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Measurements and Predictions of Turbulent Natural Convection
Adjacent to Backward-Facing Step

B. F. Armaly,* A. Li," H. I. Abu-Mulaweh,® and T. S. Chen®
University of Missouri-Rolla, Rolla, Missouri 65409

Measurements and predictions of turbulentnatural convection adjacent to a two-dimensional, vertical backward-
facing step in airflow are reported. The upstream and downstream walls of the backward-facing step geometry
were maintained at a constant and uniform temperature, while the backward-facing step was kept adiabatic.
The experiment was carried out for a backward-facing step height of 22 mm and a temperature difference,
between the heated walls and the mainstream, of 30°C. Measurements and predictions of the mean velocities and
temperature distributions, along with the distributions of turbulent intensities, turbulent heat fluxes, and Reynolds
stress components, are presented at various axial locations downstream of the backward-facing step. A reasonable
agreement appears to exist between the measured and the predicted mean quantities, but discrepancies still exist
between the measured and the predicted turbulence quantities.

Nomenclature

= gravitational acceleration

step height

turbulent kinetic energy

local Nusselt number based on

Xe, GuXel (AAT)

modified pressure p — pgx

wall heat flux, —A(07/0y), ¢

local mean temperature

temperature of the heated wall
mainstream temperature

temperature fluctuation

intensity of temperature fluctuations
local mean streamwise velocity
fluctuating velocity componentin the i
direction

= turbulentheat flux component
Reynolds normal stress component
Reynolds shear stress component
local mean transverse velocity
turbulent heat flux component
Reynolds normal stress component
streamwise distance from the step

= distance from the leading edge of the
upstream wall

reattachment length from step
transverse distance as measured from
the downstream wall

= thermal diffusivity

= coefficient of thermal expansion
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AT = temperature difference between the heated
wall and the mainstream, (7,, — 7T )
g = dissipation rate of turbulent kinetic energy
0 = nondimensionaltemperature,
(T —=Tw)/AT
A = thermal conductivity
v = kinematic viscosity
\ = turbulent viscosity
P = density
Ok, Og, O,
Cu s Csl s C52’
Cyz, Cy = constants
Introduction

LOW separationand subsequentreattachmentcaused by a sud-

den expansion in flow geometry, such as a backward-facing
step,occursin many engineeringapplicationswhere heating or cool-
ing is required. These heat transfer applicationsappear in electronic
cooling equipment, cooling of nuclear reactors, cooling of turbine
blades, combustion chambers, environmental control systems, and
many other heat transfer devices. A great deal of mixing of high-
and low-energy fluid occurs in the separated and reattached flow
region in these devices, thus impacting their heat transfer perfor-
mance. The backward-facing step geometry has been investigated
extensively, both numerically and experimentally, in the laminar
flow regime for natural, forced, and mixed convection flows."? On
the other hand, studies of turbulent flow have dealt mainly with
the forced convectioncase.’™ Some heat transfer and reattachment
length measurements for turbulentnatural convection flow of water
has been reported by Inagaki The lack of detailed measurements
or predictions of flow and thermal fields for turbulent natural con-
vection adjacentto a backward-facingstep has motivated this study.
Such detailed results are needed for optimizing the performance of
heat transfer devices and for developing or validating models for
simulating their behaviors.

Experimental Apparatus

The air tunnel that was constructed for this experimental study is
shown schematicallyin Fig. 1. It has a smooth convergingnozzle, a
straightsquaretest section,and a smoothdivergingdiffuser. The tun-
nel was constructed from a 1.27-cm-thick Plexiglas® plate material
with adequate steel frames and supports to provide a rigid structure.
The transparenttest section of this air tunnel allowed for optical flow
visualizations and facilitated the use of a laser Doppler velocime-
ter (LDV) for velocity measurements. The backward-facing step
geometry is supported in the test section of the tunnel and spans
its entire width (85.1 cm). A cross section of 63.5 cm (28.9 step
heights) by 85.1 cm (38.7 step heights) existedadjacentto the heated
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Fig. 1 Schematic of the apparatus; all dimensions are in centimeters.

walls for the developing two-dimensional boundary-layer airflow.
The backward-facingstep geometry is constructed with an upstream
wall 274.3 cm long and a downstream wall 83.1 cm long. Both the
upstream and the downstream walls can be heated to a constant and
uniform temperature. The heated upstream and downstream walls
are constructed from three layers that are held together by screws.
The upper layer is an aluminum plate (85.1 cm wide and 1.27 cm
thick) instrumented with several thermocouples that are distributed
in the axial direction along its entire length. Each thermocouple is
insertedinto a small hole from the backside of the wall, and its mea-
suring junctionis flush with the test surface. Several thermocouples
are distributed along the width of the heated wall at different axial
locations for assessing uniformity of temperature in that direction.
The middle layer of the heated wall consists of several heating pads
that are controlled individually for the level of electrical energy in-
put. By controlling the level of electrical energy input to each of
the heating pads and monitoring the local temperature of the heated
wall with theembeddedthermocouples, its temperaturecan be main-
tained constant and uniform to within 0.2°C. The bottom layer of
the heated wall is a 1.91-cm-thick plywood board serving as back-
ing and support for the heated wall structure. The backward-facing
step is made of Plexiglas, and it is insulated to approximate the be-
havior of an adiabatic surface. The front edge of the upstream wall
is chamfered to ensure a proper developmentof the boundary-layer
flow. The edges of the upstream and downstream walls, which are
in contact with the step, are also chamfered to minimize the contact
area with the backward-facing step and hence the conduction heat
transfer between the heated walls and the step, as shown in Fig. 1.
Air velocity and temperature are measured simultaneously by
using a two-component LDV and a cold-wire anemometer, re-
spectively. The LDV system is equipped with an automated three-
dimensional traverse system for positioning the measuring LDV
probe volume at any desired pointin the flow domain. The cold-wire
probe, which is equipped with a separate traverse system, is placed
within 2 mm downstream from the measuring LDV volume. With
this arrangement temperature and velocity are measured simultane-
ously at two different points that are separated by 2 mm from each
other, but are in the same plane above the heated wall. This is a weak-
ness of this technique that could not be remedied, and its impact on
the final resultsis negligible. The simultaneousoutputs fromboth the
LDV and the cold-wire anemometer are then processed through an

A/D converterand suitable software on an IBM personalcomputerto
determine the local instantaneous velocity and temperature. These
measurements are used to determine the mean velocity and tem-
perature, intensity of temperature fluctuations, turbulent heat flux
components,Reynolds normal and shear stress components, and lo-
cal Nusselt number distributions. The small separation between the
velocity and temperature measuring positions (2 mm in the stream-
wise direction) contributes less than 2% error to the deduced local
turbulent heat flux components (ut and vf). The magnitude of this
error depends on the streamwise gradients, which are small at most
of the measured locationsin this experiment.

It was established, through repeated LDV measurements, that
1024 acceptable LDV samples of the local instantaneous fluctuating
velocity componentare sufficient to repeatedly and accurately deter-
mine the local mean velocity in the flow domain for the experimental
conditions that are described in this study. The acceptable sampling
rate for these measurements varied between 10 and 100 samples per
second. All of the reported data in this study represent the average
values of two separate measurements taken back to back, each of
which has a sample of 1024 instantaneous measurements. The re-
peatability of the mean velocity and temperature measurements in
the separated region was determined, by using this scheme, to be
within4% and 0.25°C (0.5%), respectively. The uncertaintiesin the
measuredresults are reportedin the appropriatesectionof this paper.

The two-dimensionalnature of the flow was verified through flow
visualization and through measurements of velocity and tempera-
ture across the width of the air tunnel at various heights above the
heated wall. These measurementsdisplayeda wide region (65 cm or
80% of the total width of the tunnel around its center z =0), where
the velocity and temperature distribution, in the z direction at fixed
distance from the heated wall, could be approximated (to within 5%)
as uniform and two-dimensional flow. Similarly, velocity and tem-
perature measurements were made at the center of the tunnel’s width
(z =0) and normal to the heated wall, at various axial locations, to
determine the conditions in the mainstream. These measurements
reveal that the effects of the backward-facing step and the thermal
conditions of the wall on the mainstream diminish at distances be-
yond 10 step heights (22 cm) in the transverse direction away from
the heated wall. Velocity and temperature measurements in the re-
gion of 10-20 step heights (22-44 cm) in the transverse direction
away from the heated wall displayed a mainstream flow region with
uniform velocity and temperature distributions that are equivalent
to the freestream condition of a natural convection boundary-layer
flow. In addition, the flow adjacent to the unheated wall of the tun-
nel (wall opposite to the heated wall) was visualized to establish the
existence of reversed flow in that region. These observationsestab-
lished that a reverse flow existed in the upper part of the tunnel in
a small and very narrow region adjacent to the unheated wall. That
region was very narrow, and it did not penetrate into the domain
where measurements were made. All of the reported measurements
were taken along the midplane (z =0) of the tunnel’s width and only
after the system had reached steady-state conditions.

Flow visualizationswere performed to verify the proper develop-
ments of the boundary layer at the starting edge of the heated wall
and to observe the general nature of the flow at various axial loca-
tions. A 15-W collimated white light beam, 2.5 cm in diameter, and
also a fiber optics laser light sheet were used in that process. Glyc-
erin smoke particles, 2-5 um in diameter, which were generated by
immersing a 100-W heating elementinto a glycerin container, were
used as scattering particles for flow visualization and also for LDV
measurements.

Measurements in the air tunnel revealed that under steady-state
operation the temperature of the mainstream flow increased by ap-
proximately 3°C (from 22 to 25°C) along the length of the tunnel
(equivalent to 0.9°C/m). This increase in mainstream temperature
alongthelengthofthe tunnelis expectedbecauseof the confining na-
ture of the tunnel’s walls. A small fractionof the energy added to the
heated wall is transported to the center of the tunnel (mainstream),
thus causing the temperature in that region to increase slightly with
length. In the section of the tunnel where measurements were made
and reported in this study (i.e., in the 25-cm region upstream from
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the backward-facing step), the temperature of the mainstream in-
creased by less than 0.25°C.

Numerical Simulation

The experimental conditions are numerically simulated by con-
sidering the domain that is shown in Fig. 2a. The heated upstream
wall (2.75 m in length) and the heated downstream wall (0.8 m in
length) are maintained at a uniform and equal temperature. An adia-
baticbackward-facingstep with a heightof H =2.2 cm connectsthe
upstream wall to the downstream wall. The temperature difference
between the heated walls and the mainstream air flow is 30°C.

The Ince and Launder turbulence model’ for buoyancy-driven
turbulent flow is used to simulate the experimental flow and thermal
conditions. The governing conservationequations can be expressed
as follows:
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Fig. 2 Schematic of physical and computational domain.
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The computational domain used in the simulation is shown in
Fig. 2b. The inlet section (A-E) is placed at the step, and the exit
section (C-D) is placed at 1.6 m downstream from the step. To min-
imize the effects of the imposed outlet boundary conditions on the
flow near the step, the length of the downstream heated wall is in-
creased in the simulation to 1.6 m (twice the experimental value).
The width of the outlet section (C-D) was taken as 0.635 m, equiv-
alent to the experimental conditions. The boundary conditions for
this geometry are as follows:

1) At the solid walls (A-B-C), U =V =k=¢=0,T =T, on
B-C, and (07/0x), -9 =0 on A-B.

2) At the inlet section (A-E), measured values were used, where
k was considered to be equal to uu and ¢ was determined from the
computed profiles of natural convection along a vertical flat plate at
that section.

3) At the outlet section (C-D), oU/ox =0V /ox =0T/ox =
ok/ox =oe/ox =0.

4) At the mainstream (E-D), U =0, 0V/0y =0, T =T, and
small values were assigned for k and ¢ (1072).

5) The coefficients appearingin the model are as follows: ; =0.9,
o =10,0.=13,C;;=144,C,, =192, C3=1.44, C, =0.09,
and C, =2.5.

The preceding turbulence model was implemented in a finite vol-
ume computational fluid dynamics code utilizing the SIMPLER
algorithm. A nonuniform grid system is used in the computational
domain. The grid is highly concentrated in the recirculating flow
region. Two different grid systems, with NX X NY =255 X 148 and
128 X 75, were tested for the experimental geometry, and the results
for the reattachment length (x, ), along with the maximum values of
the Nusselt number (Nu, ), velocity, and turbulent kinetic energy,
were compared at three streamwise locations x/ H =0.5, 1.0, and
3.0. None of these results deviated by more than 5%. As a result,
the finer grid system was used in the present simulation. Thermo-
physical properties of air were treated as constants and evaluated at
the average film temperature of 35°C, and the Boussinesq approxi-
mation was used to evaluate the buoyancy term.

Results and Discussion

The operation of the air tunnel, its instrumentation, along with
the accuracy and the repeatability of the measurements were vali-
dated by performing measurements of turbulent natural convection
boundary-layer flow adjacent to an isothermal vertical heated flat
plate. The upstreamheated wall of the presentbackward-facingstep
geometry served as the test surface for these measurements. Both
measured flow and thermal fields for this case compared very fa-
vorably with those reported by Cheesewrightand Mirzai® as shown
in Abu-Mulaweh et al.” This validates the performance of the air
tunnel and its instrumentation.

The general flow behavior, as predicted, downstream of the step
isillustratedin Fig. 3 for the region thatis close to the step. The up-
stream flow detaches at the sharp upper corner of the step, forming
a free shear layer. The region that is far away from the step (10-20
step heights in the transverse direction) is not shown in Fig. 3, and
the flow in that region is not affected by the step. That regionis des-
ignated as the mainstream region. The separating shear layer curves
sharply toward the downstream wall. Part of the separating shear-
layer fluid is deflected upstream into a recirculating flow region by
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a strong adverse pressure gradient. Downstream of reattachment a
new sub-boundary layer begins to grow up through the reattached
layer. Part of the reversed flow is deflected again toward the bottom
corner of the step to form a secondary recirculating flow region. The
two recirculating flow regions are clearly observed in Fig. 3. The
secondary flow region is larger in size than its equivalent for forced
convection flow primarily because of the buoyancy-assistingforce.
The predicted reattachment length for the experimental conditions
isx, =6.8 cm (x,/ H =3.1). Experimental observationsreveal that
the reattachment length is not steady, and it oscillates in the region
between5.5 < x, < 6.5 cm and that compares well with predictions.
Measurements that are reported in this region represent the average
value resulting from these oscillations.

A comparison between the predicted and measured local mean
streamwise velocity distributionsis presented in Fig. 4. The profile
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Fig. 5 Local mean transverse velocity. (Uncertainty iny is 0.1 mm and
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at x =0 corresponds to the inlet boundary condition in the numer-
ical simulation. For the results at x =0, the normal distance y is
measured from the surface of the upstream wall. The predicted re-
sults downstream from the step are seen to compare favorably with
measured values. The velocity distribution at x =3.5 cm exhibits
negative values close to the heated wall because that plane is in
the recirculating flow region. The maximum local mean streamwise
velocity decreases as the distance from the step increases up to the
reattachment region because of the sudden expansionin geometry,
and then starts to increase as the distance from the step continuesto
increase because of the buoyancy-assistingforce. The distance be-
tween the wall and the maximum velocity positionbecomes smaller,
and the wall shear stress becomes larger as the distance from the
step continues to increase. The uncertainties in the measurements
are 0.l mm iny, ] mminx, and 3% in U.

A comparison between the predicted and measured local mean
transverse velocity distributions is presented in Fig. 5. Here again
the profile at x =0 correspondsto the inletboundary conditionin the
numerical simulation. The predicted results compare favorably with
measured data, with the maximum deviation occurring in the outer
region of the reattached flow (x =25 cm), where the magnitude of
that velocity component is very small and the sensitivity to mea-
surements error is large. All of the local mean transverse velocity
distributionsexhibit negative values at the outer edge of the recircu-
lating flow region, indicating flow entrainment from the main fluid
stream into that region. In addition, the local mean transverse velo-
cities in the very narrow region close to the heated wall are always
positive. The effect of the step has diminished at x =25 cm, and the
flow downstreamof thatlocationcanbe approximatedas developing
boundary-layer flow. The local mean streamwise velocity distribu-
tion at that cross section, in Fig. 4, confirms that behavior. The figure
also shows that in the recirculating flow region (x =3.5 cm) the lo-
cal mean transverse velocity component is positive when the local
mean streamwise velocity component is negative. The uncertainty
in the measured values for V is 3%.

A comparison between the predicted and measured nondimen-
sional local mean temperature distributions 0 is presentedin Fig. 6.
The predicted results compare favorably with measured values. A
kink in the temperature distribution can be observed at x =3.5 and
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6.0 cm, which is caused by the shear layer that bounds the recir-
culating flow region. The temperature distribution asymptotically
approaches the mainstream temperature as the distance from the
heated wall increases. The local heat flux for the heated downstream
wall was determined from the measured local temperature distribu-
tion (temperature gradient at the wall) inside the laminar sublayer
that is adjacent to the heated wall. The air temperature was mea-
sured at four different locations within 0.5 mm from the wall, by
the cold-wire anemometer, in order to determine the local temper-
ature gradient at the heated wall. The data from these temperature
measurements could not be displayedin Fig. 6 because of scale lim-
itations. Air temperature distributionsin the laminar sublayer near
the heated wall were linear, and the temperature fluctuation in that
regionwas very small (near zero). The local air temperature gradient
at the wall was used to determine the local heat flux g,, and the local
Nusselt number Nu,. This method for determining the wall temper-
ature gradient and the Nusselt number in turbulent flow was used
successfully also by Qiu et al.!® The local Nusselt number distribu-
tion deduced from these measured temperature gradients compares
favorably with the predicted values, as shownin Fig. 7. In the region
close to the step, the magnitude of the local Nusselt numberis lower
than that of a flat plate (reaching a minimum), and that is because of
the relatively low flow velocities that occur in the secondary recir-
culating flow region. The Nusselt number increases with increasing
distance from the step, reaching a maximum value of almost twice
that of a flat plate in the vicinity of the reattachmentregion. The im-
pact of the relatively cooler fluid from the shear layer on the heated
wall and the deflection of cooler fluid into the primary recirculat-
ing flow region cause this rapid increase in the Nusselt number. The
magnitude of the local Nusseltnumber decreasesand asymptotically
approaches the flat-plate value as the distance continues to increase
in the streamwise direction. The uncertainty in the measured val-
ues for the temperature T is 0.05°C, for the wall temperature 7, is
0.2°C, for 0 is 1%, and for the Nusselt number Nu, is 6%.
Comparisons between the measured and predicted results for the
Reynolds normal stress componentsuu and vv and for the intensity
of the temperature fluctuations 77 are presented in Figs. 8, 9, and
10, respectively. The turbulence model that is used in the simulation
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does not predict the intensity of the temperature fluctuations, and
for thatreasonFig. 10 containsonly measured values. Predicted and
measure valuesin Figs. 8 and 9 appearto have similar trends, but the
difference between them is significant. These results show that the
Reynolds normal stress componentsand the intensity of temperature
fluctuations, at any streamwise location, increase to a maximum
as the transverse distance from the heated surface increases. They
start to decrease as the transverse distance from the heated surface
continuesto increase,reaching a minimum value in the mainstream.
The maximum of the two Reynolds normal stress components, at
any streamwise location,appearsto occurat approximatelythe same
distance from the heated wall, but the location of the maximum
intensity of the temperature fluctuations appears to occur at a closer
distance. The uncertainty in the measured results are 6% in uu, 6%
invv, and 4% in 1.

A comparison between the measured and predicted Reynolds
shear stress component v, turbulent heat flux components uf, vi
are presented in Figs. 11, 12, and 13, respectively. Predicted values
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Table 1 Turbulent natural convection over a backward-facing step and temperature and velocity measurements
(x=0cm,H=22mm, AT =30°C)

y, mm U, m/s V, m/s T, °C wu, m?/s? Vv, m?/s? v, m2/s? 1, °C? ut, m/s°C v, m/s°C
3 0.4243 —-0.0016 40.9000 0.0078 0.0055 0.0023 10.7800 0.0392 0.0270
4 0.4679 —-0.0101 39.7500 0.0049 0.0033 0.0004 9.2500 0.0404 0.0419
5 0.4874 -0.0148 38.6800 0.0069 0.0024 0.0006 8.6560 0.0735 0.0380
6 0.4841 —-0.0151 38.0600 0.0065 0.0040 0.0008 7.8650 0.0755 0.0596
8 0.4844 —-0.0188 36.5100 0.0068 0.0035 0.0010 6.8880 0.0918 0.0613
10 0.5133 —-0.0196 34.9200 0.0093 0.0044 0.0012 7.0910 0.0854 0.0701
12 0.5151 —0.0205 34.1300 0.0096 0.0051 0.0015 5.7080 0.0939 0.0532
15 0.5030 —-0.0186 33.6600 0.0077 0.0064 0.0021 5.4860 0.0766 0.0772
20 0.4738 —-0.0201 32.5200 0.0106 0.0059 0.0023 3.7660 0.0741 0.0560
25 0.4677 -0.0175 31.8400 0.0108 0.0068 0.0027 3.3500 0.0580 0.0539
30 0.4131 —-0.0158 31.6200 0.0116 0.0069 0.0036 2.5040 0.0561 0.0503
40 0.3515 —-0.0172 31.5300 0.0125 0.0068 0.0047 1.0750 0.0501 0.0376
60 0.2910 -0.0161 30.3600 0.0127 0.0070 0.0044 1.1230 0.0271 0.0181
80 0.2264 —0.0088 30.5700 0.0124 0.0062 0.0040 0.5299 0.0112 0.0120
100 0.1718 —-0.0053 29.9900 0.0110 0.0060 0.0040 0.3956 0.0094 0.0073
125 0.0892 —-0.0074 30.4500 0.0088 0.0053 0.0037 0.2942 0.0005 0.0012
150 0.0729 —-0.0037 29.9000 0.0059 0.0035 0.0030 0.5905 —-0.0018 —0.0006
175 0.0266 0.0027 30.1600 0.0043 0.0031 0.0022 0.3604 —0.0003 0.0004
200 0.0162 —0.0024 30.1500 0.0030 0.0022 0.0009 0.4830 0.0016 —0.0030
225 0.0160 0.0025 30.2700 0.0029 0.0021 0.0008 0.3859 —0.0006 —0.0047

Table 2 Turbulent natural convection over a backward-facing step and temperature and velocity measurements

(x=3.5cem, H=22mm, AT =30°C)

y, mm U, m/s V,m/s T,°C wu, m?/s? v, m?/s? uv, m?/s? t, °C? ut, m/s°C Vi, m/s°C
3 -0.0375 0.0464  47.1900 0.0073 0.0062 0.0029 5.1560 0.0573 0.0112
4 —0.0668 0.0218  45.9200 0.0055 0.0044 0.0003 5.8610 0.0405 0.0408
5 —0.0450 0.0144  44.9600 0.0063 0.0064 0.0007 5.1970 0.0201 0.0362
6 —-0.0223 0.0174  44.7400 0.0066 0.0078 0.0004 4.4810 0.0130 0.0463
7 —0.0061 0.0021 44.3100 0.0073 0.0079 —0.0007 5.6990 0.0189 0.0401
11 0.0672 —0.0316  43.4600 0.0083 0.0082 —0.0039 6.4070 —0.0030 0.0568
15 0.1849 —0.0816  42.2300 0.0083 0.0082 —0.0042 10.4100 —0.0594 0.1171
20 0.3598 —0.1104  39.3000 0.0075 0.0062 —0.0011 11.4300 0.0408 0.0887
25 0.4467 —0.0860  36.7900 0.0095 0.0081 0.0017 8.5430 0.1161 0.0936
30 0.4454 —0.0815 35.2000 0.0107 0.0064 0.0023 5.4930 0.1127 0.0760
40 0.4081 —0.0658 33.4500 0.0112 0.0071 0.0034 2.9450 0.0819 0.0547
60 0.3277 —0.0405 32.1500 0.0134 0.0061 0.0041 0.9881 0.0508 0.0283
80 0.2548 —-0.0221 31.7700 0.0132 0.0062 0.0044 0.5443 0.0333 0.0156
100 0.2038 —0.0214  30.9400 0.0104 0.0054 0.0039 0.2879 0.0111 0.0068
125 0.1395 —-0.0135 30.9100 0.0087 0.0051 0.0030 0.1918 0.0031 0.0044
150 0.0683 —-0.0106  31.0200 0.0065 0.0036 0.0024 0.1423 —0.0083 —0.0034
175 0.0356 —-0.0136  30.9200 0.0040 0.0021 0.0013 0.1217 —0.0097 —0.0017
200 0.0042 —0.0140  30.8200 0.0021 0.0016 0.0001 0.0546 —0.0083 —0.0027
225 —-0.0171 —0.0146  30.7900 0.0009 0.0016 0.0001 0.0340 —0.0062 —0.0029

Table 3 Turbulent natural convection over a backward-facing step and temperature and velocity measurements
(x=6cm, H=22mm, AT =30°C)

y, mm U, m/s V,m/s T,°C i, m?/s? v, m?/s? v, m?/s? tt, °C? ut, m/s°C Vi, m/s°C
3 0.0914 0.0203 41.24 0.0107 0.0074 0.0017 6.664 —-0.034 0.016

4 0.0835 —0.0318 39.7900 0.0094 0.0046 —0.0016 7.0690 —0.0558 0.0300
5 0.0934 —0.0413 39.2400 0.0095 0.0072 —0.0028 7.2150 —0.0588 0.0171
6 0.1203 —0.0578 39.0100 0.0079 0.0060 —-0.0025 7.6800 —0.0461 0.0113
8 0.1716 —-0.0916 38.1900 0.0079 0.0067 —0.0036 9.2770 —0.0642 0.0256
12 0.2491 —-0.1012 37.6900 0.0088 0.0069 —0.0036 9.0460 —0.0069 0.0455
15 0.3110 —0.1061 36.6600 0.0083 0.0069 —0.0022 9.9190 —0.0470 0.0549
20 0.3674 —0.0843 34.9000 0.0122 0.0099 0.0012 9.3000 0.1031 0.0446
25 0.4168 —0.0787 33.8200 0.0128 0.0087 0.0002 7.4270 0.1172 0.0583
30 0.4184 -0.0777 31.8700 0.0147 0.0067 0.0012 5.4610 0.1188 0.0630
40 0.3754 —0.0582 32.2000 0.0126 0.0069 0.0023 3.4850 0.0555 0.0367
60 0.3089 —0.0211 31.5900 0.0130 0.0085 0.0033 2.7860 0.0293 0.0300
80 0.2871 —-0.0126 30.1200 0.0174 0.0070 0.0052 2.1290 0.0238 0.0152
100 0.2431 0.0031 29.9100 0.0142 0.0078 0.0044 2.1240 —0.0040 0.0116
125 0.1690 0.0120 30.1200 0.0125 0.0079 0.0046 1.9540 0.0018 —-0.0121
150 0.1397 0.0108 30.3200 0.0121 0.0074 0.0043 1.2480 —-0.0185 -0.0171
175 0.0902 0.0099 30.2100 0.0115 0.0063 0.0034 1.3660 —0.0090 —0.0140
200 0.0415 0.0053 30.3100 0.0069 0.0037 0.0007 1.1030 —0.0140 —-0.0149
225 0.0261 0.0019 30.3200 0.0069 0.0029 0.0005 0.8366 —-0.0125 —0.0036




ARMALY ET AL. 591

Table 4 Turbulent natural convection over a backward-facing step and temperature and velocity measurements
(x=25cm, H=22mm,AT=30°C)

y, mm U, m/s V,m/s T,°C uu, m?/s? v, m?/s? uv, m?/s? tt, °C? ut, m/s°C Vi, m/s°C
3 0.3848 0.0259 43.88 0.0085 0.0054 0.0028 6.766 0.0251 0.0185
4 0.4036 0.0210 41.6200 0.0073 0.0026 0.0008 6.5920 0.0167 0.0230
5 0.3969 0.0146 41.8700 0.0062 0.0028 0.0006 6.1030 0.0373 0.0306
6 0.4099 0.0136 41.9100 0.0061 0.0024 0.0005 5.5770 0.0374 0.0315
8 0.4236 0.0152 39.7600 0.0066 0.0030 0.0009 6.5910 0.0560 0.0405
10 0.4100 0.0087 39.1700 0.0061 0.0030 0.0007 5.4920 0.0576 0.0332
12 0.4233 0.0151 37.6100 0.0065 0.0040 0.0009 5.7930 0.0430 0.0470
15 0.3987 0.0149 37.7800 0.0077 0.0038 0.0014 4.7750 0.0717 0.0403
20 0.3820 0.0116 37.4400 0.0084 0.0038 0.0014 4.0540 0.0667 0.0342
25 0.3733 0.0123 35.6100 0.0086 0.0057 0.0019 3.8960 0.0599 0.0455
40 0.3520 0.0097 32.8300 0.0131 0.0059 0.0027 2.4250 0.0562 0.0407
60 0.3034 0.0055 31.2800 0.0132 0.0072 0.0039 1.2720 0.0397 0.0310
80 0.2650 0.0003 30.9800 0.0130 0.0069 0.0044 0.9139 0.0246 0.0147
100 0.1834 0.0079 30.8500 0.0104 0.0060 0.0039 0.5997 0.0095 0.0063
125 0.1288 0.0047 30.9800 0.0084 0.0053 0.0031 0.7855 —0.0000 —0.0026
150 0.0973 0.0128 31.0100 0.0082 0.0051 0.0030 0.7340 —0.0008 —0.0044
175 0.0555 0.0050 30.9800 0.0073 0.0042 0.0022 0.8114 0.0019 —0.0050
200 0.0523 0.0025 31.0000 0.0074 0.0036 0.0016 0.8189 —0.0030 —0.0060
225 0.0531 —0.0079 31.0300 0.0072 0.0036 0.0006 0.8346 0.0006 —0.0061
02 Table 5 Turbulent natural
. Exp. convection over a backward-facing
_ . step and Nusselt number
Caiculation measurements (H =22 mm,
AT=30°C)
x=0mm X, cm Nu,
LA 2 377
3 396
4 600
5 676
6 885
7 876
- v 10 770
— ’ 15 699
20 555
25 552
=60mm
. x=60 Conclusions
. Measurements and predictions of the flow and thermal fields in
015t turbulentnatural convection adjacentto a vertical two-dimensional
backward-facingstep are presented. The general behavior of the re-
'; 0.1 sults is similar to that of separated forced convection flow adjacent
to such a geometry. The maximum local Nusselt number, which
0.05 . . . ..
x=250mm is approximately twice that of the flat-plate value at similar flow
] N conditions, occurs in the reattachment region. For the experimen-
— vim) 1 (X tal conditions the reattachment region is not steady, and its center

Fig. 13 Turbulent heat flux component vt. (Uncertainty in y is 0.1 mm
and in vt is 6 %.)

appear to have similar trend as the measured values, but the dif-
ference in their magnitudes is significant. A minimum and a max-
imum appear to exist in their distributions in the plane where re-
circulating flows exist (x =3.5 cm), and they all are of the same
order of magnitude. The magnitude decreases, after its maximum
value, asymptotically to zero in the mainstream. The maximum
in the transverse component of the turbulent heat flux distribu-
tion V7 occurs at approximately the same distance from the wall
as the maximum for the intensity of the temperature fluctuations.
The uncertainty in these measured values for uv, ut, and V7 is
6%.

All of the graphicallyreportedresults are also presentedin tabular
form (Tables 1-5) for use in future comparison with other numer-
ically simulated results for this geometry and experimental condi-
tions.

varies between 5.5 and 6.5 cm or 2.5-2.95 step heights. Predictions
compare favorably with measurements of mean quantities (velocity,
temperature, Nusselt number, and reattachmentlength), but the tur-
bulent fluctuating quantities do not fair that well. Other turbulence
models should be explored for the purpose of providing a better
comparison with the fluctuating quantities.
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