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Transient convection has been investigated experimentally
for the purpose of providing Computational Fluid Dynam-
ics (CFD) validation benchmark data. A specialized facil-
ity for validation benchmark experiments called the Rotat-
able Buoyancy Tunnel was used to acquire thermal and ve-
locity measurements of flow over a smooth, vertical heated
plate. The initial condition was forced convection downward
with subsequent transition to mixed convection, ending with
natural convection upward after a flow reversal. Data ac-
quisition through the transient was repeated for ensemble-
averaged results. With simple flow geometry, validation data
were acquired at the benchmark level. All boundary con-
ditions (BCs) were measured and their uncertainties quan-
tified. Temperature profiles on all four walls and the inlet
were measured, as well as as-built test section geometry.
Inlet velocity profiles and turbulence levels were quantified
using Particle Image Velocimetry. System Response Quanti-
ties (SRQs) were measured for comparison with CFD outputs
and include velocity profiles, wall heat flux, and wall shear
stress. Extra effort was invested in documenting and pre-
serving the validation data. Details about the experimental
facility, instrumentation, experimental procedure, materials,
BCs, and SRQs are made available through this paper. The
latter two are available for download and the other details
are included in this work.

Nomenclature
Bx Bias uncertainty of general mean quantity x
D Experimental data or pipe diameter
dt Time delay of Particle Image Velocimetry image pairs
E Validation comparison error

g Acceleration due to gravity
Grx Local Grashof number
N Number of samples
Nm Number of transient repeats in ensemble average
q′′ Wall heat flux
Re1 Initial Reynolds number
Re2 Final Reynolds number
Rex Local Reynolds number
Rix Local Richardson number
S Simulation result
Sx Standard deviation of quantity x
Sx Random uncertainty of mean quantity x
t Time or thickness
t95 Confidence level coefficient at 95%
Ts Temperature of wall
T∞ Temperature of free-stream
UD Validation data uncertainty
Ux Total uncertainty of mean quantity x
Uinput Simulation uncertainty due to input uncertainty
Unum Numeric uncertainty
Uval Validation uncertainty
u Ensemble-average streamwise (x) velocity
ubulk Ensemble-average streamwise (x) bulk velocity
um Scalar streamwise raw velocity
uτ Friction velocity
u′u′ Ensemble-average Reynolds normal stress
u′v′ Ensemble-average Reynolds shear stress
v Ensemble-average heated wall-normal (y) velocity
vm Scalar wall-normal raw velocity
v′v′ Ensemble-average Reynolds normal stress
w Ensemble-average transverse (z) velocity
w′w′ Ensemble-average Reynolds normal stress
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x Streamwise direction
x General ensemble-average variable
y Heated wall-normal direction
y+ Nondimensional heated wall-normal direction
z Transverse direction
α Dimensionless ramp rate parameter
β Volumetric thermal coefficient of expansion
γ Dimensionless ramp rate parameter
µ Dynamic viscosity
ν Kinematic viscosity
ρ Density
φ Phase
τs Wall shear stress

1 Introduction
The purpose of this work is to provide validation bench-

mark data for three-dimensional Computational Fluid Dy-
namics (CFD) models. Model validation will be discussed
as well as the physical phenomenon of mixed convection.
The following sections describe the experimental facility, the
associated instrumentation, the boundary conditions (BCs),
the fluid and material properties, the test conditions, and the
System Response Quantities (SRQs). This content follows
the Validation Experiment Completeness table of Oberkampf
and Smith [1] to guide description of validation experiments.
This guidance ensures that important details are included
with a high level of completeness. This work is a continu-
ation of Harris et al. [2] and Lance et al. [3], which covered
steady forced and mixed convection using similar methods
and facilities.

All data will be presented in table format for direct use
in validating models. The provided data include the BCs
and SRQs shown in Table 1. The included BCs should pro-
vide modelers with all required information, avoiding as-
sumptions on model inputs and reducing model form uncer-
tainty [4]. The SRQ data are provided to modelers for direct
comparison with model outputs. The experimental uncer-
tainties of all provided data from bias and random sources
are also provided and quantified at the 95% confidence level.
Validation comparison errors can be calculated with the nom-
inal data. Validation uncertainty can be calculated from the
uncertainty of the nominal data [5].

Table 1. The available experimental data presented in this work
separated into BC and SRQ types. All data except As-Built Geometry
and Atmospheric Conditions are ensemble-averaged.

BCs SRQs

As-Built Geometry Velocity Profiles

Wall Temperatures Reynolds Stress Profiles

Inlet Temperature Wall Heat Flux

Inlet Velocity Wall Shear

Atmospheric Conditions

These data files are accessible in an online database in
the Digital Commons of Utah State University’s Library. The
page dedicated to the data in this work is found at digitalcom-
mons.usu.edu/engineering datasets/2/. Links to specific files
are included in this work with specific file names for the data
type (BC or SRQ) and measured quantity. Generally, data are
in table format as csv files. In addition to specific file links,
all the files may be downloaded in the zipped file Files.zip.

1.1 Computational Fluid Dynamics Validation
To understand the need for experiments expressly aimed

at providing validation benchmark data, one must first un-
derstand the different aims of validation and discovery ex-
periments. Discovery experiments, where new physical phe-
nomena are measured and analyzed, are common in research.
Validation experiments do not necessarily measure new phe-
nomena, but focus more on boundary and inflow conditions
than discovery experiments, since validation experiments
must capture all model inputs. In most cases, legacy experi-
mental data from discovery experiments are not suitable for
use in validation.

The purpose of validation experiments is to provide the
information required to quantify the uncertainty of a mathe-
matical model. This uncertainty helps decision makers quan-
tify model credibility. The ASME V&V 20 Standard [5] out-
lines an approach to estimate the validation comparison error
and the validation uncertainty. The validation comparison er-
ror E is the difference between the simulation result S and the
validation experiment result D as

E = S−D. (1)

Calculating the validation uncertainty estimates the confi-
dence interval of the error by considering both numerical
and experimental uncertainty. Validation uncertainty is cal-
culated as

Uval =
√

U2
num +U2

input +U2
D, (2)

where Unum is the numerical uncertainty, Uinput is the sim-
ulation uncertainty due to input uncertainty, and UD is the
experimental data uncertainty. Equation 2 can be used when
the validation variable is directly measured and the terms of
the equation are independent but requires further develop-
ment when the validation variable is not directly measured.
The numerical uncertainty is estimated from solution verifi-
cation with sources such as iterative and discretization uncer-
tainty. The latter two uncertainties come from the validation
benchmark data. The uncertainty in the simulation from the
measured BCs used for model inputs is Uinput. The uncer-
tainty of SRQs—experimental data used to compare system
outputs—is UD. If |E|>>Uval, one can conclude model er-
ror remains. However, if |E| ≤ Uval and Uval is acceptably
small for the intended use of the model, the validation com-
parison error may be satisfactory. These general equations

VVUQ-15-1049, Lance 2

http://digitalcommons.usu.edu/engineering_datasets/2/
http://digitalcommons.usu.edu/engineering_datasets/2/
http://digitalcommons.usu.edu/cgi/viewcontent.cgi?filename=15&article=1001&context=engineering_datasets&type=additional


show validation data and their uncertainties are required to
assess model accuracy via model validation.

Unintrusive measurement techniques are important in
validation experiments because probes introduce unknown
uncertainties to the data. These uncertainties can only be
mitigated by including the probe in the CFD model, often
increasing the model cost considerably.

It is useful to consider several tiers of detail in valida-
tion experiments [6], such as the four shown in Fig. 1. This
work is considered a Benchmark Case that is second in sim-
plicity to Unit Problems. The Benchmark Case, also called
Separate Effects Testing, requires that all model inputs and
most model outputs are measured and that experimental un-
certainty is included. In this tier there is generally some level
of multi-physics interaction, such as coupled fluid momen-
tum and heat transfer, that prevents the current work from
being considered a Unit Problem. On the other hand, the
non-prototypical geometry used in this work keeps it from
being a Subsystem Case.

Fig. 1. The Validation Hierarchy, after [6]

In considering the design of validation benchmark ex-
periments, SRQs should be measured from a wide range and
high difficulty in the difficulty spectrum, as shown in Fig. 2.
Comparing simulation results with experimental data from a
wide range on the spectrum increases validation confidence.
For example, integral quantities, such as fluid mass flow rate,
generally have low experimental noise and random errors.
Derivative quantities like fluid shear are more sensitive to
non-ideal conditions. If a model and data are in good agree-
ment at a high level, it is likely that good agreement will be
observed in lower levels. However, agreement at lower levels
does not imply agreement at higher levels [4].

1.2 Transient Flows
Some studies of non-periodic transient flow have been

performed, but as He & Jackson note, technology has
allowed for comprehensive measurements of ensemble-
averaged transient experiments only recently [7]. This re-
view covers adiabatic and convective ramp-type flow tran-
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Fig. 2. System Response Quantity Difficulty Spectrum for arbitrary
variables x and y, after [4]

sients. Most of the first experiments measured either tem-
perature of tube walls or velocity, but not both. A common
observation was that accelerating flow suppresses turbulence
while decelerating flow augments it, consistent with findings
in the oscillating flow literature [8].

The first known work by Koshkin et al. was published
in 1970 for turbulent air flow. This study reported measure-
ments during a change in electrical power and different flow
transients, measuring and reporting temperature [9]. Two
similar studies were published in the 1970s and used electro-
chemical techniques with probes to measure velocity profiles
inside a tube from a step change in flow rate [10, 11].

Rouai [12] performed heat transfer experiments on
ramp-up and ramp-down transients as well as periodic pul-
sating flow with a non-zero time mean. Water was heated
by passing an alternating electrical current through a stain-
less steel tube. Temperature measurements were made by
24 thermocouples (TCs) welded to this tube. Flow transients
were prescribed by using a constant head tank and varying
the flow through the test section by a valve. Wall heat flux re-
mained constant and changes in wall temperature were mea-
sured. The observed Nusselt number departed more from the
psuedo-steady values for faster transients and for decelerat-
ing flows, likely from the augmentation of turbulence.

Jackson et al. performed a study on non-periodic ramp-
ing transients in a water tube [13]. This was similar to the
study by Rouai, but measured local fluid temperature with
a TC probe and improved computer control and data log-
ging for greater repeatability and ensemble averaging. The
TC probe was small enough to capture turbulent fluctuations.
Jackson also found a suppression of turbulence, and conse-
quently, wall heat transfer for accelerating ramps and aug-
mentation during decelerating ramps. He also observed a
peak in temperature fluctuations soon after the ramps began.

He & Jackson performed experiments in water using
two-component LDA measurements in a clear, unheated
tube. This non-intrusive velocity measurement was one of
the first known to the authors for non-periodic flows. En-
semble averaged results were used for mean and turbulent
quantities. The turbulent results were shown to deviate from
psuedo-steady results for short transients. Several nondimen-
sional parameters were recommended for ramp-type tran-
sients [7].
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Barker and Williams [14] reported high speed measure-
ments of an unsteady flow with heat transfer in air. They used
a hot wire anemometer, a cold wire temperature probe, and a
surface heat flux sensor to measure heat transfer coefficients
for fully-developed turbulent pipe flow. Most results were for
periodic flows, but some were presented for ramp-type tran-
sients with negligible buoyancy effects. The measurements
were basic and provided data for conceptual model develop-
ment.

In the previous studies, little coupling of velocity and
thermal measurements was found for flow transients and
buoyancy effects were negligible. Also, as these were dis-
covery experiments, boundary conditions were not measured
and provided as tabulated data, making the results of lim-
ited use for validation. The facility descriptions were very
basic and little detail was provided about flow geometries.
The current study contributes high fidelity measurements of
a ramp-down transient suitable for validation studies with
simultaneous, non-intrusive velocity and thermal measure-
ments to provide validation benchmark data on simplified
geometry for three-dimensional simulations. In contrast to
previous studies, the geometry was rectangular and the flow
was never fully developed.

The initial condition in this study was forced convec-
tion downward over a heated plate. Blower power was re-
moved and the drum-type blower was allowed to coast to a
stop, which took about 10 s. This resulted in ramp-down
bulk velocity and subsequent flow reversal by natural con-
vection. The bulk velocity at the test section inlet is shown in
Fig. 3. The bulk velocity approaches zero at the end as there
is both natural convection upward near the heated wall and
recirculating flow downward far from the wall. There was
measurable delay in the blower drive system, so t = 0 was
defined as the last phase where the bulk velocity matched the
steady state condition. Thus, the useful transient time spans
0≤ t ≤ 18.2 s and data are presented in this range.
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Fig. 3. Bulk velocity across the inlet at the spanwise center (z = 0)
through time

1.3 Mixed Convection
The physics in this study include a flow transient with

buoyancy effects, phenomena that have not, to our knowl-

edge, been studied together. Convective flows with notable
buoyancy effects are considered mixed or combined convec-
tion [15]. The Richardson number Ri is a measure of the
relative magnitudes of buoyant and inertial forces and is de-
fined by

Rix = Grx/Re2
x (3)

where

Grx = gβ(Ts−T∞)x3/ν
2 (4)

and

Rex = ubulkx/ν. (5)

In these, g is acceleration due to gravity, β is fluid thermal
coefficient of expansion, Ts = 130◦C and T∞ = 20◦C are
surface and inlet fluid temperatures, respectively, x is local
streamwise location, ν is fluid kinematic viscosity, and ubulk
is generally mean bulk velocity. In the current work ubulk is
the ensemble-average bulk velocity. Mixed convection is ob-
served for buoyancy-aided flow when 0.3 < Rix < 16 and for
0.3 < Rix for buoyancy-opposed flow [15].

Ensemble averaging was used throughout the current
work to calculate average and fluctuating values where data
within a given phase from all transient repeats were consid-
ered together. One way to understand this is with the ensem-
ble average of a scalar streamwise velocity um that contains
measured values for all repeats m and phases φ

u(φ) =
1

Nm

Nm

∑
m=1

um(φ) (6)

where u(φ) is the ensemble-average and Nm is the number of
repeats. The resulting u(φ) is a function of φ, but the phase
notation is omitted in the remainder of this work.

The Reynolds stresses were similarly ensemble-
averaged for scalar velocities um and vm as

u′v′(φ) =
1

Nm

Nm

∑
m=1

[um(φ)−u(φ)] [vm(φ)− v(φ)] (7)

where v(φ) is a second ensemble average and again the φ in
Reynolds stresses is omitted. For Reynolds shear stresses um
and vm are different, but either velocity is repeated for normal
stresses.

Table 2 shows the streamwise locations x where SRQ
data were acquired at the spanwise center with the associated
Grx, as well as Rex and Rix at the initial condition. The origin
of x was defined at the inlet to the test section that is shown in
Fig. 4. External coordinates were used as the boundary layers
generally do not meet as in fully-developed pipe flow. Fluid
properties were evaluated at the film temperature. Initially
buoyancy effects were small, but became dominant at later
phases of the transient.
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Table 2. Grx as well as Rex and Rix at the initial condition and the
three locations in x where data were acquired

x [m] Grx Rex (t = 0) Rix (t = 0)

x1 0.16 1.46 × 107 23,300 0.027

x2 0.78 1.62 × 109 112,000 0.129

x3 1.39 9.32 × 109 201,000 0.231

2 Experimental Facility
All experiments were performed in the Rotatable Buoy-

ancy Tunnel (RoBuT), which will be described in detail.
Benchmark-level validation data were acquired with simple
geometry and some multi-physics interaction. The square
test section allowed easy characterization using optical ve-
locity measurements. The simple geometry is easy to repre-
sent numerically and helps isolate model errors.

2.1 Rotatable Buoyancy Tunnel
The RoBuT is an open-circuit air tunnel with a large

4.81-m diameter ‘Ferris wheel’ design that allows rota-
tion, thus changing the relative direction of forced flow and
buoyant forces without changing the facility. Many impor-
tant tunnel components are shown in Fig. 4, which is in
the buoyancy-opposed orientation used in the current work.
Note the coordinate system with the origin on the heated wall
at the inlet and the spanwise center. The streamwise distance
is x, wall-normal distance is y, and spanwise distance is z
with zero along the centerline. The facility rotates on an axis
parallel to the z axis around the center of the test section. The
laser and cameras were part of a Particle Image Velocimetry
(PIV) system that will be described in Sec. 3.2.

The test section had a 0.305×0.305 m square cross sec-
tion and was 2 m long. It had three clear walls for optical
access and a heated wall for a thermal BC. More details of
the test section are provided in Sec. 2.2. The contraction
and outlet were made of fiberglass-reinforced plastic with a
glass-smooth, black gel-coat.

The contraction had an area ratio of 6.25:1 and was
0.914 m long. The contraction bell at the leading edge
had a 102 mm radius. Between the contraction and bell
were four modular sections that contained—in order of flow
direction—a single row, aluminum fin/copper tube, chilled
water heat exchanger (Super Radiator Coils Model 30x30-
01R-0.625/048); a settling length section; a precision alu-
minum honeycomb flow straightener; and two high poros-
ity screens. Square turbulence trips 3.175 mm wide were
installed along all four walls and located about 0.12 m up-
stream of the test section inlet.

The outlet expanded the flow downstream of the test sec-
tion, had a total included angle of 8.2◦, and was 0.686 m
long. The blower drew air through the test section and
ejected it into the room. It included an inline centrifugal
fan assembly, TCF/Aerovent model 14-CBD-3767-5. It was
belt driven by a 5 HP, TEFC, 230-460 VAC induction motor,
Toshiba model B0052FLF2AMH03. The motor was pow-

Inflow

Laser

Heated Wall

Cameras

Blower

Contraction

xy
z

Flow
Conditioning

Fig. 4. RoBuT flow components as configured for transient data ac-
quisition

ered by a Toshiba variable frequency drive, model VFS11-
2037PM-WN.

Two Laskin Nozzles [16] were used to atomize olive oil
tracer particles. A TSI Aerodynamic Particle Size Spectrom-
eter was used to measure the particles at the outlet; the re-
sulting mean diameter was about 1µm. These particles were
mixed with air and injected into a PVC pipe distribution sys-
tem upstream of the contraction assembly. A peg board was
placed between this system and the beginning of the contrac-
tion to aid particle mixing. It had holes 6.35 mm in diameter
and were spaced 25.4 mm apart in a square pattern. The vol-
ume fraction of oil particles in the air was measured to be
about 10−9, so their effect on thermophysical properties can
reasonably be neglected.

2.2 Test Section
The test section had four walls, an inlet, and an outlet

that will be described in detail. The heated wall, shown in
Fig. 5, was a custom design with many layers to provide a
heated surface for convection and featured embedded instru-
mentation. This wall was heated to approximately 130◦C for

VVUQ-15-1049, Lance 5



this study. It was made of three layers of aluminum, had sili-
con rubber heaters, and contained thermal insulation to drive
most of the heat inward. A list of materials and thicknesses is
available in Table 3. The surface was nickel plated to reduce
thermal radiation, which resulted in a predicted and mea-
sured emissivity around 0.03 [2]. Aluminum 2024, though
more expensive than the common alloy 6061, was used be-
cause its thermal conductivity is known more precisely [17].
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Fig. 5. Heated wall cross section with component names as in Ta-
ble 3. The relative thicknesses are to scale.

The heated portion was 279 mm wide and 1.89 m long.
The left and right sides were thermally insulated by 17.5-mm
thick Teflon R© that extended into grooves in the side walls for
support. Two additional 12.7-mm thick Teflon R© insulators
were placed upstream and downstream of the heated wall.

There were six heaters, each spanning the width of the
heated wall and one sixth of the length. Three HP 6439B
power supplies were connected to two heaters each and were
used to control the temperature of the wall via a closed-loop
PI controller. Three controllers, one for each power supply,
allowed the heated wall to be heated in independent sections
in the streamwise direction to increase temperature unifor-
mity.

Besides the heated wall, the other three walls were clear
Lexan R© polycarbonate for optical access and were 12.7 mm
thick. From the perspective of standing on the heated wall
at the inlet, they are termed left (z = −152 mm), top (y =
305 mm), and right (z = 152 mm) walls. The top wall had a

Table 3. Heated wall components and thicknesses with names from
Fig. 5

Name Material t [mm]

Nickel Coating Bright Nickel ∼0.05

Al. Surface Plate Al. 2024-T3 3.18

Thermal Epoxy Dow Corning 3-6751 1.02

Kapton R© Kapton R© HN Film 0.254

Al. Main Plate Al. 6061-T651 6.35

Heater Tempco Silicone Rubber 1.59

Insulation Mineral Wool 25.4

Al. Back Plate Al. 6061-T651 6.35

removable center portion for cleaning and maintenance. This
wall also had three 25.4-mm ports for probe insertion.

The as-built geometry was measured to account for dif-
ferences between the as-designed and as-built test section ge-
ometries. The differences were small, but the measurements
are presented for completeness. An internal micrometer was
used to measure the internal dimensions of the fully assem-
bled test section. Height measurements were performed at
the left, center, and right as well as width measurements at
the top, middle, and bottom. This was done at seven loca-
tions in x and performed three times for a measure of ran-
dom uncertainty. Modelers may use these dimensions when
constructing the simulation domain to ensure greater simi-
larity. A sketch of the measurement locations may be ac-
cessed from the online database by following the link BC-
AsBuiltSketch in the digital version of this work. The nom-
inal values are in BC-AsBuiltMeasurements and uncertain-
ties in BC-AsBuiltMeasurementUncertainties. A Parasolid
model created from the as-built measurements is available in
BC-AsBuiltGeometry.

A warm-up procedure was followed each time the
RoBuT was used for experiments. The HVAC system was
kept active at all times for stable room conditions. The
heated wall was first heated to the setpoint temperature.
Once this was reached, the blower was set to the desired
speed for the experiment and the heater controllers would
increase power accordingly. Once the temperature was
again stable for a minimum of five minutes, the facility was
ready for data acquisition. If the blower setpoint speed was
changed, the controller would stabilize temperature and the
minimum five minute waiting period was repeated.

Between acquiring different series of data, the entire test
section was cleaned with Ethyl Alcohol and delicate task
wipes to ensure optical quality. The cover on the top wall
was removed for inside cleaning. High-vacuum grease was
used on test section joints to eliminate air leakage and was
removed and reapplied each time a panel of the test section
was adjusted.
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3 Analog Instrumentation and Signal Processing
Thermocouples were used to measure boundary temper-

atures, heat flux sensors (HFSs) for heat flux through the
heated wall, and PIV for inflow and boundary layer air ve-
locity. Other sensors measured room air conditions. These
systems will now be described in detail.

3.1 Thermal Instrumentation
A total of 307 TCs were used to measure boundary tem-

peratures. All test section TCs were 30 gauge Type K from
Omega Engineering with Special Limits of Error. They were
each welded to length with an Argon-shielded welder. Each
TC was calibrated with an Isotherm FASTCAL-M with an
accuracy of 0.3◦C over a range of 25-190◦C with data at
every 5◦C. Because every TC calibration was very similar
and made from the same spool, an average calibration curve
was applied. An array of 3× 5 TCs, three in y and five in
z, was suspended on the downstream side of the honeycomb
for inlet air temperature measurements. Each of the three
clear walls had 21 TCs with seven rows spaced in x and three
across in y for the left and right walls or in z for the top wall.
The bulk of the heated wall had 5×32 TCs with five in z and
32 in x. The Teflon R© edges each had embedded TCs with
five across the leading edge in z and 32 along the sides in
x. All TCs were embedded to within 3.18 mm of the inside
surface using thermal epoxy with enhanced thermal conduc-
tivity.

Three HFSs were embedded into the heated wall along
the spanwise center at the x-locations found in Table 2. They
were a thin-film type, model 20457-3 from RdF Corporation
with a thermopile around a Kapton R© substrate. The man-
ufacturer supplied unique calibration coefficients for each
sensor. The manufacturer-specified uncertainty was 5% of
reading. An embedded Type T TC was used to measure sen-
sor temperature and correct readings with the supplied mul-
tiplication factor curve to compensate for changes in thermal
conductivity of the substrate. The HFSs were placed adjacent
to the Kapton R© layer of similar thermal resistance to reduce
measurement errors. A thermal resistance network analysis
showed only a 2.4% difference in heat flux between HFS and
non-HFS conduction paths.

The TC and HFS output voltages were small, so spe-
cial data acquisition (DAQ) devices were selected. National
Instruments (NI) products were used as they interfaced well
with the LabVIEW software that was used for system control
and thermal data recording. Twenty one NI-9213 TC mod-
ules were housed in five NI-cDAQ-9188 chassis. The narrow
voltage range of±78 mV, 24-bit ADC, and open channel de-
tection made them well suited for these measurements. The
built-in CJC was used for TCs. The total uncertainty of the
calibrated TCs with these DAQs was 1◦C, largely due to the
CJC uncertainty of 0.8◦C. Data from thermal instrumenta-
tion were recorded throughout each transient run. Data from
thermal instrumentation was recorded through 2400 runs of
the transient. These data were ensemble-averaged and the
bias, random, and total uncertainties were quantified.

3.2 Particle Image Velocimetry
The PIV system allowed for non-intrusive, full-field ve-

locity measurements at several locations. The system con-
sisted of a laser, cameras, and a timing unit. The laser was a
New Wave Research Solo PIV III, a dual cavity, frequency-
doubled Nd:Yag model with about 22 mJ/pulse and a wave-
length of 532 nm. The cameras were model Imager sCMOS
from LaVision and featured a 16-bit sCMOS sensor with
2560×2160 pixels with a pixel size of 6.5µm. An internal,
standard version timing unit was used for the stringent tim-
ing requirements of PIV and had a resolution of 10 ns with
jitter of <1 ns. Two Nikon lenses were used. The first was
an AF Nikkor 28 mm f/2.8 D used for the large field of view
(FOV) inflow and the large FOV SRQ data that spanned the
0.305-m test section. The second was an AF Micro-Nikkor
105 mm f/2.8 D for high resolution (small FOV) SRQ data
near the heated wall.

DaVis 8.2 software was used to acquire and process im-
ages. The optical configuration of Fig. 4 was used with the
laser sheet normal to the heated wall and camera viewing
angles nearly parallel with it. The equipment was moved
manually in the x direction. The inflow was measured in the
same orientation, but Velmex BiSlide R© traverses were used
to move the laser and camera consistently in the z direction.
In this way, five planes were measured to map the inflow.

PIV calibration was performed in two ways. Because
the laser sheet and camera were normal to each other, the
inflow used a conventional two-component ‘ruler’ calibra-
tion over a span of about 280 mm. The SRQ data were ac-
quired with two independent two-component cameras, one
that spaned the entire test section and one that provided high
resolution data near the heated wall. The SRQ data that
spanned the test section used a custom two-plane calibration
target that filled the image. The SRQ data near the heated
wall was calibrated with a single-plane calibration target,
model FA119 from Max Levy Autograph, Inc. Both SRQ
sets used the pinhole model as the cameras were angled gen-
erally less than 8◦. This angle was required to avoid image
diffraction by the large temperature gradient very near the
wall. Because this flow had very little through-plane motion,
errors in v velocity from through-plane motion appearing as
in-plane motion (a function of the sine of the angle) were
expected to be small. The pinhole model was applicable as
refraction between the Lexan R© and air was small.

Prior to acquisition, the quality of the particle images
was checked to ensure proper particle density, diameter, and
displacement as well as laser beam overlap and image focus
quality. Many of these data parameters and others from the
acquired images are found in Table 4. The diameter, density,
and displacement were spatially-averaged over the entire im-
age. The maximum displacement was set between 8–32 pix-
els for all phases of the transient. To optimize dynamic range,
two values of dt were used for each PIV acquisition loca-
tion. Since the reported values are spatially averaged, some
may appear different from the ideal simply due to their non-
uniformity in space and in time. These data were taken from
a phase near the middle of the transient. Both particle diam-
eter and density were determined by methods found in [18]
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with the local maximum method for density estimation.

Table 4. PIV data parameters. These are represented with an i/ j
in the table with the former being used for early phases with larger
displacements and the latter for later phases with smaller displace-
ments.

Parameter Inlet SRQ-
LargeFOV

SRQ-
SmallFOV

N image pairs 100/200 100 100

sample
frequency [Hz]

5 5 5

dt [µs] 860/3150 385/1541 96/385

lens 28 mm 28 mm 105 mm

extension [mm] – – 39.5

calibration
[mm/pixel]

0.123 0.121 0.0137

f # 4 4 8

diameter
[pixels]

1.98 1.98–2.55 2.68–3.00

density
[#/32×32]

86.7 57.3–88.1 8.04–11.8

displacement
[pixels]

5.35–
31.9

1.34–30.3 2.71–29.8

A MATLAB code was written to reorganize images.
During acquisition, a set was recorded over all phases of the
transient. The code would copy images from all runs for a
given phase and create a new set. This process was repeated
for all runs so data within each phase could be ensemble-
averaged and fluctuations quantified.

The processing of particle images was performed us-
ing the muti-pass, multi-grid, window deformation method
in DaVis. A mask was carefully defined to remove the influ-
ence of walls on the correlation. Round interrogation win-
dows were used for reduced noise. The first two passes were
at 128×128 pixels, the next two at 64×64 pixels, and the fi-
nal four passes at 32×32 pixels. The overlap on every pass
was 75%. Vector post-processing was performed where vec-
tors were removed if the peak ratio was less than two. Then
a two-pass median filter of ‘strongly remove & iteratively
replace’ corrected spurious vectors. Vectors were removed
if their difference from average was more than one standard
deviation of neighbors and subsequently replaced if the dif-
ference from average was less than two standard deviations
of neighbors.

Particle images have the average background removed.
Since we have limited use for streamwise information, the
pixel range was reduced in the flow direction to 340 pixels
for the inflow images and 512 pixels for the SRQ images to
reduce storage requirements and processing time. Examples

of dewarped particle images with background subtracted are
shown in Fig. 6.

3.3 Atmospheric Instrumentation
Air temperature, relative humidity, and atmospheric

pressure in the RoBuT room were measured to determine
air properties. Both temperature and humidity were mea-
sured with an Omega HX93A probe. Pressure was measured
with an Apogee Instruments BPS 1006 sensor. The output
voltage of these sensors was measured by a NI USB-9215A
4-channel±10 V analog input DAQ. The uncertainty of tem-
perature was 0.6◦C, humidity was 2.5% for readings 20-80%
and 3.1% otherwise, and pressure was 3% of reading. These
data were sampled at 1 Hz, then averaged and recorded once
per minute.

3.4 Uncertainty Quantification
Thermal and atmospheric data uncertainty quantifica-

tion (UQ) is described here following the methods of Cole-
man and Steele [19]. UQ for PIV was considered by other
methods and is described later. Bias uncertainty parameters
were obtained from sensor documentation at the 95% confi-
dence level. The random uncertainty of a general ensemble-
average quantity x was calculated by

Sx = t95
Sx√
N

(8)

where t95 is the confidence level coefficient (taken as 1.96
for 95% confidence and number of samples N > 30) and Sx
is the sample standard deviation. All samples sizes in this
work were large. Bias and random sources are combined as

Ux =
√

B2
x +S2

x (9)

where Bx is the expanded bias uncertainty. The data provided
with this paper generally specifies the unique bias, random,
and total uncertainty numbers with the ensemble-average re-
sults.

Uncertainty of the PIV results was calculated from the
Uncertainty Surface Method that estimates instantaneous
bias and random uncertainties due to the effects of parti-
cle displacement, particle image density, particle image size,
and shear. This method was originally described in [20]
and improved on with methods from [18]. The uncertainties
of the velocity statistics propagated from the instantaneous
uncertainties were calculated by the methods of Wilson &
Smith [21]. Total uncertainty was calculated as in Eqn. 9.
The confidence level on all UQ results in this work is 95%.

4 Boundary Conditions
This section contains a description of all expected req-

uisite BCs for CFD model inputs. The types of BCs were
shown in Table 1. The as-built geometry is a BC, but was
discussed previously in Sec. 2.2.
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(a) SRQ-Small FOV with heated wall at right

(b) SRQ-Large FOV with heated wall at right and top wall at left

Fig. 6. Dewarped SRQ particle images at x2 with mean background removed. Note the image scales are about a factor of nine different.
Also, the particles to the extreme right are reflections off the heated wall.

4.1 BC Description
The measured BC temperatures are mapped onto the test

section geometry in Fig. 7. Note the high measurement reso-
lution on the heated wall and the development of the thermal
boundary layer on the right wall as air travels from the inlet
to the right of the figure.

x

z
y

Fig. 7. Measured temperatures on the test section boundaries

As mentioned previously, the inflow was measured in
five planes spaced in z with locations concentrated near the
side walls. The ensemble-average streamwise velocity u at
the inlet is shown in Fig. 8 at the initial condition. Gray lines
indicate PIV measurement locations that span across y (two
are at the left and right edges). Data are highly-resolved in

y but not in z. Data may be interpolated from the informa-
tion given to provide inflow over the entire inlet. Another
approach is to use the high-resolution data near the unheated
top wall (y = 305 mm) boundary layer to the left and right
walls, which are also unheated.
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Fig. 8. Measured streamwise velocity u at the inlet and the initial
condition

The atmospheric conditions include atmospheric pres-
sure, relative humidity, and room temperature and were
recorded at the time of data acquisition.

Data acquisition procedures were followed to control
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test conditions. The following list describes the steps fol-
lowed for acquisition of both BC and SRQ data:

1. Begin heating of the heated wall
2. Upon reaching setpoint temperature, start blower
3. Align traverses, laser, and camera with test section at

measurement location
4. Align laser sheets
5. Focus camera on particle images
6. Align calibration plane with laser sheet and calibrate

camera(s)
7. Determine optimal dt for particle displacement, proper

seeding density, and proper laser intensity
8. Record measurement location and other PIV parameters
9. Confirm stability of wall temperature and room condi-

tions
10. Record PIV data, atmospheric and thermal conditions

This process was repeated for PIV measurement locations for
the five inflow and the three SRQ data sets. The acquisitions
were automated by a LabVIEW program which controlled
the conditions, determined when they were stable, initiated
the transient and data acquisition (both thermal and PIV),
and repeated.

4.2 BC Data
These data are available for all phases of the transient

on the inflow and all four walls of the test section. There is
one file for each surface that can be found through the fol-
lowing links: BC-InletTemp.csv, BC-HeatedWallTemp.csv,
BC-LeftWallTemp.csv, BC-RightWallTemp.csv, and BC-
TopWallTemp.csv. The format for all BC files works directly
with Star-CCM+ and is easily adaptable to other CFD codes.
The columns X, Y, and Z are used throughout this work; ad-
here to the global coordinates as shown in Fig. 4; and are
presented in meters. The column ‘T(K)’ is the ensemble-
average temperature in Kelvin, ‘B T(K)’ is the bias uncer-
tainty, ‘S T(K)’ is the random uncertainty, and ‘U T(K)’ is
the total uncertainty. Additionally, time stamps are included
for each column header as in ‘T(K)[t=0s]’, ‘T(K)[t=0.2s]’
and so forth.

The data file for the inflow ensemble-average and fluc-
tuating velocities is found in BC-Inlet-Vel.csv. Here X, Y,
and Z are used as before and are presented in meters. The
columns ‘u’, ‘v’, and ‘w’ are ensemble-average velocities in
the x, y, and z directions, respectively. The columns ‘u′u′’,
‘v′v′’, ‘w′w′’, and ‘u′v′’ are specific Reynolds stresses. Un-
certainties compose the remaining columns with the uncer-
tainty of u, v, and w. Reynolds stresses have unique plus and
minus uncertainties with ‘Uuup’ being the plus uncertainty
of u′u′ and so on. The units of velocity and velocity uncer-
tainty are [m/s] while those of Reynolds stresses and their
uncertainties are [m2/s2]. Again, time stamps are included in
column headers.

Note that inflow out-of-plane velocities w and w′w′ were
assumed to be the same as v and v′v′ respectively. This
assumption was proved valid in previous work in this fa-
cility by measuring the inflow in both directions with two-

component PIV and comparing data where measurement
planes intersect [2]. The atmospheric measurements, to-
gether with their uncertainties, are found in the file BC-
AtmCond.csv.

5 Fluid and Material Properties
As air was the working fluid, measurements of temper-

ature, pressure, and relative humidity discussed in Sec. 4.2
were sufficient to define all fluid properties. It is important
to note that the working pressure is different from that at
sea level as the experiment was conducted in Logan, Utah
at 1460 meters above sea level.

Material properties of the test section can be obtained
from the information provided in Sec. 2.2. It may not be
necessary to include the heated wall in the model since tem-
perature measurements were made very near the surface, but
the information is provided for completeness. On the other
hand, a simulation without the thermal capacitance of this
wall may predict an unnaturally high sensitivity to local con-
vection conditions.

6 Test Conditions
For improved statistics, the data were ensemble-

averaged over repeated runs. A total of 2400 runs were
used, with 100-200 for each PIV acquisition location and
dt. Steady thermal conditions triggered data acquisitions and
simultaneously cut power to the blower, initiating transient
conditions. Heater power was fixed through each run.

LabView was used to control test conditions and to ac-
quire thermal data via a NI DAQ system. This system cre-
ated a master TTL signal used for clocks in both the thermal
and PIV equipment for synchronized thermal and velocity
data acquisition. Data were acquired at 5 Hz for a period of
20.2 s.

The RoBuT room was configured with modern HVAC
systems and thermal insulation for stable conditions. Con-
trols were independent of other systems in the building. The
refrigerated air conditioning had a∼ 0.56◦C (1◦F) deadband.
To reduce the rate of temperature change from the on/off be-
havior of this system, outside air was mixed with refrigerated
air before being injected into the room. The maximum mea-
sured temperature spread during data acquisition was 0.9◦C
(∼ 1.6◦F). Heating was performed with a steam heat ex-
changer with attached fan. The original fan and control sys-
tem were replaced with a variable speed, tuned, PI-controlled
system implemented with the main LabVIEW program, giv-
ing the heating system tight control of room temperature.

7 System Response Quantities
The SRQs are the experimental results used to com-

pare with simulation outputs and were listed in Table 1.
They are included for all phases of the transient and in-
clude uncertainty on all results. Since they are similar,
the ensemble-average and fluctuating velocity profiles in the
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form of Reynolds stresses are presented together. Addition-
ally, scalars of wall heat flux and wall shear stress are in-
cluded.

7.1 SRQ Description
Profiles of streamwise velocity u and Reynolds normal

stress u′u′ are shown in Figs. 9 & 10 respectively at three
locations in x for the top (x1), middle (x2), and bottom (x3).
The boundary layer thickness increases in the streamwise di-
rection x as evidenced in both the u and u′u′ profiles at the
initial condition as expected. The velocity profile shape gen-
erally remains similar, but is reduced in magnitude during the
first four seconds. The effects of natural convection become
visible at t = 8 s near the heated wall (y = 0). At t = 12 s
the profiles show a strong influence from natural convection.
The changes from t = 12− 16 s are subtle as steady natural
convection is asymptotically reached.

The results for Reynolds normal stress u′u′ show larger
uncertainty, but this is expected as fluctuations are more chal-
lenging to quantify than averages [22]. Initially u′u′ is ele-
vated near both walls as expected. The influence of natural
convection increases u′u′ near the heated wall initially. The
area of elevated u′u′ moves away from the wall over time.
The highest levels occur at t = 12 s, likely from a chaotic
flow reversal. The final measured state has reduced stresses
that may still be decreasing.

Previous methods to quantify wall shear have fit ex-
perimental velocity data with empirical correlations such as
Spalding or Musker profiles with high accuracy [23]. This
method works well for steady boundary layer data where
these two profiles are an accurate representation of veloc-
ity, but not for the transient conditions in the current study.
Therefore, wall shear stress was estimated directly from PIV
data as τs = µ ∂u

∂y

∣∣
y=0 where τs is wall shear stress and µ is

dynamic viscosity. High-resolution PIV data were used to fit
a line to velocity data within the range y+ = yuτ/ν ≤ 5 for
the velocity gradient at the wall ∂u

∂y

∣∣
y=0, where uτ =

√
τs/ρ

and ρ is the fluid density [15].
Initially 10 points were included in the fit and a stable

iterative method was used to calculate τs and the number of
data points to fit within y+ ≤ 5. The wall was located by
the particle images with a mask carefully defined. The linear
fit was performed using linear regression with more weight
given to velocity data with lower uncertainty [24]. The high-
resolution PIV data at x2 and associated linear fit are shown
in Fig. 11 for five phases of the transient. The fit was not
forced to the wall for two reasons: 1) the wall location de-
termined by the image has unknown errors and 2) these un-
known errors cannot be propagated in the uncertainty esti-
mation. The dynamic viscosity was evaluated using Suther-
land’s Law at the wall temperature. The fit uncertainty was
combined with the viscosity uncertainty using the Taylor Se-
ries Method [19].

Results for the scalars of wall heat flux and wall shear
stress are shown in Figs. 12 & 13 respectively at the three
x locations and through time with their associated uncer-
tainty bands. The experimental heat flux was measured with
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Fig. 9. The streamwise velocity u at three locations in x and five
phases of the transient

HFSs using the manufacturer-calibrated sensitivity. The un-
certainty included 5% bias while the random uncertainties
are based on the standard deviation of the measurements.
The experimental results from the HFSs show a low sensitiv-
ity to convection due to the thermal capacitance of the heated
wall in which they were embedded.

The wall shear results are somewhat noisy at high levels
of shear, likely from the decreased accuracy of PIV data near
walls with large velocity gradients and the relatively lower
number of points in the fit. When shear decreases, so does
the velocity gradient and more points can be used in the fit
for smoother results with decreased uncertainty. The shear
also changes sign smoothly as the near-wall flow reverses.

In the work by He and Jackson [7], several parameters
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Fig. 10. Reynolds normal stress u′u′ at three locations in x and five
phases of the transient

were presented to estimate the degree to which transient be-
havior should depart from that of pseudo-steady flow, mean-
ing an unsteady flow that is similar to steady flow at the
same instantaneous Reynolds number. They claimed three
non-dimensional parameters can be used to scale ramp-type
transient flows: the initial Reynolds number Re1, the final
Reynolds number Re2, and a ramp rate parameter α. These
parameters were defined for fully-developed flow in a pipe
without buoyancy effects, but in this work they were esti-
mated using the hydraulic diameter of the test section. He
and Jackson manipulated these parameters to give another
form of the ramp rate parameter as

γ =
D

uτ,0

(
1

ubulk,0

dubulk

dt

)
(10)
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Fig. 11. High-resolution PIV data near the heated wall with linear fit
that extends from the wall to the last data point with y+ ≤ 5

where D is pipe diameter, uτ,0 is the initial friction veloc-
ity, and ubulk,0 is the initial bulk velocity. Absolute values
of γ far below unity are expected to be pseudo-steady while
those greater than unity are expected to exhibit notable evi-
dence of transient behavior. The values for the parameters in
this study are shown in Table 5 and suggest the flow may be
somewhat pseudo-steady as the magnitude of γ is in a gray
area. Note that the final Reynolds number Re2 is in the oppo-
site direction to the initial based on the sign change of bulk
velocity shown in Fig. 3. To estimate dubulk/dt, a line was fit
to the bulk velocity curve from the initial condition until the
sign change. Instantaneous values of γ were also estimated.
The minimum and maximum values of instantaneous γ were
-0.237 and 0.013 respectively. The minimum value suggests
the flow transient may have an influence on results. This is
supported by the comparison of velocity results presented in
the next paragraph.

Table 5. Transient flow parameters used in this study

Re1 Re2 α γ

63,900 2,610 -2.46×107 -0.149

To assess any departure from pseudo-steady results, a
comparison is made between a steady case that was described
in the work of Lance et al. [?] in the same facility with the
same orientation using a phase with similar inlet bulk ve-
locity at t = 3.6 s. The streamwise velocity u is shown in
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Fig. 12. The heated wall heat flux plotted through time

Fig. 14 and shows only small differences except at x1, where
the transient results show much higher wall shear and conse-
quently high momentum in the boundary layer. The stream-
wise Reynolds stress u′u′ is shown in Fig. 15 and again shows
a high level of similarity, except at x1, where the turbulence
levels in the transient case are elevated very near the wall
and decreased away from the wall. The uncertainty bands
for the transient case are larger in both results, mostly due
to the higher random uncertainty from only having 100 runs
to ensemble-average in this phase compared to the 1000 im-
age pairs in the steady case. Nevertheless, the uncertainty
bands generally overlap. The transient profiles show notable
departure at x1 but are otherwise similar.

7.2 SRQ Data
Like the BC data, the SRQ data and their uncertainties

are tabulated for use in validation studies. They are con-
tained in comma separated files with the *.csv extension and
can be opened in a spreadsheet program or a simple text ed-
itor. All resulting PIV data are made available from both
cameras with headers similar to the BC PIV data presented
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Fig. 13. The heated wall shear stress plotted through time

earlier. They contain data at all three x locations as specified
in the files. As with the BC data, the full uncertainties at 95%
confidence are provided with unique positive and negative
uncertainties for Reynolds stresses. The small FOV data are
found in the file SRQ-Vel-SmallFOV.csv and the large FOV
in SRQ-Vel-LargeFOV.csv. Wall heat flux results are given
for all three sensors along x with specified bias, random, and
total uncertainty and found in the file SRQ-HeatFlux.csv.
Wall shear is similarly formatted, has the total uncertainty,
and is found in the file SRQ-Shear.csv.

8 Conclusions
This paper presented the study of a ramp-down flow

transient with heat transfer and buoyancy effects in simpli-
fied geometry to provide CFD validation benchmark data.
Repeated runs provided high-resolution data for ensemble-
averaging and turbulent statistics of high resolution data. The
provided BCs and SRQs, listed in Table 1 for the conditions
in Table 2, are tabulated and available for download. Un-
certainties are also included for all presented data. The data
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contain rich and comprehensive coverage of this flow. They
enable validation studies to assess model accuracy and are
necessary to calculate model form uncertainty.
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