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Abstract

Measurements of heat transfer and fluid flow of turbulent mixed convection boundary-layer air flow over an isothermal two-dimensional,
vertical forward-facing step are reported. The upstream andsioeam walls and the step itself were heated to a uniform and constant
temperature. Air velocity and temperature distributions and their turbulent fluctuations are measured simultaneously by using, respectively, a
two-component laser-Doppler velocimeter (LDV) and a cold wire anemometer. The present study examines the effect of forward-facing step
heights on turbulent mixed convection flow along a vertical flat plate. The experiment was carried out for step heights of 0, 11, and 22 mm,
at a free stream air velocity,, of 0.55 ms~1 and a temperature differenc&T, of 30°C between the heated walls and the free stream air
(corresponding to a local Grashof numiar,; = 6.45 x 109). It was found that the turbulence intensity of the streamwise and transverse
velocity fluctuations and the intensity of temperature fluctuations downstream of the step increase as the step height increases. Also, it wa:
found that both the reattachment length and the heat transfer rate from the downstream heated wall increase with increasing step height.
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1. Introduction occurs in the reattached flovegion in these heat trans-
fer devices, thus affecting threheat transfer performance.
Convective heat transfer in separated-reattached flowBackward-facing and forward-facing steps are the most sim-
fields is an interesting and important phenomenon. The ple and fundamental geometries where flow separation and
existence of flow separation and subsequent reattachmensubsequent reattachment occur. Owing to this fact, a large
caused by a sudden compression in flow geometry, such asiumber of studies have been conducted in relation to these
a forward-facing step, grég influences tie mechanism of  two step geometries.
heat transfer. It is well established that there is a large vari- The problem of turbulent flow over backward-facing step
ation of the local heat transfer rate within separated flow geometry in natural, forced, and mixed convection has been
regions and substantial heat transfer enhancement may reexamined rather extensively in the past (see, for example,
sult in the reattachment zone. Thus, in thermal engineering\/oge| and Eaton [1], Abe et al. [2], Rhee and Sung [3], In-
applications where cooling or heating is required, it is es- agaki [4], and Abu-Mulaweh et al. [5—7] and the references
sential to understand the basic mechanism of heat transfer ir}herein). On the other hand, the problem of turbulent flow
such flows. These heat transfer applications appear in cool-gyer a forward-facing step has received very little attention.
ing systems for electronic equipment, combustion chambers,pecently, the effect of free stream velocity on turbulent nat-
chemical processes and energy systems equipment, high pety»| convection flow over a vertical forward-facing step was
formance heat exchange_rs_, and cgolmg passages in tur_b'n%xamined by Abu-Mulaweh et al. [8]. To the best knowledge
blades. A great deal of mixing of high and low energy fluid of the author, the effects of forward-facing step heights on
the flow and heat transfer charadstics of turbulent mixed
E-mail address: mulaweh@engr.ipfw.edu (H.1. Abu-Mulaweh). convection along a vertical flat plate have not been published

1290-0729/% — see front mattér 2004 Elsevier SAS. All rights reserved.
doi:10.1016/j.ijthermalsci.2004.08.001



156 H.I. Abu-Mulaweh / International Journal of Thermal Sciences 44 (2005) 155-162

Nomenclature
Gry; local Grashof numbesg: g8(T,, — Too)x?/v2 U dimensionless mean streamwise velocity,
g gravitational acceleration.............. -gn? =u/u*
h local heat transfer coefficient, v mean transverse velocity .............. am
= —k(dT/8y)y—0/(Tyy — Too) . W-m~2.°C71 v'2 intensity of transverse velocity
k thermal conductivity........... wh—1.°oc1 fluctuations................. ... .. ... pg 2
Nuy  local Nusselt numbets hx*/k 1% dimensionless mean transverse velocity;/u*
s StEP NEIGNt . oo eveeeeee e mm ¥y  streamwise and transverse coordinates
T fluid temperature ....................... °C measured from the downstream plate ... . ... .. m
Too free stream temperature ................ °C x* SX L e m
Ty wall temperature.......................°C i inlet length upstream of the step ... E
. intensity of temperature fluctuations .. . . o2 Xy reattachmentlength.......................
u mean streamwise velocity ............. ant Greek symbols
Uoo free stream velocity ................... -ent B coefficient of thermal expansion .. .. .. . . K
u* reference velocity, AT  temperature difference; (T — Tno) . ... . °C
o =[gB(Tw — Too)xi 1Y% .o, et 0 dimensionless temperature,
u'? intensity of streamwise velocity =(T — Too)/(Ty — Txo)
fluctuations ... ......oovevneennn... s 2 v kinematic viscosity .. ................ st
in the open literature. A lack of detailed measurements of FANASSEVBLY \
time-mean and fluctuating flownd thermal fields in tur- DIFFUSER Sasd —
bulent mixed convection flow for such step geometry has T[T %
motivated the present study.
The present study extends the author’s earlier work Abu- i~ DOWNSTREAM PLATE
Mulaweh et al. [8] and examines the effect of forward-facing 813
step height on turbulent mixed convection along a verti- CO-D-WIRE TRAVERSE ——[
cal flat plate. The upstream and downstream walls and the -
forward-facing step itself were heated to a uniform and con-
stant temperature. Results of interests such as time-mean
velocity and temperature, intensities of velocity and temper- 4115
ature fluctuations, reattachemt lengths and local Nusselt
number distributions are reported to illustrate the effect of | F
forward-facing step heights on turbulent mixed convection
along a vertical flat plate.
UPSTREAM PLATE
2. Experimental apparatusand procedure -
— 85.1—|
The experimental investigation was performed in an ex- NOZZLE E—

isting low turbulence (less than 1%), open circuit air tunnel o3 e
that was oriented vertically, with air flowing in the upward J

direction. Details of the air tunnel have been described by

Abu-Mulaweh et al. [5] and a schematic of the tunnel is Fig. 1. Schematic of the air tunnel.

shown in Fig. 1. It has a smooth converging nozzle, a straight

square test section, and a smooth diverging diffuser. Plasticfor flow visualizations and permits the use of a laser-Doppler
honeycomb and stainless steeteens are placed at the inlet velocimeter for velocity measurements. The step geometry is
of the air tunnel to straighten the flow and to minimize the supported in the test section of the tunnel and spans its entire
free stream turbulence in the test section. A variable-speedwidth (851 cm). A cross section of 68 x 85.1 cm is pro-
suction fan is attached to the end of the diffuser section. Thevided adjacent to the test surface in the test section for the
tunnel is constructed from a7 cm thick plexiglass plate  developing boundary layer air flow.

and a 191 cm plywood board with adequate steel framesand  Fig. 2 shows a schematic diagram of the step geometry
supports to provide a rigid structure. The test section, which which consists of a forward-facing step (22 mm in height),
is constructed from transparent plexiglass material, allows an upstream wall (278 cm in length), and a downstream
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locity and temperature. Thesgeasurements were then used
to determine the time-mean velocity and temperature, in-
tensities of velocity and temperature fluctuations, and local
X Nusselt number distributions.

It was established, through repeated LDV measurements,
that 1024 acceptable LDV samples of the local instanta-
neous fluctuating velocity component were sufficient to re-
peatedly and accurately det@ne the local mean velocity
and temperature in the flodomain. The acceptable sam-
pling rate for these measuremts varied between 10 and
100 samplesec . All of the reported data in this study re-

A sulted from taking the averagétavo separate measurements
taken back to back, each having a sample of 1024 instanta-
T IF X neous measurements.

W 1 oy .

The repeatability of the mean velocity measurements was
determined to be within 4%, and that of the temperature
measurements was within 0.26 (0.8%). The uncertainties
in the measured results were estimated (at the 95% confi-
dence level) according to the procedure outlined by Mof-
fat [11] and they are reported in the appropriate section of
this paper.

Fig. 2. Schematic of the step geometry. Flow visualizations were also performed to verify the

boundary-layer development and its two-dimensional na-

wall (81.3 cm in length). Both the upstream and the down- ture. These flow visualizations were carried out by using
stream walls and the step itself were heated to a constanta 15 W collimated white light beam,.2 cm in diameter.
and uniform temperature. The heated walls were made of Glycerin smoke particles, 2 to 5 microns in diameter, which
three composite layers that were held together by screws.are generated by immersing a 100 W heating element into a
The upper layer was an aluminum plate .(B6m wide and glycerin container, are added to the inlet air flow and used as
1.27 cm thick) instrumented with several thermocouples that scattering particles for flow visualization and for LDV mea-
were distributed in the axial direction along its entire length. surements.
Each thermocouple is inserted into a small hole from the
backside of the plate and its measuring junction is flush with
the test surface. The middle layer consists of several heating3. Results and discussion
pads that can be controlled individually for electrical energy
input. By controlling the level belectrical energy input to The boundary layer development in the experimental
each of the heating pads, and ritoring the local tempera-  set up, along with its two-dimensional nature, was verified
ture of the heated walls with the imbedded thermocouples, through flow visualization and through measurements of ve-
the temperature of the heated surface can be maintained conlocity across the width of the tunnel, at various heights above
stant and uniform to within 0.2C. The bottom layer of the  the heated wall. These measumts showed a wide region
heated walls is a.91 cm thick plywood board serving as (65 cm, or about 80% of the width of the heated wall around
backing and support for the heated wall structure. The front its centerz = 0) where the air flow velocity distribution,
edge of the upstream plate is chamfered to insure a propelin the z direction at a fixed distance from the heated wall,
development of the boundary layer flow. could be approximated (to within 5%) as uniform and two-

Air velocity and temperature were measured simultane- dimensional flow. In addition, velocity measurements in the
ously by using a two-component laser-Doppler velocimeter free stream were performed (up to 200 mm from the edge of
(LDV) and a cold wire anemometer, respectively. Details of the boundary layer) and showed that the free stream velocity
the measuring systems and their level of accuracy are givenis uniform and constant (to within 2%).
by Ramachandran et al. [9] and Baek et al. [10]. The LDV ~ The operation of the air tunnel, its instrumentation, and
system is equipped with an automated three-dimensional tra-the accuracy and the repeatability of the measurements were
verse system for positioning the measuring LDV probe vol- validated by performing measments of turbulent natural
ume at any desired point in the flow domain. The cold wire convection boundary-layer flondgcent to a vertical heated
probe with a separate traverse system is placed within 2 mmflat plate at a uniform temperature in the air tunnel for
behind the measuring LDV volume. The outputs from both different levels of heating conditions. Both the measured
the LDV and the cold wire anemometer are then processedflow and thermal fields compared well with other previously
through an A/D converter and suitable software on an IBM measured and predicted results, as was reported by Abu-
personal computer to determine the local instantaneous ve-Mulaweh et al. [5]. All reported measurements were taken
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along the midplanez(= 0) of the plate’s width, and only af-  the time-mean velocity distributions have negative stream-
ter the system had reached steady state conditions. wise velocity component near the heated wall. This indicates
In this experimental study, the flow and the thermal fields that these distributions are inside the recirculation region
are measured to examine the effect of forward-facing step that develops downstream of the forward-facing step. This
heights § = 11 and 22 mm, corresponding to Reynolds clearly indicates that the introduction of the forward-facing
number,Re; = usos/v, of 3735 and 74®) on turbulent step significantly affects the flow characteristics in the recir-
mixed convection flowis, = 0.55 ms~1 andAT = 30°C, culation region downstream of the forward-facing step. On
corresponding to a local Grashof numb®@r,; = 6.45 x the other hand, the streamwise velocity distributions at 10
109 along a vertical flat plate. To examine the effect of and 25 cm do not exhibit any negative velocity component,
step heights on the flow and thermal fields of turbulent mixed indicating that these velocity distributions are located out-
convection flow, measuremembthe flow and thermal fields  side the recirculation region that develops downstream of the
were carried out at five different streamwise locations: one forward-facing step. From flowisualization, it was deter-
location is at the step itselk(= 0 cm) and at four locations  mined that, for the experimental conditions in Fig. 3, a shal-
downstream of the step & 3, 6, 10, and 25 cm). low recirculation region downstream of the forward-facing
The effects of forward-facing step heights on the time- step develops with a reattachment lengtho& 7.1 cm or
mean streamwise and transverse velocity and temperatures.45 step heights and B or 441 step heights for the cases
distributions of turbulent mixed convection along a verti- of forward-facing step heights of= 11 and 22 mm, respec-
cal flat plate are illustrated in Figs. 3-5, respectively. Fig. 3 tively. Also, as can be seen from the figure, the effect of the
shows that at the streamwise locations ef 3 and 6 cm for forward-facing step on the flow field continues to be present
case of forward-facing step heights o& 11 and 22 mm, even at large distances downstream from the step. The uncer-
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Fig. 3. Mean streamwise velocity distributions downstream of the step. Fig. 4. Mean transverse velocity distributions downstream of the step.
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tainty in the measurements4s0.1 mm iny, 1 mm inx, with increasing step height. On the other hand, at the stream-
and+4%inU. wise locationt = 3 cm for the cases of step heightsef 11

The effects of forward-facing step heights on the time- and 22 mm, the mean transverse velocity is positive in the re-
mean transverse velocity distributions downstream of the gion near the heated wall. Thisbecause thdreamlines are
step are illustrated in Fig. 4. As can be seen from the figure, still curving outward at this streamwise location. The figure
the largest magnitude of maximum mean transverse veloc-also shows that magnitude of the mean transverse velocity
ity is attained at the forward-facing step £ 0 cm) and it at x = 3 cm increases as the step height increases. Also, it
increases with increasing step height. In the region down- can be seen from the figure that the magnitude of the neg-
stream of the forward-facing step &£ 6, 10, and 25 cm), the  ative transverse velocity component in the flow region near
transverse velocity distributions for the cases of step heightsthe heated downstream waBcreases as the streamwise dis-
of s = 11 and 22 mm exhibit negative time-mean transverse tance increases downstream from the step, indicating that
velocity component in the region near the heated wall. This the effect of the forward-facing step somewhat diminishes as
is because the forward-facirgiep causes the streamlines the streamwise distance increaglownstream from the step.
to curve outward from the upstream heated wall near the This behavior is similar to that of the effect of backward-
step and then the streamlines are forced to curve towardsfacing step on turbulent mixed convection flow along a ver-
the downstream heated wall causing a shallow recirculation tical flat plate reported by Abu-Mulaweh et al. [7]. The un-
region to develop downstream of the step. The magnitude ofcertainty in the measured values foris £4%.

the negative mean transverse velocity component increases T1he effect of forward-facing step on the dimension-
less mean temperature distributions downstream from the
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forward-facing step is shown in Fig. 5. For all cases, the tem- from the heated wall. The magnitudes of the turbulent in-
perature distribution asymptotically approaches the main- tensities of streamwise velocity fluctuations are higher than
stream temperature as the distance from the heated wallthose of the transverse velocity fluctuations. Abu-Mulaweh
increases. This figure shows that the forward-facing step et al. [12] and Hattori et al. [13] reported that the intro-
height affect the characteristics of the thermal field down- duction of small free stream velocity on turbulent natural
stream of the step. The uncertainty in the measured valuesconvection flow along a vertical flat plate£ 0 mm) causes
for 6 is £2%. laminarization (i.e., turbulent suppression). This is because
The distributions of the dimensionless turbulent intensi- the introduction of small free stream velocity on turbulent
ties of streamwise and transverse velocity and temperaturenatural convection restricts the large-scale vortex motions in
fluctuations are presented, respectively, in Figs. 6-8. As canthe outer edge of the boundary layer that serve to maintain
be seen from these figures, the values of turbulent intensitiesin the outer layer, and the large-scale structure in the outer
fluctuations, at a streamwise location, increase to a maxi-layer plays a major role in turbulence generation. These fig-
mum as the distance from the heated wall increases, therures clearly show that the introduction of forward-facing
start to decrease as the distance from the heated wall constep enhances the turbulence intensity. The introduction of
tinues to increase, reaching a minimum value at the edgeforward-facing step tends to trigger transition from the re-
of the boundary-layer. The maximum turbulent intensities of |aminarized flow upstream of the step to turbulent flow
both the streamwise and the transverse velocity fluctuationsdownstream of the step. The figures also show that the mag-
at a streamwise location appearoccur at the same distance nitudes of the turbulent intensities of both velocity (stream-
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Fig. 7. Distributions of transverse velocity fluctuation downstream of the
step. Fig. 8. Distributions of temperaterfluctuation downstream of the step.
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wise and transverse) and temperature fluctuations increasetreamwise direction. As can be seen from the figure, the
as the forward-facing step height increases. This is becausaneasured local Nusselt number downstream of the forward-
of the larger impact angle of the upstream flow toward the facing step (i.e., heat transfer rate from the heated down-
heated plate downstream of the step as a result of the largestream wall) increases with éneasing step height. This is
step height. It should be noted that this increase in the in- because the introduction of a forward-facing step triggers
tensities of turbulent fluctuations is in the neighborhood of transition from the relaminarized flow upstream of the step
the reattachment region. The uncertainties in these measureto turbulent flow downstream of the step. Increasing the
ments are-6% in \/ﬁ/u?‘, 1+6% in \/ﬁ/ufk' and+5% in forward-facing step height greatly enhances the turbulence
\/t’zz/AT |nten5|ty of_both velocity and terr_}perat_ure fluctu_atlons (as
) shown in Figs. 6-8) and results in an increase in the heat

q Thetconvectl?lle heat grtapsfzrfcoeif;]ments for t?ﬁ[ heated transfer rate. The figure also shows that the location of the
ownstream wall Were obtained Irom the measured tempera-,, 3 ;m jocal Nusselt number.€., the local heat trans-

ture distributions (temperature gradients) in the laminar sub- fer rate) moves away from the forward-facing step as the
layer near the heated wall. For a given streamwise location tep height increases. This is because the maximum heat
downstr(_aam from t_he SteF’= the air temperature was measure(iansfer rate occurs in the vicinity of the reattachment zone
at four different heights within & mm from the heated wall | . 1o velocity and tempature fluctuations are maxi-

in order to determine thg te_mpt_aratu_re gradienf[ atthe heatedmum and a larger forward-facing step is associated with a
wall. The temperature d|str|put|ons in the laminar sublayer larger reattachment length. A similar trend was reported by
near the heated wall were lineand the temperature fluc- Abu-Mulaweh et al. [7] for the case of backward-facing step.

tuations in that region were near zero. This technique for 1,4 uncertainty inc is +1 mm and in the measured Nusselt
determining the surface temperature gradient and the CONyumber ist6%

vective heat transfer coefficient in turbulent flow was used

and validated by Tsuji and Nagano [14], Qiu et al. [15],

and Abu-Mulaweh et al. [6-8]. The effect of forward-facing 4 conclusion
step heights on the local Nusselt humber downstream of

the forward_—facing step_ is illustrated in Fig. 9. For a given Detailed measurements ofetfilow and thermal fields in
forward-facing step heights(= 11 or 22 mm), the figure  ,rhylent mixed convection flowdjacent to a vertical, two-
shows the local Nusselt numbercreases with increasing  gimensional forward-facing step are reported. The effect of
distance from the step, reaching a maximum value in the foyard-facing step heights on time-mean streamwise and

vicinity of the reattachment region. The impact of the rel- 4nsyerse velocity and temperature distributions, turbulent
atively cooler fluid from the shear layer on the heated wall jntensities of the distributions of velocity and temperature

and the deflection of cooler fluid into the recirculating flow fluctuations, and local Nusselt number distributions are re-
region downstream of the step cause this rapid increase in the,orted. The present results reveal that the introduction of a
Nusselt number. The magnitude of the local Nusselt num- {5\yard-facing step enhances and increases the turbulence
ber decreases as the distance continues to increase in thﬁ'\tensity, which causes the relaminarized flow upstream of

1000 - the step to become turbulent downstream of the step. This
=055 mfs o s=0mm is due to the fact thqt in the case of a forward-facing step
AT = 30°C a $=11mm there are two opposite effects exist: the small free stream
800 - o $=22mm velocity tends to reduce and suppress turbulence, while the
08 forward-facing step, acting as a trigger, enhances the turbu-
o % o lence. As the forward-facing step height increases, the tur-
600 - o & bulence intensity of velocity and temperature fluctuations,
A ° and the heat transfer rate downstream of the step were found
Nux* A‘t‘oa'-\A to increase. The reattachment length was also found to in-
400 - o Ab, i crease as the forward-facing step heightincrease. As a result
4 A of the increase in the reattachment length, the location of the
b, 8 ° maximum heat transfer rate moves away from the step as the
20041 ° «®© B - forward-facing step height velocity increases.
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