlation,
Jackson rearranged this criterion to

Bo* = Gr*/ (Repp3-425 PrV-8) > ~6x 10-7

for fully-developed flow in circular tubes. As shown in Figure 7, the data of Li [1994] and the
semi-empirical model of Jackson and Hall [Jackson, Cotton and Axcell, eqn. 11, 1989]

demonstrate that the value of Bo* ~ 6 x 10-7 provides a reasonable order-of-magnitude estimate
of the buoyancy threshold for vertical circular tubes. The relation for Bo above provides a means
to extend this approach to non-circular vertical ducts with a heated surface.
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Fig. 7. Effects of buoyancy on convective heat transfer for fully-developed flow in vertical
circular tubes [Jackson, Cotton and Axcell, 1989; Li, 1994].

The treatments above are based primarily on well developed flow in tubes. For short
circular tubes, Cotton and Jackson [1990] predict that the threshold for buoyancy effects will
require higher values of Bo* and that the maximum reduction in Nusselt number will be less than
for fully-developed flow. These trends have been confirmed by the experiments of Vilemas and
Poskas [1999]. One can expect comparable behavior for non-circular ducts and for acceleration
but the magnitudes have not been quantified.

Applying the same reasoning as for buoyancy influences, one can deduce a comparable
approximate criterion for the onset of streamwise acceleration effects in pipe flow
[Mikielewicz et al., 2002]. The resulting acceleration threshold parameter can be derived to be

Ac = Ky 3M* (vw/vb) (pw/pb) 172 1 [(£:/2)3/2 Pr0-4]

Again the criterion would be that this parameter should be less than about 0.1 to limit the effect
on Nusselt number to less than about five per cent. The friction factor fr to be used is the one for
the heated surface involved.

For several gas-cooled reactor designs, at full power the Reynolds numbers are "high"
and the parameters Bo and Ac will be sufficiently small that buoyancy or acceleration should not
cause a reduction in heat transfer parameters. However, at reduced power the situation may
change from that at design operating conditions for full power. When the flow rate is reduced to
give approximately the same operating temperatures at reduced power, the heat flux and mass

flow rate would be reduced approximately proportionately. In that case, q* remains roughly the
same, Ky varies as the reciprocal of the mass flow rate (and Reynolds number) and Bo* varies as

1/Re2-5 approximately. Consequently, buoyancy and acceleration effects may become important
at reduced power. During a transient Loss of Flow Accident scenario (LOFA), the variation of
these parameters and the likelihood of the phenomena will depend on the relative rates of
decrease of the power and the mass flow rate.
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It is recommended that experimentalists and analysts routinely calculate the parameters
Re, Tw/Tb (or pw/ub or cp, w/Cpb as appropriate), q*, Ky, Bo and Ac in reducing their data or in
predicting behavior when turbulent flow is desired. These quantities can serve as indicators to
alert the investigator whether property variation, acceleration and/or buoyancy may have
significant influences and, if so, which may be dominant. The discussion here has considered
nominally turbulent flow at the inlet. If the flow is laminar, other non-dimensional parameters
are appropriate [Worsoe-Schmidt, 1966; Jackson, Cotton and Axcell, 1989].

Estimates of the values of some of the non-dimensional parameters have been made for
the NGNP Point Design at full power and at reduced power for both sizes of coolant channels
proposed. In the standard fuel block there are 102 "large" coolant channels of 0.625 inch
diameter and six "small" ones of 0.5 inch diameter. The control or shutdown blocks have 88
large channels and seven small channels. Of the 102 columns of blocks, 72 have standard blocks
and the remaining thirty are either control or shutdown blocks (Figure 8). The channel lengths in
individual blocks are about 62 and 50 diameters for small and large tubes, respectively; the
nominal heated lengths for a core with ten active blocks vertically are therefore about 620 and
500 diameters, Thus, for turbulent flows, fully-developed conditions are expected to be reached.
Conceptual designs have been developed for full power from 600 to 840 MWth, average inlet
temperature of 491 C, average outlet temperature of 1000 C and corresponding helium flow rates
[MacDonald et al., Table 12, 2003]. The estimates allowed a bypass flow fraction of 0.1 with
heat fluxes calculated for nominal (average) conditions and for a peaking factor of 1.625 from
radial and axial approximations.

~— Coolant channels

Permanent /
side reflector —\

Reserve shutdown

r—
Outer replaceable 1-"1'.l|' .'.;.}‘\ system channels (18)
reflector / ) ._ 6 C el )
A “.Q@.-Q!'!\‘PQ).Q.O- Startup control
/ \’.‘(@.',‘ eI el e rods (12)
- (>3 Yol Ao X c
S 1o ontrol rod
restrain?'igllg_\ / Ay, :.g%%:‘,\’\\‘ penetration
180+ 8ceataigiecy iagiil Wi
| {|8¢ €2 0g0g4g000 Y5258
{ 2T B —
Inner replaceable reflector—
(hexagonal rings 1-5) Operating

control rods (36)

\
N ®e(:E 9) .o/
Core barrel — w

| Active core

_ / i 126 columns
Boronated pins 10 blocks high 03-GAS0146-03
(typical)

Fig. 8. Cross sectional view of GT-MHR and NGNP reactor cores [MacDonald et al., 2003].

The non-dimensional parameters Re, g, Ky and Bo* were estimated at the entrance,
mid-height and exit of the coolant channels for nominal full power and reduced powers of fifteen
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and ten per cent. The reduced power values were calculated for proportional reductions in gas
mass flow rate. These order-of-magnitude estimates are compared to the approximate thresholds
for significant effects in Figure 9. Since the viscosity increases with gas temperature, the local
Reynolds number decreases along the channels from inlet to outlet. The subfigures in this figure
can be considered as "operating conditions maps," comparable to regime maps for a range of
experiments.
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Fig. 9. Operating conditions maps for NGNP Point Design during normal full and reduced
power operations, order-of-magnitude estimates: a) non-dimensional heat flux (indicator of
significance of property variation, b) acceleration parameter and c¢) buoyancy parameter.

Highest gas bulk temperatures occur at the outlet from the active core. The range of
outlet Reynolds numbers varied from about 57,000 for a high power core to about 2300 at ten per

cent power. In all cases calculated, q*, Ky and Bo* were low relative to their thresholds for

significant effects. A low value of q* implies that gas property variation across the channels
would have only a slight effect on the local Nusselt number and friction factor. The acceleration
parameter Ky provides a measure of the likelihood of laminarization due to streamwise
acceleration induced by the reduction in gas density with heating. Likewise, the buoyancy
parameter Bo* indicates whether the heat transfer parameters may be enhanced or reduced as a
consequence of buoyancy influences. For the proposed diameters of the coolant channels in the
NGNP Point Design, neither property variation, acceleration nor buoyancy would be expected
to have significant effects in normal full-power operations. For estimates of wall and outlet
temperatures for the "hot channel" problem in full-power operation, a correlation such as the one
of McEligot, Magee and Leppert [1965],

Nu ~ 0.021 Re0-8 Pr0.4 (Ty,/Tp)-1/2

should be adequate beyond the thermal entry for calculations with an extended systems code for
Re > ~ 2500. For accident conditions or for designs with different tube diameters, the non-
dimensional parameters should be recalculated and these conclusions should be re-assessed.
Since a doubling of diameter will increase the buoyancy parameter by more than an order-of-
magnitude, mixed convection could become important in operation at reduced power.

Lower plenum ("hot streaking" issue)

As is evident in Figure 3, the hot flow from the coolant channels through the lower
plenum to the hot core outlet duct encounters a very complicated geometry. Figure 10
demonstrates some of the details via a plan view. Flow from the coolant channels is brought to
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the corners of the lower reflector blocks supporting the active core. At these corners short ducts
carry the flow vertically down into the plenum where it emerges as hot jets. The cross sections
and flow rates of these ducts differ depending on whether the corners -- at which they are located
-- are common to three, two or one active column. The temperatures of these jets will vary
spatially due to variations in the local fission rate in the core and material histories. In the
plenum, circular graphite posts support the active core and the inner and outer reflector columns;
differing diameters of these posts lead to differing pitch-to-diameter ratios in the array of posts.
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Fig. 10 Typical geometry of the lower plenum in an NGNP concept, showing locations of
support posts, support blocks, etc.

Since the flow converges ultimately to a single outlet, the hot jets encounter different
crossflow velocities depending on their locations relative to the outlet. The jets furthest from the
outlet essentially exhaust into stagnant surroundings between the adjacent posts with the
exception of the flow which they induce. The furthest jets become wall jets (along the corner
formed by prismatic outer reflector support blocks) that then impinge on the floor of the plenum.
On the other hand, the last row of jets before the outlet encounters crossflow from all the other
jets. Further complicating matters are (1) "slot"-type jets from the spaces along the sides of the
hexagonal columns in both the reflectors and active core and (2) leakage of cooler gas through
the ducts connecting the Shutdown Cooling System Module (Figure 1) to the center of the lower
plenum.

As indicated in Figure 3, if a "hot channel" region is exhausted via one of the furthest
jets, there is concern that its impingement on the floor of the lower plenum may be too hot for
the insulation layer protecting the metallic Core Support Plate below. The "hot streaking" issue
pertains primarily to the entrance of the hot outlet duct to the turbomachinery. If a "hot channel"
region exhausts through one of the last jets before the outlet duct, there is concern that it may not
mix (and thereby cool) sufficiently before flowing along the metallic outlet duct.

To assess CFD codes and their turbulence models for their capabilities to handle lower
plenum flows and mixing, one needs measurements (and predictions) of the temperature, velocity
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components and Reynolds stresses as functions of the three dimensions involved, heat transfer
coefficients and wall shear stresses along the surfaces and the non-dimensional frequency of any
possible eddy shedding from the posts. For systems or integral codes, if feasible (for example,
well-mixed conditions), comparable integral quantities and loss coefficients are desired.

For the lower plenum, the solutions for flow and mixing are determined by the geometry,
by the non-dimensional parameters appearing in the governing equations and by the inlet and
boundary conditions. For equivalent shapes, the geometry can be represented by ratios of
appropriate length scales such as pitch-to-diameter p/Dp for the support posts. In an idealized
plenum, additional length scales include the jet hole diameter Dj and the height H of the plenum;
so, for scaling, the ratios Dj/Dp and H/Dp or related quantities (such as H/Dj) should be

preserved as well. If the flow from the jets were uniform, a governing overall Reynolds number
could be defined in terms of the gas mass flow rate, one of the length scales and the gas viscosity
at the entering (jet) temperature. A number of Reynolds numbers can be defined, such as jet
Reynolds numbers Rej, post Reynolds numbers Rep, plenum Reynolds numbers based on a
hydraulic diameter Repp, Reynolds numbers based on the minimum free-flow area as in heat

exchangers [Kays and London, 1955], etc. However, for the idealized overall case, once one
Reynolds number is fixed all the others are determined since the various geometric ratios are
fixed. To subdivide the problem into characteristic local regions, separate "inlets" are considered
-- such as a jet inlet duct and a plenum cross flow -- thereby introducing two independent
Reynolds numbers as governing parameters to be preserved in the scaling (e.g., Rej and ReDh).
For "compressed" gases, a Mach number M or an Eckert number could be required as a scaling
parameter; however, if M is less than about 0.3, the gas can be considered to be "non-
compressed" and the compressibility effects can be neglected (i.e., it behaves as an
incompressible fluid with Ap/p << 1).

Heat transfer or differences in temperature introduce additional governing parameters.
The Prandtl number occurs in the thermal energy equation but for helium and other common
gases, its variation is slight. Temperature variation can affect the gas density if the variation is
sufficiently large and, thereby, introduce buoyancy influences. If the buoyancy effects are
"large" relative to thermal mixing or diffusion, the flow may stratify with the hotter gas
remaining near the upper surface of the plenum and preferentially impinging on the upper surface

of the metal outlet duct. An overall Richardson number Ri = g(p2 - p1)H / (p1Vb2) can be

defined and be evaluated to investigate the likelihood of stratification and importance of
buoyancy. Or a jet Richardson number can be evaluated for examining the expected behavior of
a hot jet injected into a stratified cross flow (without posts). Gradient Richardson numbers are
utilized to treat pointwise buoyant effects but they typically cannot be predicted in advance and,
therefore, become dependent variables rather than controlling parameters.

Jets in cross flows are typically characterized by velocity ratios, such as Vj/Vp, or mass
or momentum flux ratios. Knowing one of these ratios and the gas properties, one can calculate
the others as appropriate for comparison to other studies. As implied above, these ratios will
vary significantly from one side of a lower plenum to the other as the jet inflow remains
approximately the same magnitude and the crossflow increases as more and more jets interact.

19



The near-field behavior of a jet is dependent on its VVy oy
entering profiles of mean velocity and turbulence quantities.
These variables are in turn dependent on the geometry of the
duct in which this entering flow develops. Many (most?)
experiments on free jets, impinging jets and wall jets have
been conducted with orifices or flow nozzles to form
uniform, non-turbulent entering jet profiles. Consequently,

classical wisdom and textbook descriptions for jet — .
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mixing of jets in industrial applications such as an NGNP L ~ 20
flow geometry (Figure 11). Few studies of impinging jets be
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[Cooper et al., 1993; Condie, McCreery and McEligot,

2001]. Figures 6 and 11 show that the flow transitions from L, 4
cooling channels to lower plenums in typical gas-cooled D, =

reactors involve short ducts. For example, in the GT-MHR
design shown in Figure 11, the jet entry duct is only about
four diameters long with its inflow conditions being
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should consider the values to be only order-of-magnitude geometric transition from coolant
estimates. Geometric ratios below the active core are channels to jet in lower plenum
for a typical NGNP concept (GT-
Dj/Dp~0.7, p/Dp~1.7 and H/Dp~7 MHR precursor).

For a single-hole "corner channel” (i.e., the duct along the corner of a single active outer column
with two inactive solid columns adjacent), the bulk velocity at 1000 C is about 25 m/sec (80
ft/sec) and the resulting jet Reynolds number is about 90,000. Due to the high speed of sound of
helium, the Mach number is about 0.01 so the flow can be considered to be "non-compressed."
For corner channels formed at two and three active columns (say two- and three-hole), the mass
flow rate and cross sectional area increase proportionately but the hydraulic diameter does not.
The plenum flow at the far side away from the outlet duct goes from two single-hole jets then
between solid supporting blocks and supporting posts towards the first two-hole jet. At this
location the horizontal bulk velocity in the plenum is about 0.4 m/sec (1.4 ft/sec), giving

Vj/Vp = 50 so jet penetration into the cross flow is expected to be high. One might expect these

jets to travel along the adjacent solid vertical corner as wall jets and then to impinge on the
plenum floor. A plenum Reynolds number at the passage between the first row of posts
encountered would be about 24,000, based on the hydraulic diameter of the opening.

Comparable estimates may be made for the other extreme, the region near the exit to the
outlet duct. For the flow between the row of posts before the last row of jets, the plenum bulk
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velocity would be about 40 m/sec (130 ft/sec), still a low Mach number. The jet-to-crossflow
velocity ratio would be about 0.6, more in the range of typical crossflow experiments such as
those by Ramsey and Goldstein [1971] and Andreopoulos and Rodi [1984]. Even without
buoyancy effects (if the jet is hot relative to the crossflow) and drag by nearby posts, the jet
penetration would be expected to be less than two jet diameters which would be less than a fifth
of the distance to the plenum floor. The plenum Reynolds number in this region would be about

3 x 100.

In operation at reduced power, the flow rates, velocities and Reynolds numbers would be
reduced proportionately but the velocity ratios would remain the same. Thus, at ten per cent
power, the plenum Reynolds number for flow between the first row of posts would be of the
order of 2400; the convergence between these posts may induce a tendency towards
laminarization there at this Reynolds number [Chambers, Murphy and McEligot, 1983] but most
of the plenum could be expected to have turbulent flow. If the temperature differences from hot
channels are approximately the same at reduced power, buoyancy effects could become more
significant.

Experimental needs

The thermal hydraulic needs for assessment of codes for the NGNP Point Design have
been determined in the above section on "Scaling studies for experiment design." Once the
appropriate non-dimensional parameters are identified and their magnitudes are evaluated, the
question becomes whether useful benchmark data are already available in the ranges covered by
NGNP operations. So existing experimental knowledge must be reviewed to see if there are any
gaps in the required knowledge. The gaps identified can be considered to describe further
experiments necessary to permit assessment over the full range of possible operating conditions.
The purpose of this section is to accomplish those determinations for the heated vertical tube
("hot channel" issue and the lower plenum ("hot streaking" issue).

Heated vertical tube

For summaries of studies on the effects of property variation on turbulent and laminar
internal gas, the reader is referred to a review by McEligot [1986] (as well as the earlier one by
Petukhov [1970]). While not all-inclusive and concentrating primarily on forced convection, this
review can provide useful introductions to the subject. Reviews of mixed convection in vertical
tubes are presented by Jackson and coworkers [Jackson, Cotton and Axcell, 1989; Cotton and
Kirwin, 1995]. Useful reviews of the status of numerical prediction techniques for turbulent
flows have been published by Nagano and Shimada [1995], Iacovides and Launder [1995] and
Hanjalic [1999]. The reader is referred to these reviews for general background on
computational fluid dynamics (CFD).

Herwig and colleagues have developed asymptotic analyses using linear perturbations to
account for fluid property variation in heated, "fully-developed" forced laminar flow in pipes and
annuli at moderate heat fluxes [Herwig, 1985; Herwig and Klemp, 1988; Herwig, Voigt and
Bauhaus, 1989]. Their results can be expressed in terms of power laws of property ratios; then,
if the properties can be represented as having power law dependencies on the absolute
temperature as in the section on scaling above, they can be converted to a "temperature ratio
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method" [Kays, 1966]. Comparable approaches for turbulent flow are presented by Gersten and
Herwig [1992].

Numerical predictions for the effects of gas property variations on developing laminar
flows in vertical circular tubes were derived by Worsoe-Schmidt and Leppert [1965] and were
extended by Bankston and McEligot [1970]. The former study included some treatment of
buoyancy effects. The latter paper provided explanation of an apparent discrepancy between
measured and predicted friction factors. For dominant forced convection and constant wall heat
flux, McEligot and Swearingen [1966] developed approximate correlations of Worsoe-Schmidt's
laminar analysis to account for effects of gas property variation in a circular tube. Bankston
derived an approximate superposition method to handle property variation in applications to gas-
cooled nuclear reactors for laminar or turbulent flows [Bankston and McEligot, 1969].

Data for correlations are available for heated gases over wide ranges of parameters but
probably not for all conditions needed, even for circular tubes. Whether all-inclusive correlation
equations are possible for system safety codes is doubtful due to the number of possible
phenomena to be included. Tabular correlations may be needed. For either approach, tabulations
of basic measurements are required in appropriate non-dimensional form. In some cases this
tabular information is included in journal papers, but more often it is in theses or report form.

For convection to gas flow in a circular tube with property variation, many experiments
were conducted during the 1950s and 1960s. Most were with small diameter tubes so forced
convection dominated and only integral parameters, such as convective heat transfer coefficients
and apparent friction factors, could be determined. NASA Lewis Research Center conducted a
number of studies aimed at having high wall-to-bulk temperature ratios for application to
regenerative cooling of rocket nozzles, some in the nuclear propulsion program. For application
to the gas-cooled nuclear reactor program, McEligot, Magee and Leppert [1965] and McEligot,
Ormand and Perkins [1966] measured local heat transfer to helium, nitrogen and air in vertical
circular tubes over ranges: 1 < (Tw/Tp) < 4.5 and 1450 < Rejnlet < 233,000.

As the Reynolds number is decreased in a typical experiment, the relative heat loss
increases, thereby increasing the uncertainty in the deduced heat transfer and friction parameters.
To counter this problem, Reynolds, Swearingen and McEligot [1969] mounted their test section
in a vacuum chamber (large "bell jar") and calibrated the local thermal emissivity for heat loss
determinations. The data for helium at Rejp = 4200, 6800 and 10,200 plus air at Rejp = 3900 are
tabulated in the thesis by Reynolds [1968]. Shumway [1969] provides tabulations of heat
transfer to helium in laminar flow at Re = 1770 and 1870. In addition to extensive
measurements with helium and hydrogen at high heating rates himself, Maynard F. ("Bud")
Taylor from NASA Lewis compiled the data tabulations of many investigators of this topic;
whether his compilation is archived anywhere is not clear.

Mikielewicz et al. [2002] demonstrated that many turbulence models used in general
purpose CFD codes fail to predict the simplest case correctly for a circular tube: fully-
established flow with constant properties (Figure 12). This case should serve as a first test for
any turbulence models proposed for heat transfer to the coolant in gas-cooled reactors; in
general, models which are inadequate in this situation do poorly at predicting temperatures when
fluid properties are varying.
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Fig. 12. Low-Reynolds-number predictions for fully-established flow in a circular tube with

constant properties from various turbulence models [Mikielewicz et al., 2002], normalized by
Dittus-Boelter correlation [1930]. Curve labeled P-K is an accepted empirical correlation by

Petukhov, Kurganov and Gladuntsov [1972].

To assess turbulence models used in general purpose CFD codes, measurements of
internal distributions of velocity, temperature and turbulence quantities are desired. In order to
introduce a probe in the stream for these data, the cross section must be large enough to avoid
significant blockage effects. Usually the tube becomes so large that buoyancy effects become

important (D4 in Gr*) and one then is no longer investigating dominant forced convection. One
can attempt to counter the problem by building miniaturized multi-sensor hot-wire probes as by
Vukoslavcevic and Wallace [2002, 2003] but there are still difficulties. In careful experiments
with single-sensor boundary layer probes, Perkins and Shehata managed to obtain mean
temperature and mean velocity distributions for low-Reynolds-number air flow in strongly-
heated tubes [Perkins and McEligot, 1975; Shehata and McEligot, 1998]. Buoyancy effects
were judged to be slight to negligible. These data provide benchmarks for three situations:
effectively turbulent flow with moderately varying properties, laminarizing flow and the
intermediate condition between those two. To date only a few popular turbulence models have
been successful in providing reasonable predictions for these conditions [Shehata and McEligot,
1998; Ezato et al., 1999; Nishimura et al., 2000; Mikielewicz et al., 2002; Spall, Richards and
McEligot, 2004]. These data are now supplemented to provide turbulence quantities by the
direct numerical simulations (DNS) of Satake in Japan [Satake et al., 2000] and Bae, Yoo and
Choi [2003] in South Korea plus the large eddy simulations (LES) of Pletcher and colleagues at
Towa State [Xu et al., 2004].

Buoyancy effects have been studied extensively by Jackson and coworkers at U.

Manchester, both for common gases and supercritical fluids [Jackson, Cotton and Axcell, 1989;
Kim et al., 2002; Wang, Li and Jackson, 2002]. As demonstrated by the thesis of Mikielewicz
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[1994], data tabulations exist; however, they are not necessarily available in the open literature.
Some tabulated data for turbulent flow in a vertical circular tube of 36.3 mm inside diameter are
available in the appendices of the monograph by Vilemas and Poskas [1999; Poskas, 2004].

Their ranges of investigation covered 3750 < Rejp < 35,000, Gr* <9 x 108 and q*t < 0.0034 as

well as helical and curved channels. Since their test section employed a bell-mouth entrance
which would give a delayed transition to turbulent flow as the Reynolds number is increased, the
low-Reynolds-number data of Vilemas and Poskas are not likely to be representative of tube flow
in an NGNP design.

To assess correlations of integral heat transfer and friction parameters and for preliminary
assessment of turbulence models (Figures 12 and 13), measurements of wall temperatures and
pressure drops suffice. As indicated above, turbulence modelers desire data on internal
distributions of turbulence quantities for their models; in general, these quantities have not been
measured well with significant gas property variation. There are some careful measurements of
internal mean temperature and streamwise velocity distributions which can be used for further
intermediate assessment. In either case, to be useful, benchmark data need to be available in
tabular form and their conditions and estimated experimental uncertainties [Kline and
McLintock, 1953] need to be known. To date, the authors have found such data in the
experiments listed in Table 1; the ranges of these data are depicted in Figure 14 as regime maps

for Re, q* and Bo*. Most are for dominant forced convection; however, some comparable data
are known to exist for mixed convection (e.g., Prof. Jackson and his colleagues) but tabulations
are not yet in hand. Additional data, including internal profiles, are presented in graphical form
in some references so they might be digitized for use -- provided the boundary conditions and
estimated experimental uncertainties are known well.
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Fig. 13. Preliminary assessment of turbulence models via wall temperature data of Shehata
[Shehata and McEligot, 1998; Richards, Spall and McEligot, 2004]
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Table 1. Tabulated benchmark data available

Authors Gas
McEligot [1963] He, N>, air
Reynolds [1968] He, air
Shumway [1969] He
Perkins [1975] Air
Shehata and McEligot [1995] Air
Vilemas and Poskas [1999] Air
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Fig. 14. Conditions for which tabulated internal gas heat transfer (and some friction) data are

available.

For accident scenarios involving air ingress, the heavier air is hypothesized to displace
the helium used as the normal working fluid. Melese and Katz [1984] have shown that
replacement of helium by a heavier gas improves the natural circulation performance of the
cycle. However, a consequence of displacement process will be a mixture of the two gases in

some components.

As the concentration of a gas mixture changes, so do its properties. It is known, but
apparently not well, that the variation of thermal conductivity and specific heat versus
concentration can lead to a minimum in the Prandtl number at an intermediate concentration.
Figure 15 provides an example of this behavior for a mixture of helium and argon, which has a
molal mass a bit heavier than air (40 versus 29). Seeing a value of the Prandtl number appear
between liquid metals and common gases leads one to question the applicability of typical

correlations and turbulence models.
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Fig. 15. Effect of concentration on Prandtl number for helium-argon mixtures [Pickett, Taylor
and McEligot, 1979].

Experiments and numerical analyses have been conducted at U. Arizona and INEEL. The
gases were considered to be completely mixed. With small flow channels, the thermal behavior
locally in the channel can be dominant forced convection even though the overall circulation is
induced by buoyancy differences. Therefore these studies concentrated on forced convection.
For application to regenerative heat exchangers (which could be plate-fin configurations) as in
the NGNP Point Design, McEligot, Taylor and Durst [1977] numerically examined heat transfer
to laminar flows between parallel plates over a range 0.2 < Pr < 2/3. Correlations were
developed for heat transfer and wall friction.

Experiments in small circular tubes covered the ranges 0.18 < Pr < 0.72 and Re = 34,000,
60,000 and 84,000, i.e., high-Reynolds-number turbulent flow [Taylor, Bauer and McEligot,
1988]. Effects of gas property variation with temperature were examined as well as the constant
property asymptote. Comparing these data to numerical predictions including information from
direct numerical predictions, McEligot and Taylor [1996] were able to evaluate models
hypothesized for the distribution of the turbulent Prandtl number often used in turbulence
modeling in popular CFD codes.

For turbulent flow at low Prandtl numbers, the popular Colburn analogy and Dittus-
Boelter correlation, based on data for Pr > ~ 0.7, seriously overpredict Nusselt numbers for fully-
established conditions with constant properties in the range of mixtures covered. The
correlations of Kays and of Petukhov fared better. For computations, predictions using Reynolds
analogy in conjunction with a simple van Driest turbulence model agreed with downstream
measurements to within about five per cent, which should be adequate for most thermal designs.
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For quasi-established turbulent flow of mixtures at "high" Reynolds numbers in dominant
forced convection, wall temperatures can be predicted reasonably by a correlation such as

Nup ~ 0.023 Rep?-8 Prp,0-65 (Ty/Tp)-2
where

a = 057-159/(x/D)

[Taylor, Bauer and McEligot, 1988]. For steady laminar flow at moderate Reynolds numbers,
the governing equations can be approximated by a parabolic system of partial differential
equations. Consequently, good solutions can be obtained quickly by an efficient "marching"
technique, as by Bankston and McEligot [1970], and experiments are not needed provided the
important phenomena are included in the formulation. Thus, for gas mixtures, measurements of
heat transfer to helium-air mixtures are likely only needed for low-Reynolds-number turbulent
flow in mixed convection and dominant forced convection.

In summary, it appears that sufficient benchmark data are available to assess correlations
for systems codes for the ranges of expected normal operating conditions in the coolant channels
of the prismatic NGNP Point Designs. Further measurements may be needed to cover possible
ranges of hypothesized accident scenarios and for detailed pointwise assessment of proposed
turbulence models for CFD codes.

Lower plenum
The flow in the lower plenum can locally be considered to be a situation of multiple

buoyant jets into a confined density-stratified crossflow -- with obstructions. While -- to the
authors's knowledge -- no benchmark experiments are available that treat all complicated lower
plenum phenomena together, many studies have been conducted for individual phenomena
separately. King [2004] of Oregon State has surveyed available literature and has compiled lists
of pertinent studies for the following related situations:

e Flow through tube bundles

e A single jet in an unconfined crossflow

e Multiple parallel jets in a stagnant environment

e Multiple jets in an unconfined crossflow

e A single jet in a confined crossflow

e Multiple jets in a confined crossflow
The references and investigators that King identified can provide significant tests of codes and

their turbulence models for a wide variety of flow and mixing phenomena occurring in a lower
plenum.
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King concluded that it has typically been found that the anisotropy of the turbulence in
these situations leads to an inability of popular k-¢ turbulence models to predict the proper scalar
mixing. Thus, the k-¢ model likely cannot be used if good accuracy is desired. However, for
approximate results and qualitative insight, this model might be employed with the realization
that it can be expected to underestimate the turbulent mixing. It is believed that this
underestimation will give conservative results in the context of the "hot streaking" issue of the
NGNP lower plenum.

King suggests that further benchmark experiments on
e Scalar mixing in a tube bank
e Single jet in a confined crossflow
e Multiple jets in a confined crossflow and
e Multiple jets in an unconfined crossflow

would be desirable for assessment of CFD codes predicting turbulent mixing for lower plenum
applications. He recommends that simultaneous LDA (laser Doppler anemometry) and PLIF
(planar laser-induced fluorescence) measurements of turbulent velocity and scalar fluctuations be
made so that turbulent scalar transport terms, such as u’C or u't’, can be deduced for comparison
to model predictions.

The literature on heat transfer and flow of impinging jets is vast and growing [Martin,
1977; Downs and James, 1987; Hrycak, 1981; Webb and Ma, 1995; Ma et al., 1997; Lee and
Lee, 2000]. The primary application has been for enhancement of convective heat transfer
parameters [Gardon and Akfirat, 1965] so much of the literature concentrated on integral heat
transfer quantities, such as local or average heat transfer coefficients (e.g., Goldstein and
Behbahani [1982], Hrycak [1983], Baughn and Shimizu [1989], Liu and Lienhard [1993], San,
Huang and Shu [1997], Ma et al. [1997], Siba et al. [1998], Lee and Lee [2000]). Numerical
predictions are provided by Wolfstein [1970], Rubel [1980], Huang, Mujumdar and Douglas
[1984], Amano and Brandt [1984], Craft, Graham and Launder [1993], Dianat, Fairweather and
Jones [1996], Heyerichs and Pollard [1996], Lee et al. [1997], Olsson and Fuchs [1998], Satake
and Kunugi [1998], Craft [1998], Morris, Garimella and Fitzgerald [1999], Parneix, Behnia and
Durbin [1999], Behnia et al. [1999] and others. To maintain effectiveness, often arrays of
impinging jets are employed with small pitch-to-diameter spacings, so the non-dimensional
radial extent is not large [Womac, Incropera and Ramadyani, 1994; Slayzak, Viskanta and
Incropera, 1994; Lienhard et al., 1996]. For gas turbine cooling [Simon et al., 1999], the jet is
formed by passage through a short orifice passage so the initial velocity profile of the jet is near
uniform; this uniform profile is typical of many experiments where the jet is formed from a
converging nozzle and of many numerical predictions.

Condie, McCreery and McEligot [2001] summarized the fluid physics references found
for simple axisymmetric impinging jets in general. With the exception of the outflow study of
Moller [1963], the jets from fully-developed flows were measured in semi-infinite surroundings
[Cooper et al., 1993; Kim, Wiedner and Camci, 1995; Lee and Lee, 2000]. The early studies of
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confined flows, such as those of Kreith and colleagues [1963, 1965], concentrated on the outflow
at large distances from the impinging jet.

At Rej = 2500, Nelson [1987] employed an LDV to obtain phase-averaged velocity
measurements to map coherent spatial characteristics of a flow from a nozzle four diameters
above the plate. Landreth and Adrian [1990] used particle image velocimetry to obtain
instantaneous velocity fields and averaged quantities for a jet at Rej ~ 6600 situated four

diameters above their plate; however, their field extended only about two diameters from the
centerline. Cooper et al. [1993] conducted a relatively wide range of measurements focusing on

data from a long tube to assist turbulence modeling. AtRej=2.3 x 104 and 7 x 104, they

obtained data for a jet located two to ten diameters above the plate to a radius of about eight
diameters from the centerline. Results include mean and fluctuating velocities and turbulent
shear stresses. They comment that, while the topic has been the subject of many experiments,
none could have been said to have been designed with the needs of turbulence modeling in mind.
Usually the flow conditions at the nozzle exit are insufficiently prescribed or too far above the
plate to be useful. Even for confined jets, only Fitzgerald and Garimella [1996] appear to have
measured turbulence quantities outside the impinging jet and its wall jet; they present rms radial
velocity fluctuations, primarily in and near the wall jet at high Reynolds numbers. Emphasis on
the region outside the wall jet is lacking in their study.

Numerical studies show that impinging jet flows are difficult to predict reliably. Craft,
Graham and Launder [1993] attempted four turbulence models -- one k-¢ model and three
second-moment closures -- and found none to be entirely successful. Morris, Garimella and
Fitzgerald [1999] showed a standard high-Re k-&¢ model and an RNG k-& model to be inferior to a
Reynolds stress approach. Behnia et al. [1999] indicated that the flow characteristics at the jet
inlet strongly affect the heat transfer rate (so the use of the appropriate jet velocity profile is
important for applications). Advanced numerical techniques are beginning to be employed.
Olsson and Fuchs [1998] studied the use of large eddy simulations (LES), examining the effects
of spatial resolution and different sub-grid-scale models. Satake and Kunugi [1998] extended an
axi-symmetric direct numerical simulation (DNS) technique to treat approximately the confined
jet flow experiment of Nishino et al. [1996] at a Reynolds number near 10,000. Provided spatial
resolution is adequate, DNS can be a means to avoid problems with turbulence modeling but
computational requirements are extensive even for low-Reynolds-number flows.

Heat transfer and friction parameters for cross flow through bundles have been available
for many years for a wide range of arrays [Grimison, 1937; Kays and London, 1955; Zukauskas,
1972]. Pressure drop and local heat transfer coefficients were obtained by Achenbach [1989] for
staggered tube bundles at high Reynolds numbers. Velichko, Pronin and Yassin [1993]
measured heat transfer and friction parameters for non-traditional tube bundle arrangements.
Stanescu, Fowler and Bejan [1996] determined optimal spacing of the cylinders to maximize the
average heat transfer conductance for an entire bundle. Barsamian and Hassan [1996] have
applied large eddy simulation (LES) to spatially-periodic flow across a tube bundle at Re = 1.7 x

103; fluctuating lift and drag spectra were calculated and compared to the limited data available
[Chen and Jendrzejczyk, 1987]. Mean and fluctuating velocity components were measured at 2 x

105 <Re <2 x 100 by Poskas and Survila [1983] for staggered and in-line bundles of tubes.
Katinas et al. [1990] measured tube vibrations induced at turbulence levels from one to twelve
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per cent in the upstream flow to staggered and in-line tubes; although the Reynolds number

supposedly was varied from 103 to 2 x 109, effects were not presented in terms of Reynolds
number. Fluctuations of heat transfer and velocity have been measured in a staggered tube array
by Scholten and Murray [1998]. Beale and Spalding [1998] numerically predicted laminar flow
and heat transfer across a variety of tube bundle geometries. Watterson et al. [1999] applied a
low-Reynolds-number k-¢ model to flow around an array of staggered tubes. A k-¢ model was
also applied by Wilson and Bassiouny [2000] to predict the laminar and turbulent flow of air
across tube banks with apparently satisfactory agreement to data.

In addition to the suggestions of King [2004], experiments are needed for the combined
features of the lower plenum flows. In particular, missing from the typical jet experiments are
interactions with nearby circular posts and with vertical posts in the vicinity of vertical walls -
with near stagnant surroundings at one extreme and significant crossflow at the other. The
experiments proposed in the present research would address these needs.

In order to obtain further insight into flow phenomena occurring in a lower plenum, a
qualitative flow visualization experiment was conducted at INEEL. Jet injection into a region
of similar geometry as a section of the NGNP lower plenum was investigated using a simply
constructed water flow apparatus. The objective of the experiment was to identify and prioritize
flow phenomena, such as jet entrainment, multiple jet interactions, eddy formation, post cross-
flow and eddy shedding frequency, wall flow effects and overall flow patterns -- for scaling
analysis and future experiment design. The simplified study is also useful for identifying features
that experiments need to include in more refined design and for identifying scaling and design
problems that need to be resolved or avoided.

The apparatus consists of a acrylic plastic box of rectangular cross-section (Figure 16)
with inside dimensions of 2.91 in. width by 8 in. length by 6.9 in. height. Support posts are
represented by six 1.0 in. outside diameter acrylic tubes plus one half-tube with pitch/diameter
equal to 1.71 and height/diameter ratio equal to 6.9, the approximate ratios of the support
pedestals in the active core region of the NGNP lower plenum. Flow is injected uniformly into
four inlet tubes with 0.62 in. inside diameter. The maximum water flow rate through the four
tubes (supplied through an inlet plenum connected to a building water spigot) is approximately
six gpm. Inlet jet Reynolds number is approximately 1,280 at the maximum flow rate. The
Reynolds number based on open channel hydraulic diameter and total flow rate (i.e., downstream
of all four jets) is approximately 3,300. Flow visualization is obtained by injecting food coloring
dye through a tube connected to a syringe. The injection position may be traversed through the
regions of jet injection. Figures 17 and 18 show preliminary images of dye injection using
backlit illumination.

The flow situation simulated corresponds to some aspects of the lower plenum at the far
side away from the outlet duct. Phenomena observed in the experiment include jet entrainment
of fluid, jet attachment to the upstream wall due to the Coanda effect, eddy formation in the
lower and upper upstream corners of the channel, merging of jets, post crossflow of fluid and
fluid recirculation near the front and rear walls. No indication of periodic eddy shedding
downstream of posts was observed. Recirculation of fluid along the front and rear walls was
caused by insufficient jet flow near the walls and is not expected to be prototypical. The
experiment points to the importance of jet entrainment of fluid on the flow pattern and mixing
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phenomena. Jet entrainment is also responsible for the Coanda effect of jets attaching to walls
and jets being drawn towards one another.
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Fig. 16. Schematic drawing of apparatus for qualitative flow visualization of lower plenum
phenomena.

Fig. 17. Dye injected into the jet nearest the upstream wall. (A corner eddy momentarily
prevents dye from reaching the floor at the lower right.)
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Fig. 18. Dye injected into third jet from upstream wall. Slight crossflow is evident.

Heated flow experiments

As indicated in the section on "Experimental needs," experimental databases are currently
available to assess some aspects of the "hot channel" problem. Additional measurements will be
obtained in an ongoing project by Prof. L. E. Hochreier at Penn State and in a current INEEL
LDRD project in conjunction with M.LT. After transient accident scenarios are examined, these
sources and the existing literature will be compared to the needs identified to determine which
additional measurements may be needed for heated gas flow in circular tubes, if any.

Two heat transfer experiments will be considered. One would address the "hot channel"
problem, if necessary. Conceptually, it will provide documented temperature, velocity and
turbulence fields for low-Reynolds-number turbulent, forced and mixed convection (buoyancy
effects) and gas property variation in NGNP cooling channels in order to assess codes and their
turbulence models at appropriate reactor conditions for which benchmark data are not available.
Instrumentation will include miniaturized multi-sensor hot-wire probes developed as tasks in our
recent NERI and KNERI projects. Both downflow (normal operation) and upflow ("pressurized
cooldown") will considered. The second experiment will treat heated jets entering a model
plenum; an apparatus with gas flow will likely be employed for this case. The first year task
here is to develop conceptual designs of the apparatuses for these experiments.
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Vertical tube

Turbulence modelers request measurements of the basic quantities (dependent variables)
of their governing partial differential equations for assessment (and guidance), quantities such as

turbulence kinetic energy and Reynolds stresses, v ,uv, etc. These data generally have not been
available for strongly-heated internal flows. This part of the study would concentrate on
examining the effects of property variation for the geometry of the NGNP Point Design, i.e., a
circular tube.

The general goal would be to obtain greater understanding of the structure of strongly-
heated, internal, turbulent gas flows, with an emphasis on turbulence structure. Hence,
objectives are to measure the fundamental turbulence structure and to obtain benchmark data to
assess CTFD codes for high temperature gas flows that are predominantly in the forced
convection region, for a range of conditions important in advanced reactors (which may include
moderate mixed convection). Conceptually, DNS codes, as by Satake et al. [2000, 2002] and
Bae, Yoo and Choi [2003], could accomplish these aims and more; however, DNS calculations
must also be compared to time-resolved experimental measurements to insure adequate spatial
and temporal resolution, to uncover coding mistakes, to check for prediction of measurable
quantities and consistent, useful definitions of those quantities, etc.

The experiment would extend the existing methods of McEligot and Prof. J. M. Wallace
of U. Maryland and their colleagues. The probes developed by Profs. Wallace and
Vukoslavcevic in a recent KNERI project [McEligot et al., 2002] would be employed at INEEL
to measure fluctuating velocity components and temperature in high temperature gas flow
through a vertical circular tube for assessment of the predictions and to understand the
fundamental effects of this heating on the physics of the flow.

While the initial experiments might be conducted using an open flow system
incorporating a vertical, resistively-heated, circular test section exhausting directly to the
atmosphere in the laboratory as by Shehata and McEligot [1995], the intent would be to develop
a more versatile apparatus as shown in Figure 19. The experiment would provide an
approximately uniform wall heat flux boundary condition in a tube for helium, either ascending
or descending and entering with a fully-developed turbulent velocity profile at a uniform
temperature as in coolant channels after passing through an end reflector. Controlled wall heat
flux would be provided with a stable electrical power supply. The heated length would be
relatively short to permit high heating rates with Inconel as the tube material while approaching
quasi-developed conditions. The miniature multiple-sensor hot-wire probes from Prof. Wallace
and Vukoslavcevic (Figure 20) would be inserted through the open exit to obtain pointwise
temperature and velocity measurements. In general, the experimental methods would follow
those of Shehata [Shehata and McEligot, 1995, 1998] except for the extension to the multi-sensor
probes from Wallace and Vukoslavcevic and more modern data acquisition equipment.
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Fig. 19. Potential apparatus to obtain benchmark turbulence data in heated channel flow.
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Fig. 20. Schematic diagram and front projection of miniature five-sensor probe by
Vukoslavcevic and Wallace [2003] for measurement of instantaneous velocity components and
temperature; dimensions in millimeters.

The region controlling the transfer of heat and momentum in turbulent wall flows is
primarily the viscous layer which occupies a small fraction of the cross section. This fraction
grows as the Reynolds number is lowered. With strong heating, the large turbulent temperature
fluctuations make simultaneous measurement of instantaneous temperature and velocity
necessary; this situation is the reason for using the multi-sensor probes, but they would be larger
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than a miniature single-sensor probe. However, if one chooses a large tube and low Reynolds
number (for thicker viscous layers) to improve spatial resolution, the problem quickly becomes
one of dominant natural convection. The experimenter must compromise in order to obtain data
which the theorist can extend to conditions where the experimenter cannot easily tread. In a
recent NERI project, preliminary studies with significant buoyancy effects were conducted with a
multi-sensor probe by Prof. Vukoslavcevic and Prof. Jackson's colleagues at the University of
Manchester (by using large tubes); the test apparatus at INEEL would be developed to avoid
significant buoyancy forces except when desired.

The inside diameter of the initial fest section at the INEEL would be greater than three
cm. (At the INEEL elevation of about 1400 meters, Grashof numbers are about thirty per cent
less than they would be at sea level for comparable conditions, allowing slightly larger diameters
while avoiding buoyancy effects.) The length of the test section would be chosen to permit
measurements through and beyond the normal thermal entry region while attaining significant
transport property variation, as exemplified by Ty/Th and Tw/Tj, with common materials and

gas. By employing Inconel 600 for the test section material, maximum surface temperatures of
about 1000 C should be possible.

In addition to the usual difficulties of hot wire anemometry, the temperature range of this
experiment would involve other problems. High temperature differences between the wall and
prongs make thermal radiation to and from the walls an important consideration. The question
arises: how to handle gas property variation in the convective heat transfer correlation which
serves as the basis for calibration of the sensors? Thermal expansion affects positioning and its
measurement. Solutions to these difficulties and others have been developed by Shehata
[Shehata and McEligot, 1995] and by Profs. Wallace and Vukoslavcevic in recent NERI and
KNERI projects; they would be extended as necessary by these collaborators for use of the
multi-sensor probes.

Target operating conditions would be an inlet Reynolds number range from about 2000
to 50,000 based on diameter. Inlet temperature would be 20 to 30 C. Thus, the maximum
allowable temperature would permit a temperature ratio Twa]]/Tin of about 4.3, giving a
maximum viscosity ratio pw/pin of about 2.8 for common gases, i.e., significant property

variation. The proposed multi-sensor probes would give meaningful measurements of turbulence
structure in the viscous layer.

Development of a variable pressure, closed helium flow loop is the recommended
approach to extend the range of meaningful data (e.g., larger diameter tube with lower Grashof
numbers). For useful measurements in the viscous layer one needs good spatial resolution which

may be achieved by having the sensor volume small compared to the viscous layer, say d+pr0be
<< 30. Thus, the tube must be much larger than the size of the probe. Prof. Jackson has

developed a criterion that a buoyancy number defined as Bo = Gr#/(Re3-425P10.8) must be small
in order to have dominant forced convection [Mikielewicz et al., 2002]. The difficulty with
using a large tube diameter is that the Grashof number,

Gr* = g p2D4q"wall/ (12 k T)
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is strongly dependent on the diameter. Comparing the properties of the desired gas - helium - to
air, one finds the viscosities are about the same, kHe is about five times kajr and pHe is about

pair/7 at the same temperature and pressure. These differences help, but the diameter is still a

strong factor. Since p = p/RT, a possible solution to reduce Gr* and, hence, Bo is to apply the
approach of Zagarola and Smits [1998] in reverse. They used high pressures to obtain high
densities and consequently achieved their desired high Reynolds numbers. A comparable
apparatus with a wind tunnel installed in a pressure vessel is employed by Prof. J. Eaton at
Stanford Univ. Our idea is to reduce the pressure of helium sufficiently to compensate for an
increase in the diameter of the tubular test section. Figure 19 illustrates the concept of enclosing
an experiment like that of Shehata and McEligot in a vacuum vessel with remote operation of
the instrumentation and the traversing mechanism for the multi-sensor probe. The characteristics
of a non-uniform, hot exit jet could also be determined; the top of the vacuum vessel could be
used as a means of providing flow conditions comparable to the thermal fluid phenomena
occurring with non-uniform heated, impinging jets, as in the lower plenum of the NGNP Point
Design.

Typical results would include time-resolved, pointwise distributions of the mean
velocities, U, V, and their Reynolds stress components as well as wall temperature and static
pressure distributions for well-defined thermal boundary conditions. The final test matrix would
be developed interactively in collaboration with investigators who would be conducting the
related numerical analyses. Throughout the experimental phase, the resulting data would be
provided to these collaborators as soon as they become available.

Lower plenum

Two conceptual model designs are considered, one using gas flow and one using water.
Density differences between hot and cool jets in the design using gas flow are treated by varying
gas temperature. Density differences in the water flow apparatus are simulated by varying the
density of the injected water by adding soluble material, such as salt to water stored in a reservoir
before injection. A scaling analysis indicates that the two methods are equivalent for modeling
lower plenum flow.

Water flow apparatus One-half of the lower plenum is scaled geometrically
(Figure 21). The model incorporates the full number of posts (including half-posts at the center-
line wall) and inlet flow channels (Figure 22). Windows are provided along three sides. The
bottom surface of the model is also constructed of transparent material. The simulated posts are
constructed of thin-wall plastic tubes, which may be filled with water to minimize distortion by
refraction through the tube walls (although the index-of refraction of the tube material is not
matched, this method provides an undistorted view through the majority of the tube width).
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Fig. 21. Plan view of water flow model overlaid upon scale drawing of GT-MHR lower plenum.
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Fig. 22. Isometric view of water flow model of lower plenum.

The scale of the model is chosen by assuming that 1.25 inch OD tubes represent 8.3 inch
OD support posts. The scale is approximately one to seven. Maximum water flow is assumed to
be two gpm per jet injection tube or approximately 276 gpm for 138 tubes (outer tubes are
smaller and have lower flow rates) for the conceptual model.

Flow visualization, PIV and PLIF measurements may be obtained by shining a laser light
sheet through one window and observing the illuminated path through another window. The
light paths through gaps between the tube rows may be observed as collimated paths by use of a
cylindrical mirror. This technique was used in INEL experiments that simulated boron injection
into a fuel bundle with triangular pitch [McCreery, McKellar and Stoots, 1993].
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Gas flow model design One possible configuration is shown in Figure 23. The
posts and lower plenum walls are idealized as cylinders positioned between flat walls. The inlet
flow channels are represented by nozzles in the top wall. Hot and cold gases are injected through
the nozzles at flow rates and temperatures determined from the scaling analysis.
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Fig. 23. Schematic diagram of benchmark experiment to simulate thermal mixing in a lower
plenum.

The gas temperature field will be mapped using both a traversing hot-wire probe and a
thermal imaging camera. The bottom wall of the apparatus will contain multiple access holes for
installing hot-wire probes in various positions. The front wall of the apparatus will consist of a
sapphire window that will transmit visible and infrared light for reception in the thermal imaging
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camera. The camera will record the thermal images of the cylinder surfaces (provided that the
hot gas mixture emission in the thermal spectrum does not overwhelm the transmitted image of
the surfaces). The cylinders will be thin-wall ceramic or Pyrex. The thin walls minimize axial
conduction heat transfer, insuring that the steady-state surface temperature distribution will be
approximately identical to the local average gas temperature distribution. Maximum gas
temperatures will be limited to approximately 500 C due to materials temperature limits. Local
gas temperatures will also be measured using a traversing "cold"-wire probe. Particle image
velocimetry (PIV) may be used to map velocity profiles in regions which are not obscured by
tubes.

Two possible configurations are shown in Figure 24, the first representing converging
flow near the outlet (also Figure 25) and the second, representing flow across the interior of the
plenum. The posts and lower plenum walls are idealized as cylinders positioned between flat
walls. A more complete representation of the lower plenum, such as presented above for the
water flow model, could also be employed although visual access would be more confined than
for the water flow apparatus due to the optical density of the tubes.

Fig. 24. Examples of characteristic sections of a lower plenum that may be modeled in an
experiment using jet injection of gases at various temperatures.
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Fig. 25. Gas flow model for simulation of flow phenomena near the outlet of a lower plenum.

Fluid dynamics experiments for lower plenum

Unheated MIR (Matched-Index-of-Refraction) experiments are first steps when the
geometry is complicated. One does not want to use a computational technique which will not
even handle constant properties properly. The MIR experiment will simulate flow features of the
paths of jets as they mix in flowing through the array of posts in a lower plenum en route to the
single exit duct. Useful optical flow measurements in this realistic configuration would be
impractical without refractive-index-matching.

The benefit of the MIR technique is that it permits optical measurements to determine
flow characteristics in passages and around objects to be obtained without locating a disturbing
transducer in the flow field and without distortion of the optical paths. With a transparent model
of different refractive index than the working fluid, the optical rays can be refracted in such a
manner that measurements are either impossible (e.g., cannot "see" the desired location) or
require extensive, difficult calibrations. Thompson, Bouchery and Lowney [1995] demonstrated
this situation conceptually when laser Doppler velocimetry is applied to a rod bundle; with
refractive-index-matching the measurement and determination are relatively straight forward
while without matching the beams may not cross to form the measurement control volume at the
desired focal length, if they cross at all. These ideas are demonstrated in Figure 26; another
demonstration of the benefits of refractive-index-matching is shown in Figure 27 with a recent
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test model for an idealized ribbed annulus [McCreery et al., 2003] in our NERI project. The
MIR technique is not new itself; Corino and Brodkey [1969] employed it to measure turbulence
structure in a circular tube earlier. Recent applications of the technique include, but are not
limited to, those of Durst, Jovanovic and Sender [1993], Parker and Merati [1996], Cui and
Adrian [1997] and Becker et al. [2002].

Example of application of
refractive-index-matching

. . 'Marking is on
Refractive index not matched ( g

back of beaker)
Plexiglas model
Signal Laser beam Not matched
collection Laser
optics transmission Matched
optics
Rod is restin
Internal Laser beam gn the bottomg
plexiglas of the beaker)
rods

Fig. 26. The difficulties of optical fluid measurements without refractive-index-matching
[Thompson, Bouchery and Lowney, 1995] and a simple demonstration of the benefits with
transparent models having curved interfaces.
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Fig. 27. A demonstration of the benefits of refractive-index-matching with a transparent model
having curved interfaces (flow through a horizontal ribbed annulus of 164 mm diameter).
Horizontal structural rods are steel and therefore opaque; the right end is plastic which is not
matched.

The innovative advantage of the INEEL system is its large size, leading to improved
spatial and temporal resolution compared to others. To date most other experiments with index
matching have been small, with characteristic lengths of the order of five cm or less. In contrast,
the INEEL MIR test section has a cross section of about 60 cm x 60 cm and is about two meters
long, allowing the use of models of substantial size (Figure 28). Since the system volume is over
3000 gallons, a light mineral oil ("baby oil without perfume") was selected as the working fluid
due to environmental and safety considerations; its refractive index matches that of some quartz.
With the fluid temperature controlled, the quartz model can barely be seen at some wave lengths
in the visible spectrum (e.g., Figure 27); indices are typically matched for the blue or green

beams of an argon-ion laser. The design flow rate can give Reynolds numbers up to about 105
based on the cross section of the test section. The refractive index of the fluid is maintained at
the desired value by a parallel temperature control system which maintains a constant

temperature in the test section to within 0.1 C. In measurements in an experiment on transition
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induced by a square rib, meaningful velocity and turbulence data were obtained as close to the
surface as y*+ ~ 0.1 and less [Becker et al., 2002].

Fig. 28. The World's largest Matched-Index-of-Refraction flow system using laser Doppler
velocimetry to study fluid physics phenomena in an idealized SNF storage canister for an EM
Science project [Stoots et al., 2001; McCreery et al., 2002]

This versatile facility [Stoots et al., 2001] has been used for fundamental and applied

measurements in a variety of recent research programs:

Transition in boundary layers with the Lehrstuhl fiir Stromungsmechanik of Uni.
Erlangen, Germany [Becker et al., 2002]

Flow phenomena in SNF canisters for a DoE EM Science project [McCreery et al., 2002]

Flow fields around buildings for assessment of Bechtel R&D computer simulations for
fate and transport of biological agents [McCreery et al., 2001]

Effects of realistic surface roughness on turbomachinery flows with U. Idaho for the Air
Force Office of Scientific Research [Budwig et al., 2001]

Complex flows relating to advanced gas-cooled nuclear reactors for the DoE NERI
program [McCreery et al., 2003]

Additional studies now include examination of complex flows relating to supercritical water
reactors for the DoE US/RoK I-NERI program and synthetic jet actuators by U. Wyoming for the
Air Force Office of Scientific Research.

42



Figure 29 demonstrates a conceptual design for an experimental model to be mounted in
the test section of the MIR flow system. Pointwise velocities and turbulence components will be
determined in three directions by use of our LDV system; our particle tracking velocimetry
(PTV) system will be employed to measure the mixing of particles (representing thermal mixing)
from the various jets emanating from simulated reactor cooling channels. Simulated plenum
dimensions will be based on geometrical scaling of a current NGNP concept. The work during
the first year will be to develop the preliminary model design and to identify any auxiliary
systems and components which need to be modified from the existing MIR system; it is
anticipated that some sections of the model can utilize existing parts from an earlier experiment
for DoE.
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- tﬂ-ﬁmmﬁfl——-—r_ — =]
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Additional optical 02-GA50222-17

access

Fig. 29. Schematic diagram of conceptual design of MIR experiment model to study mixing,
turbulence and flow fields in the lower plenum of an NGNP (for clarity, core support posts are
not shown). Dimensions are tentative.

Plenum studies are pertinent to pebble bed reactors as well as prismatic block versions
(and GFRs and SCWRs) although the details of the designs can be expected to differ.

The experiment will examine mixing of jets flowing into and through a circular plenum
with a single side outlet. The concern in reactor safety design is that although most metallic
structures in the vessel are protected by insulation, local hot streaks -- if not limited in
temperature by adequate mixing -- could cause some damage (the surface of the fuel elements
can withstand higher temperatures than the metallic structures). Internal components are of
quartz for index-matching while end plates and support structures are of a transparent plastic.
Some components for this model could come from our existing cylindrical model of an idealized
SNF canister from an earlier project for the DoE EM Science program (Figure 28). The aspect
ratio of the plenum region, R/s, can be varied by changing lengths of the spacer rings that form
the inner wall of the "idealized vessel.".

In the figure, flow is from the right into an array of tubes simulating reactor cooling
channels. It is anticipated that the jets on the far side away from the outlet will flow into a
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slowly recirculating region and impinge on the opposite surface. On the other hand, those near
the outlet pipe will encounter a strong cross flow converging to the outlet pipe.

The primary benefits of refractive-index matching in this case are to permit LDV
measurements very close to the surface, where one laser beam passes through the transparent
wall, as well as in the curved tubes and posts and to provide undistorted views for the two
cameras of the 3D-PTV system. Key results will be visualization of the flow patterns,
determination of mixing between jets and pointwise velocity and turbulence distributions. Inlet
flow rates will be deduced from velocity profiles inside the tubes as measured by the LDV.

Measurements will be obtained by laser Doppler velocimetry (LDV) and by three-
dimensional particle tracking velocimetry (3D-PTV) with a Moving Particle Tracking system
(MPT). Purposes of the MPT/PTV measurements are:

e to characterize the global velocity field
e to map path lines of particles and
e to deduce the mixing of passive scalars (representing thermal mixing).

Mixing of passive scalars from one region to another will be deduced by following individual
marking particles. The overall flow field will also be determined via flow visualization deduced
from application of the 3D-MPT/PTV system developed by Profs. Brodkey and Guezennec at
Ohio State and currently being placed into operation at INEEL. Equipment for the new MPT
technique includes a PC-controlled camera system with variable focal length and directional
control, mounted on a longitudinal traversing system. When held in a fixed position the MPT
method reverts to the successful PTV technique of Profs. Guezennec and Brodkey [Guezennec
and Kiritis, 1990; Choi, Guezennec and Brodkey, 1992; Kent et al., 1993; Guezennec et al.,
1994]. The flow visualization and related overall statistics will be derived from analysis of a
large number of records at the same inlet flow conditions. Typical results will include mixing
parameters, concentrations, mean streamlines and velocity vectors plus qualitative turbulence
quantities corresponding to and extending those measured with the LDV system.

Both LDV and PTV (and PIV) have advantages. We consider them to be complementary
approaches. For flow visualization and for measuring mixing, the PTV is useful. LDV gives
time-resolved measurements. With the PTV (and particle image velocimetry) one needs many
realizations to deduce means and the higher-order moments. We apply LDV a point at a time;
3-D measurements are obtained by traversing (taking profiles) in three directions in turbulent
flows that are steady in the mean. Provided the application can be considered to be at least
quasi-steady (residence times quicker than other response times), useful data for assessment can
be obtained from such steady flows.

Instantaneous velocity components will be obtained by LDV measurements at fixed
positions. Mean velocities and mean turbulence statistics will be determined from these time
series. Since the traversing system follows rectangular coordinates, the two-component LDV can
be positioned to measure radial and longitudinal velocity components at one point and, by
rotating the model about its axis, circumferential and longitudinal components can be obtained at
an equivalent point in another region of the model. Typical results will include time-resolved,
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pointwise distributions of the mean velocities, U, V, W, and their Reynolds stress components.
The time series will also be available for spectral and wavelet analysis [leWalle, Ashpis and
Sohn, 1997; Resnikoff and Wells, 1998].

The final test matrix would be developed interactively in collaboration with investigators
who would be conducting the related numerical analyses. Throughout the experimental phase,
the resulting data would be provided to these collaborators as soon as they become available.
These data will assist in the development of necessary models and mesh structure in the
numerical analyses as well as giving the bases for code assessment. The results of the numerical
predictions by the collaborators will, in turn, be used for guidance in selection of test conditions,
measuring locations and additional data needed. This "real-time" interactive collaboration will
be particularly useful so that synergistic progress will be made in both experimental and
analytical phases.

In addition to documentation of the experiment and the results of the measurements by
technical papers, by presentations at technical meetings and by technical reports for more detail,
the data will be stored in electronic form for ease of comparison by computational fluid
dynamists using other codes. The format of the electronic data storage will be developed
interactively in collaboration with the CFD investigators in the course of the comparison tasks of
the proposed work.

Concluding remarks

The objective of this report is to document the initial high temperature gas reactor
scaling studies and conceptual experiment design for gas flow and heat transfer.

Meaningful feasibility studies for NGNP designs will require accurate, reliable
predictions of material temperatures to evaluate the material capabilities. In a prismatic NGNP
these temperatures depend on the thermal convection in the coolant channels for the core and in
other important components. The NGNP is presently based on the very high temperature reactor
(VHTR) concept. The NGNP point design and the VHTR concept feature complex geometries
and wide ranges of temperatures, leading to significant variations of the gas thermodynamic and
transport properties plus possible effects of buoyancy during normal and reduced power
operations and loss-of-flow and loss-of-coolant scenarios. Unfortunately, correlations in one-
dimensional system codes for gas-cooled reactors typically underpredict these temperatures,
particularly in reduced power operations and hypothesized accident scenarios. Likewise, most
turbulence models in general-purpose CFD (computational fluid dynamics) codes provide
optimistic predictions. These treatments are further complicated by the non-homogeneous power
distributions with strong peaking that can occur and possibly buoyancy, strong pressure gradients
and gas property variations in the channels ("hot channel" issue). DoE needs improved modeling
capabilities, independently from the sometimes simplistic approaches employed by reactor
vendors; these computational capabilities need, in turn, to be validated by comparison to
experimental and analytical benchmark data.

The general approach of the project is to develop new benchmark experiments for
assessment in parallel with CFD and coupled CFD/ATHENA/RELAP5-3D calculations for the
same geometry. Two aspects of the complex flow in an NGNP are being addressed: (1) flow
and thermal mixing in the lower plenum ("hot streaking" issue) and (2) turbulence and resulting
temperature distributions in reactor cooling channels ("hot channel” issue).
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Current prismatic NGNP concepts are being examined to identify their proposed flow
conditions and geometries over the range from normal operation to decay heat removal in a
pressurized cooldown. Approximate analyses are being applied to determine key non-
dimensional parameters and their magnitudes over this operating range. For example, for

cooling channels, key parameters would include the Reynolds number, Prandtl number, g* (non-
dimensional heat flux), Bo* (buoyancy) and Ky (streamwise acceleration as density decreases).

Highest gas bulk temperatures occur at the outlet from the active core. The range of outlet
Reynolds numbers varied from about 57,000 for a high power core to about 2300 at ten per cent

power. In all cases calculated, q*, Ky and Bo* were low relative to their thresholds for

significant effects. For accident conditions or for designs with different tube diameters, the non-
dimensional parameters should be recalculated and these conclusions should be re-assessed.

Tabular benchmark data have been acquired from existing document literature for
dominant forced convection in a vertical circular tube with gas property variation. It appears that
sufficient benchmark data are available to assess correlations for systems codes for the ranges of
expected normal operating conditions in the coolant channels of the prismatic NGNP Point
Designs. Further measurements may be needed to cover possible ranges of hypothesized
accident scenarios and for detailed pointwise assessment of proposed turbulence models for CFD
codes.

For accident scenarios involving air ingress, the heavier air is hypothesized to displace
the helium used as the normal working fluid. However, a consequence of displacement process
will be a mixture of the two gases in some components. For gas mixtures, measurements of heat
transfer to helium-air mixtures are likely only needed for low-Reynolds-number turbulent flow in
mixed convection and dominant forced convection.

The flow in the lower plenum can locally be considered to be a situation of multiple
buoyant jets into a confined density-stratified crossflow -- with obstructions. The hot flow from
the coolant channels through the lower plenum to the hot core outlet duct encounters a very
complicated geometry. Since the flow converges ultimately to a single outlet, the hot jets
encounter different crossflow velocities depending on their locations relative to the outlet. The
jets furthest from the outlet essentially exhaust into stagnant surroundings between the adjacent
posts with the exception of the flow which they induce. On the other hand, the last row of jets
before the outlet encounters crossflow from all the other jets. If a "hot channel" region is
exhausted via one of the furthest jets, there is concern that its impingement on the floor of the
lower plenum may be too hot for the insulation layer protecting the metallic Core Support Plate
below. The "hot streaking" issue pertains primarily to the entrance of the hot outlet duct to the
turbomachinery. If a "hot channel" region exhausts through one of the last jets before the outlet
duct, there is concern that it may not mix (and thereby cool) sufficiently before flowing along the
metallic outlet duct.

For a single-hole "corner channel" (i.e., the duct along the corner of a single active outer
column with two inactive solid columns adjacent), the bulk velocity at 1000 C is about 25 m/sec
(80 ft/sec) and the resulting jet Reynolds number is about 90,000. At this location the horizontal
bulk velocity in the plenum is about 0.4 m/sec (1.4 ft/sec), giving Vj/Vp ~ 50 so jet penetration
into the crossflow is expected to be high. One might expect these jets to travel along the adjacent
solid vertical corner as wall jets and then to impinge on the plenum floor. A plenum Reynolds
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number at the passage between the first row of posts encountered would be about 24,000, based
on the hydraulic diameter of the opening.

For the flow between the row of posts before the last row of jets, the plenum bulk
velocity would be about 40 m/sec (130 ft/sec), still a low Mach number. The plenum Reynolds

number in this region would be about 3 x 100. The jet-to-crossflow velocity ratio would be
about 0.6, more in the range of typical crossflow experiments. Even without buoyancy effects
(if the jet is hot relative to the crossflow) and drag by nearby posts, the jet penetration would be
expected to be less than two jet diameters which would be less than a fifth of the distance to the
plenum floor.

Experiments are needed for the combined features of the lower plenum flows. In
particular, missing from the typical jet experiments are interactions with nearby circular posts
and with vertical posts in the vicinity of vertical walls - with near stagnant surroundings at one
extreme and significant crossflow at the other. The experiments proposed in the present research
would address these needs.

In order to obtain further insight into flow phenomena occurring in a lower plenum, a
qualitative flow visualization experiment was conducted at INEEL. Phenomena observed in the
experiment include jet entrainment of fluid, jet attachment to the upstream wall due to the
Coanda effect, eddy formation in the lower and upper upstream corners of the channel, merging
of jets, post crossflow of fluid and fluid recirculation near the front and rear walls.

Two heat transfer experiments are being considered. One addresses the "hot channel"
problem, if necessary. Conceptually, it will provide documented temperature, velocity and
turbulence fields for low-Reynolds-number turbulent, forced and mixed convection (buoyancy
effects) and gas property variation in NGNP cooling channels in order to assess codes and their
turbulence models at appropriate reactor conditions for which benchmark data are not available.

The second experiment will treat heated jets entering a model plenum. Two conceptual
model designs are considered, one using gas flow and one using water. Density differences
between hot and cool jets in the design using gas flow are treated by varying gas temperature.
Density differences in the water flow apparatus are simulated by varying the density of the
injected water by adding soluble material, such as salt to water stored in a reservoir before
injection.

Unheated MIR (Matched-Index-of-Refraction) experiments are first steps when the
geometry is complicated. One does not want to use a computational technique which will not
even handle constant properties properly. The MIR experiment will simulate flow features of the
paths of jets as they mix in flowing through the array of posts in a lower plenum en route to the
single exit duct. Measurements will be obtained by laser Doppler velocimetry (LDV) and by
three-dimensional Particle Tracking Velocimetry (3D-PTV) with a Moving Particle Tracking
system (MPT).

Some of the next steps of this study are (1) to examine transient analyses for accident

scenarios to determine the magnitudes of the governing parameters, (2) to estimate the
magnitudes of the parameters for thermal transport and mixing in the lower plenum, (3) to
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evaluate the advantages and disadvantages of the various experimental concepts identified and
(4) possibly to identify additional useful experimental approaches.
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