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Numerical solutions based on standard finite volume method
are presented for the study of heat transfer and fluid dynamic
characteristics in both laminar and turbulent flows behind a
single-sided backward facing step. The calculation of the
differential equations is performed using SIMPLE algorithm. For
the turbulent flows, the standard K-€ turbulence model is used.
The experimental studies of Armly et al(1982) for laminar flow
and that of Eaton and Johnston (1980) and, Vogel and Eaton (1984)

" are used to validate the present predictions.

Prediction of velocity profiles and reattachment lengths for
laminar flow cases are in good agreement with measured values
excépt.for highgr Reynolds number cases. The prediction of heat
transfer chgracteristics illustrates the augmentation of local
heat transfer rate ét the reattachment zone by three times the

typical flat-plate value.

Predicted mean-velocity profiles and reattachment lengths,
for turbulent flow, comply with the experimental data, but
gsignificant deviations occur in the predictions of turbulent
intensities. The predicted heat transfer co-efficient are in good
agreement upto the reattachment point and downstream of that

point it matches qualitatively,.
R .
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CHAPTER 1

INTRODUCTICN

1.1 BACKGROUND

The reattachment of a shear layer, laminar or turbulent, has
been the subject of study for many years because to itsa practical
importance. These studies have attempted to explain the basic
physics underlying the fluid-dynamics and heat-transfer behaviour

in the separated and reattaching shear layer.

The heat-transfer process 1is intimately coupled with the
fluid dynamics in reattaching flows. Very few studies have been
made about the contribution of fluid mechanics in controlling the

heat transfer rate in the reattachment zones.

In a large number of practical heat transfer devices such as
heat exchangers and turbine engines, reattaching boundary layers
can cause unexpected.ahgmentation in the local heat transfer
rate. This fact is creating_great inferest in numerical modeling

of both the fluid dynamics and the heat transfer in a reattaching

flow.

Among two dimensional flows the backward facing step is the
simplest reattaching flow. This geometry fixes the point of
separation, allows a spatially fixed free shear'layer, and
incorporates a relatively easily located reattachment zonéjahdk

redevelopment region. In addition, the. streamlines are nearly



parallel to the wall at the separation point, so the principal

elliptic interactions occur downstream of separation.

Although the backward-facing step is the simplest
reattaching flow, the flow field is s£111 very complex. Fig.l.1.
illustrates some of the complexitiés of the backward-facing step
flowfieid. A boundary layer separates from the step edge,
becoming a free shear layer, which is almost unaffected by the
pfesence of the upper and lower walls. This shear layer grows by
entrainment from bogh the freestream and the recircﬁlation region
beneath it. Due to the preséure gradient and its own expansion,
this shear iayer turns and reattaches at the lower surface.
Within the reattachment zone the shear layer is subjected to the
effects of strong curvature, adverse pfessure gradient and strong
interaction with the wall. One or more of thede mechanisms
cause(s) a rapid decay of the turbulence energy within the
reattachment zone. Part of the shear layer fluid is defleéted
upstream into the recirculating flow to supply the entrainment.
So between'the yall and the separated shear layer, a
recirculation region of some complexity exists, with a primary
vortex ana a small corner eddy close to the step face. The.
backflow region is a lafer of fluid near the wall. Downstream of
reattachment, in the redevelopment region, the reattached shear

layer gradually transforms back into a wall dominated' flow

structure,

The heat transfer is generally low in the recirculation

region where velocities are less than the freestream, It then




rises very rapidly approaching the reattachment region, where it
peaks at values typically 50% greater than under ordinary
boundary layers. Downstream of reattachment, the heat transfer

rate reduces back to the flat plate solution.

1.2 LITERATURE REVIEW:

There are two main streams in the literature for this study,
the fluid dynamics of the backward—facing step and heat- transfer
studies of separated and reattaching flows. 1In recognition to
this fact, the foliowing literature survey contains two main
sections, The first is a briéf survey of the fluid dynamics in a
backward facing step folléwing a brief survey of the heat

transfer studies in separated flows.
1.2.1 Fluid dynamics of the Backward-Facing Step:

Many studies of separated and reattaching flow have been
incorporated in air and water, at subsonic and supersonic speeds,
with a wide variety of geometries. The following survey

concentrates on subsonic, backward facing gstep flows.

In the last few years, there has been extensive work on the
fluid dynamics of the backward-facing step, including several
recent literature surveys. For example, Vogel and Eaton (1984)
conducted an extensive experimen£ on heat transfer and fluid
mechanics measurements in the turbulent reattaching flow behind a

backward-facing step. Eaton and Johnston (1980) provided a



" comprehensive review of subsonic, reattaching turbulent flow (See
Table 1;1). Watkins and Gooréy (1982) cover some of the same
material, but also included a survey of heat-transfer experiments
in reattachment{ Other pertinent literature surveys include
Bradshaw and Wong (1972) and Westphal’s {(1982) extensive coverage

of separation and reattachment.

Brief description of the relevant recent experiments follow

in chronological order.

Hsu (1950) was the first Lo measure both mean flow and
turbulence profiles in a low—spéed flow behind a large step. He
noted little unsteadiness in the position of the reattachment
points. His turbulence data, which were measured with hot-wire

anemometers are in serious disagreement with other worker's

results._

Another early study waszmade by Abbot and Kline (1961),.who
measured mean-velocity profiles for both single and doub;e steps
of various heights. They used water flow .with flow-visualization.
techniques, and observed that the flow near reattachment was very.
unsteady. They concluded that most of the backflow fluid was
entrained into the shear laver in the early region of shear-layer

development. Turbulence measurements were attempted with hot-film

anemometers.

Tani et al (1961) measured mean velocity, turbulence

intensity and turbulent shear stress for flow with various step



heights. These measurements, which were made with hot wires, were
the first reasonably accurate turbulence data for the backward-
facing step flow-field. They noticed little change in the flow

when the state of separating boundary layer was changed from

laminar teo turbulent.

Bradshaw and Wong (1972) studied the recovery of the
boundary layer downstream of reattachment. fhey concluded that
(i) there was a very fast rate ofldecpease in the Reynolds
stresses just downstream of reattachment,(ii) the developing
boundary layer did not follow the log law of the wall in the
normal way, and (iii) the wake component of the mean velocity
profile was abnormal. In fact, ordinary turbulent boundary layer
charaéteristics still were not fully recovered at their last data
station which.-was 52 step heights downstream of separation. Their

results demonstrated the importance of understanding the

turbulence structure in the reattachment zone.

Narayanan et al (1974) measured wall-static-pressure
distributions behind steps of various heights., They found
similarities in the pressure distributions and were able to infer

the reattachment Iength from the pressure distribution.

Bordéred and Bradshaw (1975) investigated three-
dimensionality of thé flow in the recirculating region. They also
measured the effect of aspect ratio ( channel width/step height )
on the reattachment length and base pressure and found that end

wall effects were negligible for aspect ratios greater than ten.



Seki et al (1976) and Rushed et al (1978) made turbulence
measurements with hot-wires, but neither study contributed much

to the understanding of the flow.

Chandrasuda (1975) made extensive measurements in the
separated and reattached flow using hot wires. Meésurementsl
included mean velocity, Reynolds stresses, higher-order
turbulence quantitfés and intermittence. Chandrasuda found rapid
changes in turbulence structure for some distance downstream of
reattachment. Despite the rapid changes, the free*shear—layer
structure which was developed ahead of reattachment was still
important at the last aata station, X/S = 14.3, well downstream
of reattachment. In a preliminary flow-visualization experiment,
Chandrasuda’ observed that large eddies were no£ torn in two at
reattachment, as had beén implied by_Bradshaw and Wong (1972)
from reattachmen@ and others went upstream with the ?ecirculating

flow in a more or less alternating fashion.

Kim et al,(1978) measured mean velocity, Reynolds stresses
and intermittenée in a sudden-expansion channel flow using hot-
wire anemometers. Their measurements comprise the best-documented
data set to date for the backward-facing step flow (Eaton and

Johnston,1980). The motion of wall tufts in their experiments

indicated large-scale unsteadiness in the reattachment region and

suggested the spanwise variations at reattachment.



Smyth (1979) used a laser-doppler anemometer to measure
mean-velocity and Reynolds-stress components- -in a double-sided,
sudden-expansion fléw. Unfortunately, the measurement ;esolution
was not adequate to provide much information about the separqtéd
flow region. He found that the turbulence profiles were still far
from equilibrium 48 step heights downstream of separation. This
demonstrated the remarkable persistence of the flqw structure

P

characteristic of the separated shear layer.

Eaton énd Johnston (1980) were among the first to make
measurements in the highly unsteady and reversing flow behind a
backwérd—facing step, using instruments that .could accurately
quantify the flow. They used a pulsed-wire anemometer, thermal
tuft and pulsed-wall probe to take data in the reversing region
and measure the skin friction. They found that the laminar
separated layer grows faster than for the turbulent case.‘In the
redeveloping boundary layer, the tufbulence intensity decreases
rapidly downstream of rgattachment, with the turbulence actually
beginning to decay upstream of reattachment some one or two step
heights. Upstfeam of this region, the shear layer was found to be

;
essentially identical to a plane-mixing layer. The observed
vortex pairing for laminar but not turbulent separation, using
two point velocity correlations. They believe that the presencé
of vortices in the laminar case and fhe rapid mixing associated
with them was responsible for the more rapid growth rate of
laminar shear layer. Using several thermal tufts to track the
location of the reattachment point, they found a l&w—frequency

"flapping" of the reattachment region as it oscillated back and



forth approximately one step height around the mean reattachment

point.

Durst and Tropea (1981) used a water channel to study a
backward facing-step flow, acquiring the data with a laser-
doppler anemometer. In their study, by varying the expansion
ration they found a strong dependence of the reattachment length
on this quantity. Similar profiles on the plots of the
ireattachment distance versus the Reynolds number might mean that

the effect of area ratio could be uncoupled from those of

1

Reynolds number.

Driver and Seegmiller (1982) acquired wind-tunnel flu;d—
dynamic data for the backward-facing steﬁ using a laser-doppler
anemometer. From their data they extracted many of the important
turbulence quantities, such as production and dissipation rates
in the flow. They.studied the effect of pressure gradienﬁ on the
separated flow. However, they found that the Reynolds stresses
are similar for cases both with and without overali pressure
recoevery.They alsoc found a sudden increase in the Reynolds
stresses right after separation, increasing until two step
heights upstream of reattachment, where the stresses begin to
decay. THe side of the shear layer toward the wall showed
substantially higher turbulence levels than the other, which
appeared like a.free shear laver, Turbulent triple cross-products
disappear rapidly approaching reattachment,possibly because the

large vortices which produce this correlated motion are torn



apart at reattachment. Generally, they rank the production and
dissipation terms as being the most dominant, though convection

and diffusion are also important.

Pronchick (1983) investigated the backward -facing step flow
in a water chanpel with a fairly thick boundary layer { ‘S/S =
0.8 ) at separation, using laser~do§pler anemometer and flow
visualization. The main objective of his work was to examine the
. interaction of large shear-layer structures with the wall in the
unsteady reattachment region. Pronick concluded that all of the
observed unsteadiness was caused by three-dimensional eddies.
Three different paths were observed for the vortices as they
passed into the reattachment region. Some of the eddies do not
impinge on the wall at all, but "over ride" the reattachment
region and go on downstream into Lhe-outer edge of the
redeveloping boundary layer essentially intact. These overriding
eddies are the source of the large length scales in the outer
part of the boundary iayer downstream of reattachment and are
- responsible for the slow recovery of the reattached layer. The
vortices that impinge (do impact) on the wall are broken up,cand
parts are either swept upstream to be entrained ‘back into the
shear layer, enter the recirculation region, or are swept down
stream into the redeveloping boundary layer. No large, coherent
motions are visible in the rgcirculation region, indicating a-

loss of organized structure due to the large shear-layer eddies.

Pronchick supported these ideas by noting that the

turbulence kinetic energy is generated primarily far from :the



wall in the reattachment region. This'production decreases
rapidly as. the fluid moves downstream, while the near-wall

region changes more slowly.

Further experiments were carried out by Westphal (1982) in a
backﬁard facing step geometry wind tunnel, using the pulsed-wall
probe and other instruments. For all turbulent boundary layers at
separation, he found a stronger than expected dependence of
reattachment length on the boundary-layer thickness at
separation. Among the cases he studied were perturbations to the
flow, such as the effect of embedded longitudinal vortices and
Reynolds number 'variations. Special atténtion was paid to what he
identified és a region of strong, viscous flow close to the wall
in the upstream-flow region of the separation bubble.
Significantly, the data for all cases seems to collapse best on a
normaliéation based on the reattachment length, x* = (x—xr)/xr
where, Xr is the reattachment length. Further, he proposed a
definition of the reattachment region as extending roughly 20% of
the reattachment length on either side of the mean reattachment
point. Scaling on x* collapse all the data in the recirculation

region independent of perturbation to the flow, even though the

reattachment length itself{ may change considerably as various

flow parameters are changed.

Walterick et al (1984) performed some experiments on a
backstep flow using mainly hot films and hot wireé. They also
observed free-stream turbulence levels of 2% which they attribute

to unsteady motion in the recirculation region. The lack of any
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flow conditioning upstream of the test section and the high free-

stream turbulence level make their work of uncertain value.

Adams (1984) made an extensive study of the fluid dynamics
behaviour in a backward-facing step. He used a variety of
instruments, including a laser-doppler anemometer.operating in
air, to obtain a wide variety of data. From his experiﬁents,
Adams arrived at several significant conclusions. First, he
showed the importance of all three of the parameters that
affected this flow, namely, the upstream condition as determined
by the boundary-laver thickness a£ separation, the step height
Réynolds number, and the expansion ratio., Initial boundary-layer
thickness has an effect on flow variables such as the
reattachment length. The state of the boundary layer is also
important, as laminar separation has considerably shorter
reattachment length than does turbulent. However, the region
around recovery ié relatively insensitive to the initial
conditions as long as s/S < 0.4. Since the pressure recovery
first becomes affected at roughly this same value, he suggests
this as A dividing line between the cases where separation and
reattachment have a " strong"” (s/S < 0.4) or " overwhelming"

effect (s/S > 0.4) on the downstream beundary layer.,

From a compariscn og his work with those of others, Adams
concluded that different expansion ratios produce qualitatively
different reattachment zones and thus cannot be compared using
flow similarity. Over the range of step-height Reynolds numbers

studied,. the flow did not reach Reynolds- number independence
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{maximum Reg, = 36,000). Because the maximum recirculation region
velocities are typically 20% of the free stream, much higher
free-stream velocifies would be ‘required to attain Reynolds-

number inaependence in that zone {ReS = 200,000).

Adams examined thé thin boundary layer in recirculating flow
in some detail. He found strong evidence to support the earlier
supposition by Westphal (1982) that the backflow boundary 1ayer
was laminar, even at the maximum Reynolds number (Reé = 36,000).
The evidence for this conclusion included measurements of the
streamwise component of the velocity close to thé wall. Which
showed that the burstling process typical of a turbulent flat- '
platé boundary layer was missing. There are high levels of
fluctuations in the fluid, but it is not correlated motion. The
reverse-flow velocity profiles appear more like a laminar layer
than a turbulent one. The fluctuations scale on the distance from
reattachment and the local mean velocity for y+> 20 and
approximate a stokes solution for y+< 20. This means that the low

frequencies are damped out in the region close.to the wall.

Simpson et al(1981a, 1981b, 1983) carried out significant
experimént on separati&n boundapy layer. They have taken
extensive laser-doppler anemometry data in a effort to model the
mean-velocity wrofile in backflow }egions. ﬁpstream of
separation, the velociéy profileé follow the Law-of-the wall.

Downstream of separation, in the backflow region, the turbulence

intensities are very high.
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Vogel and Eaton (1984) made an extensive experiment on heat
transfer and fluid mechanics heaéurements in the turbulent
reattaching flow behind a backwgrd—facing step. The ovérall goal
of their research was to investigate the relationship between the

fluid dynamics and heat transfer in a separated and reattaching

flow,
1.2.2 Experimental Studies in Backward Facing Step Heat Tranafer:

Heat-transfer studies of a separated and . reattaching
boundary layer have bheen carried on for some time. Few of the
previous experiments include only mean-velocity or turbulence
profiles., Since thé reattachment length was not measured
directly, it was usually inferred.from the heat-transfer resultg.
However, all these experiments show the same generél features of
heat transfer in ; feattaching flow, that is, a low value of the
heat-transfer rate in_the fully separated region, followed by a
rapid rise té a maximum near réattachment, followed by eventual
recovery to flat—piate levels. Many of the studies are
perturbations of the geometry or other parameters of the flow
studies that contribute significantly to the physical

understanding and modeling of the flow will be pointed out.

Seban (1964) measured velocity and temperature distributions
doﬁnstream of a backward facing step using_a constant heat flux
surface. He found, for a 6ne—inch step and a free-stream velocity
of 150 ft/sec (Re = fB,OOO), that mean reattachment, as inferred

from the heat-transfer data, was about sjx step height downstream
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of the step. Further, hé did not find the wall similarities.
typical of a wall-controlled bouﬁdary layer in neither the
separation nor the reattachment regions. A hot wire was used fgr
making the velocity measurements which can not give correct
results in reversing or highly turbulent flows. Séban found large
temperature gradients near the wall downstream of the step. In
fact, 1.2 step heights downstream of separation, 80% of the

temperature drop from the wall to the free stream was within 0.2

step heights of the wall.

In an earlier effort, Seban et al (1958) found similaﬁw,
results, with the addition that the maximum Nusselt number
behind the step appeared to depend on Re 0.8 In a later paper,
Seban (1966) made the important point that the maximum heat-
transfer rate occurs at the point of low or zero skin friction,
He attributed this fact to high diffusivity along with a low

"thermal resistance typical of a newly developing layer.

Filetti and kays (1967) measured the local heat-transfer co-
efficient on: a constant-temperature surface behind a symmetric
sudden expansion (double step ). Large expansion ratios,
typically 1:2, were used. They concluded that the peak heat-
transfer rate occurred at the reattachmént point, which was
approximately four step heights downstream of the step; They did
not independently measure the reattachment length, and the
shortest estimated length suggests that the peak heat transfer
actuélly occurred upstream of reattachment. The peak heat

transfer rate based on Nusselt number was found to vary as Reo'6
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over the range 70,000 < Re < 205,000. They found significant
augmentation of the heat-transfer rate downstream of
reattachment,'up to six times the flat-plate value for the same
conditions. Measufements were taken from the step edge to 14 step
. heights downstréam. At that point, the Nusselt-numbef profiles

had still not returned to a typical flat-plate value.

Aung and Goldstein {(1972) acquired data jn an air flow
behind a backward-facing step using a Mach-Zehnder interferometer
with an estimated uncertainty of 7%. Since the upstream step was
heated to the same temperature as the downstream surface, the
boundary conditions for this flow wéfe generally different from
those of other studies. Also, the range of free—étream velocities
was smaller, ranging from 1.65m/s to 4.55m/s, with a step height
of 6.5mm. This corresponds to a Reynolds-number range based on
step height of 700 to 1290. For all cases, the boundary-layer

thickness at separation was one step height.

They concluded, from the temperature profiles, that 90% of
the temperature dyop from the wall to the free-stream cccurred ‘in
the shear layer a£ the station 0.53 steb height downstream of
separation. Further downstream, the thermal resistance became
more concentrated in the near wall region. At the point midway
between separation and reattachment (X* = -0.5), 50% of the
temperature drop was across the shear layer and the rest was
across the fluid near the wall. The location of reattachment was

inferred to lie at the maximum heat-transfer peint, which was 4.5

step heights downstream of reattachment for all Reynolds-number.



16

This was further upstream than found in similar experiments with
higher—speed.flows. The mean heat~transfer co-efficient
downstream of reattachment shows the expécted profile, with the
maximum 50% greater than the far-downstream vélue.‘They showed
that after 12 step heights the heat-transfer co-efficient is

recovering to the flat-plate value.

Seki et al (1976a & b) constructed a double—sided,'backward-
facing step using air as the working ffﬁid. Typical Reynolds
number ranged from 4,600 to 250,000. They also varied the step
heights between 0.035 and 7.0, normalized on the distance
between the upstream surfaces, They obtained temﬁerature and
velocity measurements in the flow over their constant heat flux
surface using a fine thermocouple and hot wire, respectively. The
aughors mgntioned that the hot wire was inadequate in a highly
turbulent flow.
| Aung (1983 ) investigated the heat-transfer for a completely
laminar flow over a backward—facing step. His relevant to this
work was that the streamwise curvature upstream of separation had
significant impact on the local heat-transfer rate. This finding
was of importance when describing the initial conditions for
numerical calculations. The mean reattachment point did not have
aséociated with it any particular hgat-transfer characteristics.

In general, the agreement with the theory of Chapman was very

good.
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Kottke (1984) attempted to provide a more unified approach
to the subject of heat, mass and momentum transfer in a variety
of separated.flows. He chose air as the fluid and used a single-
sided, bgckward-facing step as his test apparatus.. His
observations were based on flow visualization of a subliming
material from the lower surface. From his own study and by
correlating the work of others, he decided that the reattachment

length is the relevant length scale.

Vogel and Eaton {1584) made the most extensive study on the
turbulent reattaching flow behind a backward facing step. Heat
transfer and fluid dynamic measurements were made in the
turbulent separated and reattaching flow behind a backward-facing
step. The primary goal was to investigate the causes of high heat
transfer rate in the reattachment region. Specific objectives
includ;d extending the engineering correlations for the heat
transfer rate, characterization of the redeveloping bounﬁary
layer, and analysis- of the near wall region. The experimental
facility used_for.this work was a two-dimensional, sﬁdden-
expansion rectangular duct 45 cm in span with an expansibn
ratio of 1.25. Filtered ambient air was the working fluid wused
for measurements over a velocity range of 3 - 15 m/sec. Thé

boundary layer thickness at separation was varied between 0.1 to

1.5 times the 3.81 cm step height.

Heat transfer data were acquired using a constant heat flux
heat transfer surface. Mean temperature profiles were obtained

using a traversing thermocouple probe. The thermal tuft and the
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pulsed wall probe were used to measure the forward flow fraction
and the wall skin friction, respectively. A Laser Doppler
Velocimeter was used in conjuction with a traversihg resistance
thermometer to make measuremeﬁts of the correlation of the local

fluctuation temperature and normal component of the velocity.

1.2.3 Numerical Studies of Heat Transfer in Backward Facing Step

Flows :

Within the last fifteen years, numerical modelers have made
a greét deal of progress in the computation of complex turbulent
flows. In the last five vyears, these computations have been
extended to include the temperature field, with limited, but
significant success.Most of these computations have been éarried
out using variations on the k - E model for the turbulence,

although algebraic stress models also received some attention.

In all of these computations, an important consideration is
the treatment of the boundary condition ét the inner édge of the
grid. At this point, usually around y+ = 70, some sort of wall
model for the flow is used to give the velocity and temperature
boundary conditioné. This model plays a crucial role in the
success or failure of the numerical method. Significant effort
has Eeen made to " fix up " various numerical methods to work
satisfactorily in backward-facing step flows with heat transfer.
However, these modes are successful over a very limited range of

geometrics and boundary and initial conditions. Recently, the
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realization that the near-wall and turbulenée models are the
important keys to successful, general computational techniques

has spurred development in these areas.

Chieng and Launder (1980) calculated tﬁe velocity and
temperature fields downstream of an abrupt pipe expansion
(expansion ratio = 1:2),using a k - E model of tﬁrbulence. Wall
functions were used to connect the grid to the solid surfaces.
These wall functions are based on a universal iength scale for
the turbulence, with the scale increasing linearly with distance
from the wall. This model was used fér the near-wall region of

the flow ocutside the viscous sublayer.

For higher Reynolds-number calculetions ranging from 4860 to
66,260, they claim agreement within 15% of the ﬁeat transfer rate
measured by Zemanick and Dougall (1970).However, the location of
the maximum heat-transfer point, calculated by their model, was
upstréam of that found experimentally by one step height. To
check the generality of their results, they calculated all the
way to the wall with a lﬁw Reynolds-number case and found ; 500%
overprediction of the heat-transfer rate. They believe that this

effect can be attributed to the large overprediction of the

length scales in the ‘near-wall region.

Based on the work of Chieng and Launder (1980), Amano (1982)
developed a new near-wall model ‘to improve the predictive
capability of the Navier-stokes equations using a k- turbulence

model. This new model evaluates the generation and disasipation
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rates of the turbulence for the grid point nearest the wall, at
y+': 3J0. The turbulent ki&etic energy is assumed to have a
parabolic profile, giving the same linear profile for the
fluctuating component of the velocity as used by Chieng and
Launder (1980).fhe main difference between the two methods lies
in thé treatment of the E- equation. Amano (1982) does pot need
local equilibrium between production and dissipation in the near-
wall region, but uses the gzero gradient at the wall and a mean
velocity model to generate a set of equations degscribing the

behavior in this region.

Comparing their results to those of Chieng and Launder
(1980) for the same pipe flow, they found it improved the
predictions of fhe mean heat transfer by 20%. However, their
calculations predict the maximum heat transfer point to lie at
five step heights downstream of separation, simultaneously
predicting reattachment at X/S =-7. Compared to the data of
Zemanick and Dougall (1970), their data underestimated the

distance to the maximum heat - transfer point by 30 - 50%,

Watkins and Gooray (1982) performed extensive computatiqns
to compare their numerical mﬁdels to experiments with heat
tranéfer in both backward - facing steps and sudden-expansion
pipe flows. Their basic method was built on the TEACH-T code,
modified by including heat transfer and quadratic differencing
for the convective terms. Essentially, they used a two-pass
system, the first pass finding the reattachment point using the

standard k - E model. Once mean reattachment was found, they

W

RS
I
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recomputed using the same grid, substituing the low Reynolds-

number model in the redeveloping region.

They studied a variety of closure techniques, including
mixing length models, k - E models, and modifications to the
latter. Their reported results are based on their own development
of a co-efficient that determines the length scales from the
viscosity and a relation for the turbulent Prandtl number. These
new relations are based on, but do not use, the‘algebraic stress
models. The key inclusions into the standard k - B model are

terms involving the streamline curvature and " wall-damping "

As in the earlier studies, their treatment of the ngar—wall
region is generally the éame as they prescribed boundary
conditions using " wall-functions”". At y+<5,the fl;w is assumed
laminar; between 13<y+<250, the flow is assumed to follow the
log-law for fully turbulent flow. Their velocity - field boundary
conditions depend on a specification of the shear stress at the
wall. Their computations start closer to thé wall than do those

of earlier modelers, in this case at v+ = 15,

+

Compared to the experimental results of Zemanick and Dougall

{1970), their results show improved agreement using their twojx
pass system over earlier modelers. The location of the maximumu
Nusselt number is within the experimental error and correlates on
Re 0'75. Their heat transfer profiles recover more slowly than do

the experimental results, with a maximum deviation of 15% Jjust
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downstream of reattachment at Reg = 66,260, They note generally -

greater deviation for lower Reynolds - numbers.

For a single-sided backstep flow, they found a variation in
the maximum heat-transfer rate with boundary-layer thickness at
separation. They reported a computed decrease of 8% in the
maximum Nusselt number as the boundary-layer thickness décreases

from &/S = 2.0 to /S5 = 0.4 at Re = 5000.

Chieng (1983) investigated a number of different turbulence
models for the abrupt pipe expansion.Compared to the results of
Zemanick and Dougall (1970}, the standard two-equation k - B
model underpredicted the maximum heat-transfer rate, even with
the'modification to include secondary turbulence terms, a near-
wall model, and high pressure - gradient effects. The low-

Reynolds-number models overpredicted the heat-transfer rates.

He.believes that solutions to these problems involve the use
of the correct turbulent " Prandtl number " and higher vorticity
transport. For his computations, he empirically arrived at the
correct values for these terms by comparison with the
experimental results.

Sinder (1983a,1983b)}) compared four different closure
methods for the Reynolds stresses in calculating the flow behind
a backward facing step. The four different methods were the k-g
"modified” k - €, algebraic stress, and "modified" algebraic

stress, He also used a new non-equilibrium wall-function

treatment in the models. His conclusions are as follows: changes
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in the pressure gradient mainly affect the reattachment length.
Then effects are greater at lower expansion ratios. The pressure
gradient does not change the magnitude of the ﬁeynolds stress,
but moves the location of the maximum in space. All four
numerical models show the préper relationship between the
expansion ratio and the size of the separation region. None‘of
the numerical~models works well in all regioq of the flow. The
"modified" algebraic stress model works bést in the recirculatioﬁ
region, but perfdrms more poprly.than the others in‘the
redevelopment region. He then concluded that combining several
models in a kind of zonal approach to take advantage of their

region dependency would give good results.

The above numerical studies help point out the lack of good
near-wall models to use in developing numerical methods for

predicting the heat transfer in a reattaching flow.

1.3. ijectives of thelPresent Research

The overail'goal of this project is to develdp a computer
code which can predict the fluid dynamic behaviour and the heat
transfer rate in strongly recirculating reattaching flows with
sufficient accuracy. 1In particular, the main motivation behind
this work is to investigate the causes of large augmentation of
the héat transfer in the reattachment region. To achieve this
goal, experiment of Armaly et al (1982) for laminar case and

that of Eaton & Johnston (1980) and Vogel & Eaton (1984) for
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into several specific objectives

a)

b)

d)

e)

f)

g)

Prediction of laminar recirculating reattaching flows.
Prediction of turbulent recirculating reattaching flows.

Prediction of heat transfer rate in laminar flows with

constant heat-flux and constant temperature boundary

conditions.

Prediction of heat transfer fate in turbulent flows with

constant heat flux boundary conditions.

Investigation of the effect of varying Reynolds number on

reattachment length.

To study the variation of pressure co-efficient and skin-

friction co-efficient in the flowfield.

To predict the behaviour of the heat transfer co-efficient

along the wall.

This goal is broken down’.

O



CHAPTER 2

MATHEMATICAL MODEL

2.1 Governing equatiqns':

The partial deferential equations for conservation of mass,
momentum and a lconservea scaiar property for steady
incompressible turbulent flow in cartesian tensor notﬁtion { for

detail see Hinge 1975 ) are :-

mass : -ELHl_ = 0 (2.1)
§ Xi "
momentum S u = L_SJL. q_ ﬁHl - ‘
| Skj { in) 5 T + ij ( 573 ujwj) ‘(2.2)
8 8 r 50
Scalar : —=wv (U, 8) = —0—= ( -9 _ . — )
ij (. ; } 5%] ( 5 5%; uiGJ (2.3)

Where, upper case U; and 8 represents the averaged values of

" ]
. and 8 represent their

velocity and scalar and lower case uj

fluctuating quantities, an overbar represent a mean value of that
quantity. For laminar flow calculations, the governing equatibns

are egquations(2.1)-(2.3) except the fluctuating quantities.

EQuations 2.1 to 2.3 do not form a closedlsystgm because of
the unknown fluctﬁating correlations. Thus the equations 2.1-2.,3
can only be solved if the unknown correlation "-uiuj" and "ruig'"
are determined through some modeling known as turbulence

"modeling.
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2.2 . Turbulence Model of the Present Study :

The model used in the present study is the standard k-

model(Launder & Spalding 1972).The set of equations constituting

.this model is:

- Reynolds stress :-

_ Qpi Uy 2 , .
- ujuj = \)t ( ax-j'— + 'B"X—i— ) - —3— k ij . e (2-4)
where 5ij = ¥ for 1 = j and 61j =0 for 1 %]
Turbulent heat flux .:-
gy - e te | . (.2 5)
i Ogt Sxi e LI LI Y e L]
where eddy viscosity.
2
. _ _E-_ .
ve = Cu E feee aeaas asaes ceens {2.6)
where Cu is a const. :
The modeled k-equation.’
S oS (. Meff. Sk _ R
Sxi' (P U k) 837 (5 R S ¥ } + G -pe vae (2.7)
The modeled ¢€-equation.
e
o) ) Vaff., & e €
2= (pUje ) = —-L-m ( =222 . ~x=— ) +C E_ g-c -- (2.8
GXi P YUy S’Xi ( e Sxi) =1 P K & T (‘ )

where G and other constants are given in table 2.1
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2.3 Boundary Conditions

The transport equations 2.1-2.3 and 2.7-2.8 are of elliptic

type and their solutions require known conditions at the

boundaries. The following boundary conditions are employed in the

present study.

ii.

At the inlet boundary, known quantities are specified from -

the experimental sources.

At the outlet boundary a =zero gradient for stream wise

velocity, k,€ and scalar temperature are employed.

iii. At the solid wall, all velocities and turbulent kinetic

energy are specified to be zero. For temperature equation
two types of wall conditions are considered : (a) constant

wall temperature and, (b) constant heat flux condition.



(a)

(b)

h‘ ( TW - TO) = K _6-;’ .....

28

Calculation of Heat Transfer Coefficient :

for constant wall temperature condition heat transfer

coefficient is calculated as follows.

ST
..... e (2.9)
y = o

for constant heat flux condition, the wall temperature is

‘calculated by the following equation:

T - T
(1) K _§§ = K -] wH - 4" - const. (for laminar flow)
= Vy
y =9 eeee  (2.10)
- e ) U K
- T R S wil ___wil_ '
(i1) TW Tﬁ+l + SCIR { - 1.77 }Y(for turbulent flow)

wtl Tw/p

ceeas (2.11)

where (w+l) represents the nearest grid to the wall.

Equation 2.11 is taken from Jovatilek. {1978).
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2.5 Method of Numerical Calculation

The partial different equations 2.1-2.3, 2.7 -2.8 can be

reduced to the standard from

o} 8 60
- PU{ 8 ) = —p—-— cg =T~ )} + 853 cevee eeen. P 2,12
¥xg (PUL 9D =55 To-gy )+ Se A (2.12)
Where © is a general dependent variable, Sg is the source
term and is their diffusive transport coefficient. Table 2.1

i1llustrates these terms for equations 2.1 - 2.3 & 2.7 - 2.8.

These elliptic partial differential equations are solved
by a standard finite volume method. The -detail derivation and

formulation of this method can be found for example in Patankar

{1980).
In the present study, the convective terms on the left hand
side of equation ( 2.12) are discretised by using third order

accurate gquadratic upstream weighted scheme known as .QUICK
{Quadratic Upstream Interpolation for Convective Kinematics)
[Leonard; 1979]. The diffusive fluxes and the source terms (right
hand terms of éqgation 2.12 ) are discretised by using second
order accurate central differencing. The use of QUICK scheme
reduces numerical inaccuracies due to false diffusion related to

the first order UPWIND scheme ( Leschzincer & Rodi 1981, Leonard

et al 1978 ).
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The Conservation Equations
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Equation 1] Tg Sg
Mass 1 0 0
: P, 8§ SU, 8 _ oV
U-momentum v Heff TR Y s R Wetr 5% Y FyYerr TEX
' S P 8§ § U S K3
Vomementum -V Metf TTER T EK YerrsY )t TyWetr 5
Temperature T R | 0
0 oot
Turbulent K _Meff G - pe
kinetic energy gk
u
Dissipation e =l 5 (ca-c 06 )
of k O¢
, 12
Megr, = Mt My My T G P oo
(* § U; § U; ;
Ie] -t ____%: R | ) __(_5_}11
C C1 02 Ok O¢ Og Jp t
0.09 1.44 1.92 1.0 1.22 0.72
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The diséretised equations are solved simultaneoﬁsly using
the SIMPLE {Semi Implicit Method for Pressure - Linked Equations)
algorithm of Patankar & Spalding (1972) by repeated sweeﬁs of a
rline—by~line appliéation.of the Tridiagonal Matrix Algorithm
(TDMA) (Patankar 1980). Since the mass and momentum equations are
not coupled with temperature, the temperature equation is solved

after the convergence of the momentum equations.

The calculations of fhe cases considered in this study are
carried out using 40 X 2§ (x,¥) grid. Two more grid systems
(coarse) are also used in two cases to test grid dependence. This
will be discussed in the following chapter. The grid spacings

used are non-uniform with grid lines more closely spaced near the

step.



CHAPTER 3

PREDICTION OF LAMINAR FLOW AND HEAT TRANSFER

3.1 Introduction :

In this chapter the results obtained from the prediction of
Armaly et al’'s (1982) experiment of laminar flow in the backward
facing step is discuésed. The experimental set up of Armaly et at
incorporatedrof a two dimensional backward facing step that
provided an expansion raiﬁo of 1:1.94, The large channel,
downstream of the step, had a height of 1.0lcm and an aspect
ratio of 18:1. A laser-Doppler anempmeter was employed to define
quantitatively the variation of separation length with Reynolds
number and to obtain detailed information of the velocity
profiles downstream pf the step. Armaly et al also presented two-
dimensional numerical predictions of mean velocity distributions.
His prediction also based on finite volume approach but the

convection terms were discretised with hybrid scheme.

In this ﬁresent prediction, four different Reynolds number
. cases are considered and the results are compared with the

experimental.and predicted values of Armaly et al (1982).

The present prediction also contains heat transfer co-~-
efficient for two different boundary conditions: -congstant wall

temperature and constant heat flux.
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3.2 Computational details:

Grid dependence test was made to determine the most optimum
grid size of the calculation domain. The test was done for
Reynolds number 100 and 1290. In figures 3.1 & 3.2 the U-velocity
ﬁrofiles are presented for three grid sizes: (20 X 11), (30 X
14), and ( 40 X 25 )(x,y}. For both Reynolds number, it was found
that the optimum grid size was ( 40 X 25 ). However, due to the
memory limitation of the computer, finer grids could not be used.
This grid size was chosen for all the cases considered in this
prediction. All these calculations were done on an IBM/AT

computer at Mech. Engg. Dept., BUET,

3.3 Results and Discussion:
3.3.1 Fluid dynamic characteristics

The U-velocity profiles of the four different Reynolds
number cases are presenfed'in figures 3.3 to 3.8. The vélocity
profiles for Reynolds number of 100 and 389 show good agreement
with the experimental values of Armaly et al. For different axial
locations the velocity profiles matches almost entirely. For
Reynolds number of 1000, the present predicted velocity profilés
were compared with that of Armaly et al’s experimental and
predicted profiles. The present predicted profiles resembles to
the experimental profiles up to X/S = 15.5. Then the profiles

deviate considerably up to 24 and again show a good agreement
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when the profiles are fully déveloped. But A?maly et al's
predicted profiles deviated considerably gfter a distance of 4
steblheight. The predicted velocity profiles for Reynolds number
of 1290 showed good ag;eement with that of the expefimental'data

upto an axial distance of 15 step height. After that the

profiles deviated considerably.

The variation 1in reattachmeﬁt length with Reypolds number
from Armaly et gl’s experiment and prediction is presented_in,
fig. 3.7 and compared with the present prediction. The
reattachment length is clearly a function of Reynolds number. The
present predicted reattachment length almost coincide with the
experimental data. Armaly et al could not predict this length
after Reynolds number of about 400. This profile also showed that
recirculation length increases with the increase of Reynolds

number of about 1200, after which .the value decreases where the

flow becomes transitional.

Except primary zone of reciréulating fiow attéghed to the
backward facing step, additional regions-éf flow separation
downstream of the step and on both sides ‘of 'the channel-test
section was also foﬁnd in the present prediction as had been
reported by Armalf et al. Qne additional region at the upper wall
for Re = 1000 and two additional regions,'ohe at the upper and
the. other ét the lower wall, 'are found in the present prediction

but their sizes could not be predicted accurately due to the

limitation of grid refinement:
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The variation of wali static Pressufe for both upper and
lower wall are shown in f%gureé 3.8(b) - 3.10(b)T For all
Reynolds number wall static pressure is found to be maximum in
the reattachment zone and in the downstream of reattachment,

static pressure for both walls is identical.

Profiles of skin—fridtion co-efficient are shown in figures
3.8(c)-3.10(c).The skin-friction co-efficient is found to be
zero in the vicinity of reattachment point which corresponds to
the definition of reatlachment length given by Westphal (1983).
The upper wall skin-friction co-efficient is maximum at the step,

decreases to a minimum in the reattachment zone and then remains

almost constant.

3.3.2 Heat transfer chafacteristicé

Convective heat transfer co-efficient profiles for constant
wall temperature are presented in figures 3.8(d)—3.10(d). For all
Reynolds number, the peak value occurs in the vicinity of the
reattachment zone. The maximum heat transfer rates in the present
prediction range from 2.24 times that of the far downstream
value for 1000 Reynolds number and 2.9 times for Re=100.
The peak heat transfer couefficient gradually shif%s towards . the

reattachment point as the Reynolds number increases (see fig.

3.11).
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All of the. convective heat transfer co-efficient have the
same general features. Thére is a lbw heat transfer rate in the
recirculation region, followed by a steep rise to a maximum near
the reattachment point. The ratio of the maximum value to the
value hear recirculation region is found to depend on the
Reynolds number. The heat transfer rate then declines less than

50% from the peak value, downstream of reattachment, to a typical

flat-plate level,

The effective origin of the redeveloping thermal boundary
layer is found by ﬁatching the flat-plate solution to the profile
downstream of reatfachment, as shown in figure 3.12. The
following correlation (Kreath 1958) is used to generate the flat
plate profile

h, = 0.332 K/x Re,}/2 prl/3,

< O £ IS B

This procedure locates. the effective origin approximately
two step heights downstream of reattachment, for Reynolds number
of 100. But far downstream of reattachment, present prediction

overestimates the heat transfer rate by about 25%.

Figufe 3.14 shows that normalizing the local convective heat
transfer co-efficient for all Reynolds number on the maximum

value of the heat transfer co-efficient collapses to one point at -

the - reattachment point. At this point convpctive.heat transfer

co—gfficient is maximum. Figure 3.13 shows that the normalized

zero stream function line for. all the Reynolds number collapses

to one profile,
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To investigate the effect of constant heat flux boundary
condition on the wall temperature, only one case is considered
i.e. Re.= 100. The constant heat flux q" is taken from the

results of constnat wall temperature condition, i.e.

1
= [---  h (T, - T,) dx } ' L = 50sS.
4 L W t

In figure 3.15 the wall temperature calculated from this
boundary condiﬁion is presented.Figure 3,15 shbws that the wall
temperature decreases sharply after the separation, reaches to a
minimum at about 0.2 step height after reattachment point, then
gradually rises in the redeveloping zone. About ﬁ step height
after reattachment point, the wall temperature overshoots the
temperature for constant wall temperature condition. In the far

downstream of reattachment point the temperature rises about 16%

above the constant wall temperature condition.

Six temperature pfofiles are shown in fig. 3.16 at various
axial locations. The rise of temperature at different locations
above the free-stream is nondimensionalized by the difference of
temperature between the wall and the free stream. The temperature
profiles show the steepest temperature gradients, énd therefore
most of the thermal resistances in the regién'veri close to the.

step height where thermal boundary layver lies. Near the wall, the
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-steepest temperature gradient is found to be at X/S = 3.45 which
is close to reattachment point as the buik of the low temperature
fluid comes in contact with the hot wall. Theltemperature
gradient for X/S = 1.0 is almost constant from wall to the steb
height becausé in the recirculating region there is mixing motion
of the fluid, Far downstream of reattgchment point, the
temperature profiles show that'.steep temperature gradiént'
graduaily shifts away from the wall_because of the thick thermal

boundary layer in the redeveloping zone which approaches flat

plate solution.



CHAPTER 4

PREDICTION OF TURBULENT FLOW AND HEAT TRANSFER

4.1 Introduction

This chapter describes the prediction of turbulent
recirculating reattaching flow for three different Reynolds
number. Thé Reynolds numbers considered here are 11000, 28000,
and 40000 based on step height. Data base for Reynolds number
11,000 and 40,000 are taken from Eaton and Johnston (1980) and
for 28,000 from Vogel and Eaton (1984). In the two former cases,
only fluid dynamic data are available whereas in the later case
relevant heat transfer data are also found. In the present
prediction both fluid dynamic and heat transfer characteristics

of recirculating reattaching flow are investigated and compared

with the experimental data.

Eaton and Johnston (1980) used a blower wind tunnel. With
the step height set at 5.08cm the test section was a sudden
expansion from 7.62cm to 12.70cm. The instruments used in their
study were (i) a thermal tuft, (ii) a pulsed - wire anemometer,

and (iii} a pulsed wall probe.

Vogel and Eaton (1984) used 3.8cm high backward-facing step -
with an expansion ratio of 1.25 (h = 15.2cm, H = 19cm).They
measured heat transfer characteristics of reattaching flow along

with fluid dynamics with precision instruments such as (i)
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traversing thermocouple probe (ii} thermal tuft (iii) traversing
and non-traversing pulsed wall probes (iv)Laser—Dopbler

anemometer and (v) resistance thermometer.

In the present prediction,the computational.domain was
divided by a 40 X 25 (x,y) mesh for all cases and the
calculations were performed in an IBM PS/2-50 computer in the

Dept. of Mech. Engg., BUET.

4.2 Results and Discussion
4.2.1 Fluid dynamic characteristics

Vogel and Eaton (1984) meésured the reattachment length (Xr)
by taking the distance from the backﬁard—facing step face to the
point of zero mean skin friction co-efficient, corresponding to
the point of 50% forward flow fraction defined as the point at
which the flow is going upstream one half the time and
dbwnstream the other half [Westphal (1985)]. In the ﬁresent
prediétion this length is taken as the distance of zero sfream
function line from step face along the lower wall which
corresponds to the point of zero mean skin friction coefficient.
The,prgdicted and measured values of X, are presented in Table

4.1, The prediction of reattachment length are in good agreement

with the experimental values.
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Table 4.1

Reattachment Length of Turbulent Flows

Re Boundary layver X /5

8 thickness at  ------==- LS Reference
sepa;gtion Predicted Measured
11,000 0.18 7.6 6.97 Eaton & Johnston,
: 1980
28,000 1.10 65.95 6.68 Vogel & Eaton,
‘ 1984
40,000 0.23 ‘ 7,72 7.95 Eaton & Johnston,
‘ 1980
Méan~velocity profiles for: all three cases are shown in

figs. 4.1 through 4.3. The velocity profiles show the shear layer
growing by entrainment as it proceeds downstream and tﬁen
intercepting the wall at the reattachment point. Underneath the
shear layer, the near—wall_boundary layer starts near
re&ttachment and flows upstream toward the step. The predicted
mean velocity profiles agrees quite wéll with the experimental
one but slight deviation occurs in the downstream of
reattachment. The maximum backflow velocity found in the present
prediction is about 24% of the freestream velocity which is very
close to the experimental value of 20% ﬂ Vogel and Eaton ,1984),
The location of maximum backflow velocity is about 0.1 step

height from the wall and about 3.5 to 4.0 step height downstream

of the step face.

Figure 4.4 presents the normal mean velocity (V) profiles
normalized on the reference freestream velocity for Res = 28,000.
Near the step edge, there is an upward mean flow as the large

recirculation eddy sweeps the fluid near the wall up toward the
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shear layer, indicated by the positive going velocity profile at
X/8 = 6.7 and 2.0, The V-velocity profiles further
downstream, (say X/S = 4.67) but still within the recirculation
region, are small downward velocities. This negative V-velocity
is due to the fact that the freé shear iayer.is bending towards
the wall. Fluid from the lower edge of the shear layer then turns
at the wall and takes on a streamwise component of velocity in
the upstream direction. Just 'upstream of . reattachment, the meah
flow is towards the wall across the entire shear layer.

Downstream of reattachment, the normal velocity gradually

decreases, indicating the formation of wall bounded flow.

Figures 4.5 through 4.7 present the fluctuating component of
the streamwise velocity for three Reynolds number cases. The peak
intensity grows and the region of tﬁrbulence broadens as the
shear layer Hevelops. The turbulence intensity then decays,
beginning near in the reattachment zone. The location of the peak
in the turbulence-intensity p:ofiles starts at about Y/S = 1.0
downstream of separation. The péak dipas down towards the wall in
the recirculating zone then moves back out towards Y/5 = 1.0

downstream of reattachment (not shown in the figure).

In the present prediction the trend of the turbulent’ normal
stress profiles is similar to that of the experiment. The maximum
underprediction is found about 50% which occurs near the step
‘edge for all caseé. The predicted profiles éradually approaches
to that of the experiment in the reattachment zone and then about

15% overprediction occurs far downstream of reattachment zone
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(see fig.4.6h). The peak level of u® for Reg= 28,000 around
14.5% normalized on the freestream velocity, is fpund in the
recirculation region at X* = -.12 whereas in the experiment
(Vogel‘and Eaton, 1984} the peak level and location was 16% and
X* =-0.32 respectively. The location of the maximum moves from’
Y/S = 0.7 at X* = -.12 to ¥/S = 0.94 at X* = 1.5. The magnitude
of the maximum drops from 14.5% to 12.5% in this distance. These

predicted values are in good agreement comparable to that of the

experiment of (Vogel and Eaton (1984).

In fig. 4.8 turbulent shear stress {-uv) profiles for Reg =
40,000 are presented and compared with experimental values of
Eaton & Johnston(1980).The peak value of-turbulent shear stress
show a pattern very similar to that of the turbulent normal
stress.In most of the axialllocations, present model ovegpredicts
the experimental data of Eaton and Johnston, (1980), although

underprediction of about 25% in observed in the vicinity of the

step face (at X/S = 1.0). The maximum predicted value of the
turbulent shear stress is ~57/U°2 = 0.016 where as the

experimental value was 0.01.

4,2.,2 Heat Transfer Characteristics:

In this section, the behaviour of the heat transfer
characferistics of the recirculating reattaching flﬁw is
discussed. Fig. 4.9 shows the Stanton number variation for the
Reynolds number cases considered here. Constanf heat flux (qo" =

130 W/mzl boundary condition in assumed at the step wall
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according to the experimental setup of Vogel & Eaton (1984).

_All of the Stanton number profiles have the same general
features. There is a low heat transfer rate in the recirculation
region‘(x* <0), followed by a steep rise to a maximum néar the
reattachment point. By'comparing the location of the reattachment
point to the location of the peak heat fransfer rate, Vogel and
Eaton (1984) found that the maximum ochrs slightly upstfeam of
reattachment. In present prediction it is found that the maximum
Stanton number is about '‘0.13XF to 0.17X* upstream of reattachment
point depending on the Reynolds number whereas the experimental
valﬁe was about 0.1X* for Re = 28,000. The heat transfer rate
then declines 40% to 50% from the peak value depending‘on the

Reynolds number, downstream of reattachment, to a typical flat-

plate level.

The effective origin of the redeveloping thermal boundaf&
layer is found by matching the flat-plate solution to the profile
downstream of reattachment:as'shown.in fig. 4.9(c).The following
correlation, taken from Kays and Crawford (1980), is used to
generate the flat-plate profile.

C.4

ST Pr = ,030 Re 9+2 . ... Ce e Y 7 B B

This procedure locates the effective origin approximately

two step heights downstream of reattachment.

Profiles showing the variation of the heat transfer rate
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with Reynolds number are presented in fig. 4.10. The streamwise
coordinate is non-dimensionalized on the reattachment distance
for each particular profile. The variation of the heat transfer
co~efficient with the Reynolds number is smooth and monotonic.
The entire Stanton number profiles are shifted in value,
indicating a gengral scaling of the heat transfer rate on the
Reynolds nﬁmber, the same effect as for the flat-plate heated
boundary layer. Far downstream of reattachmént, the Stanton
number assures a flaﬁ-plate turbulent béundar& layer value. The
maximum heat transfer rate in the present prediction range from
I.T'times for the largest Refnolds number to 2.0 times for the

smallest of the far downstream values.

Figure 4,11 shows that normalizing the reference Stanton
number profile on the maximum value of Stanton number collapsed
a;most to one profile although there is slight deviation
-downstream of reattachment. The experimental data {Vogel & Eaton,
1984) for Re, = 28,000 is identical with the predicted profile

upto reattachment zone and then deviates considerably.

The predicted mean tempergture profiles for Res = 25;000
are presented at various stfeamwise-lécations_downstream of the
separation._The temperature profiies show the steepest
temperature gradients, and therefore most of the thermal
resistance, in the region very close to the wall, which is
conduction dominated, Only'in one of the profiles, that closest
to the step at X/S = 0.33, there is a significant temperature

gradient in the flow far from. the wall, most of it across the
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free shear layer. This éradient'also exist for X/S = 1.66 but
gradually decreases and almost diminishes after reattachment._Thel
predicted profiles deviate considerably in the recirculation
regién and after reattachment point (X/S 5 6.7), these are very
close toc the experimental data. This deviﬁtion is due to the
shortcomings of diffusion moqeling of temperature equation..
Greater convective mixing effects in other regions of the flow
does not allow steep temperature gradients except near the wall
and accross the shear layer near the separation. The temperature
drop accross the shear layer Suggests.that the warmer slow moving
recirculation fluid is not rapidly transported accross the

recently separated shear laver,



CHAPTER 5

CONCLUSION

Prediction of the fluid dynamic and heat transfer quantities

in the separated and réattaching flow behind the backward facing

étep is made to develop a computer code with sufficient

accuracy. Both laminar and turbulent flows are studied and

compared with the existing experimental data base. A brief

summary of the .important conclusions of this work follows.

This model predicts tHe laminar flow with sufficient
accuracy for low Réynolds nﬁmber {100 and 389). For higher
Reynolds nqmber, such as Re = 1000, the prediction of
velocity profile is very good from stép.face to reattachment
pbint, after that it deviates fo some extent from the
experimental data. In case of reattachment length, present

prediction is identical with the experimental results.

The heat transfer coefficient for a laminar reattaching flow
is about three times that of a flat plate boundary la&er
around reattachment and also depends on Reyﬁolds number,
This augmentation is caused by thinning of the viscous
layer adjacent po the surface resulting from the impinging
mean flow. The higher the Reynolds number, the higher is the

heat transfer rate. The maximum heat transfer rate lies at

- 10% the reattachement length upstream of reattachment point

for the lowest Revnolds number .and gradually shifts towards

reattachment point for higher Reynolds number cases.



The maximum temperature in laminar flows drop occurs across
the shear layer very close to the seperation. So it can be

concluded that the warmer slow moving recirculating fluid is

not easily transpofted across the free shear layer at this

region.

For turbulent flow the present model.prediéts méan velocity
profile almost accurately for all three Reynolds numBer
cases considered, although'there are small deviation in the
profiles after réattachement point.. Prediction of location

and magnitude of backflow velocity is fairly good.

Prediction of turbulent fluctuating component is not very
géod. There is underprediction of abput 50% in the maximum
turbulent normal stress near the separation point. The
difference gradually decreases and close to the reattachment
point,prediction approaches experimental data.’ Similar

result is also found in the cases of turbulent shear stress

prediction.

The heat transfer coefficient in turbulent flows is about 2
times that of a flat plate boundary layer arbund
reattachment which .is close to the experimgﬁtal value. The
maximum heat trahsfer rate lies from 0.13X% to 0.17x*

upstream of reattachment.
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The temperature profiles show the steepest gradients in the
region very close to the wall which is conduction dominated.

There is a significant temperature drop accross the shear

layer in the recirculation region. The temperature profiles

in upstream of reattachment can not be predicted with

accuracy due to the shortcoming of the diffusion modeling of

temperature equation.
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CONTROL VOLUME FOR U
DISCRETIZED EQUATIONS: _ _

The momentum equations:

4

U-momentum equation:

N
B2
agu, = anpUpy + b + (Pp - Pp) Ag .....(1) Vj;ﬁﬁéa ?
V-momentum equations: _ ' ' p “
anVn = anbvnb + b + (PP - PN} An ...o-(Z) b
where (Pp - Pg) is the pressure difference CONTROL VOLUME FOR ¥
Ae is the area on .which the pressure difference acts
and (Pp - Py) A, is the pressure force aétiné on U control
volume l

The momentum equation can be solved only when the pressure
field is known or is somehow estimated. Unless the correct
pressure field is emploved, the resulting velocity field will not
satisfy the continuity equation. Such an imperfect velocity field
based on a guessed pressure field * is denoted by u*,v*. This
"starred’ velocity field will result from the gsolution of the

following discretization equations:

: * x :
ae[_IE* = anbllnb* + b+ (PP—PE) Ae ....-.....-.--(3)
anvn = anbvnb +b+ ‘PP—PN) AN ---oon.----cno(“)

The Pressure and Velocity Corrections

Let the corrected pressure 'P' is obtained from:
) _
p=pP"+p ....... e

R )

\ 1
where P is the pressure correction.

¥ L] H

The corresponding velocity corrections u , v , w can .be

introduced as:

L + ]
u = ut o4 u ;3 v = vE o4 Voo W o= wr + w A B
Subtracting (3) from (1), we have
H L] 1 1
&eue = , anbUnb +(pp '—PE)AE oo----n-.c-,-on-(?,
Dropping anbYnb for computational convenience,
) 1 1 °
aeuel=(Pp —,PE)?Eo--.--.----c.oo---nn-uo-q-cn-(s)
ue =de ‘pp "'pE] o--.--o---on---c-ocoo----lclo(g)
where de = Ae/ae

Equation (9) is the velocityv-correction formula.,
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APPENDIX B

SOLUTION PROCEDURE

SIMPLE (Semi-Implicit Method for Pressure-Linked Equattion)
algorithm is used for the calculation of the flow field. The-

important operations, in order of their execution, are:

Guess the pressure field P*.

Solve the momentum equations to obtain u* and v*
]

Solve the P equation.

4, Calculate P by adding P, to P*.
Calculate u, v from their starred values using the velocity-
correction formulas. oo
6. Solve the discretization equation for other variables (such as o
temperature and turbulence qguantities) if they influence the flow
field through fluid properties, source terms etc.
7. Treat the corrected pressure P as a new guessed pressure P*,

return to step 2 and repeat the whole procedure until a converged
solution is obtained,



- TABLE 1.1
BACKWARD FACING STEP DATA SETS

SUMMARY OF
L g , E A |E ot L, w ]
£ e} . 3, s8 |8 g g - S 4 2
o - o o o jo] " £ - g - b =
G £ o= @ oo a @ _o U £ EY [ R 3 w
..5 = oo 5] u w [ s R} -t 2 o L m - - (=] ot g
2 o o o | M L ES g c|EE@l b I EE NI e Y
z = m e = S a = LTI w4 h = ® ® K c =
@ e m [ragyint < 2" E £ 3
2lea hort=film sudden
Abbott & Kliney .16-1.97 800-1600 |[Turb, _5x10% 2-15 41 dubicus - - expansion 10
) results double-sided
i u' PhA smail step in
Baker .71 3550 Turh. 5x1¢ L15% | 18 5.7 u'v' x= 1.1 4,2 large tunnel
' vi/y =1.10 g
- 6.0 wirte 1'“a
Sradshav .13 730 |Lam  [4.2x20% 0.5 | & - - sudden
& tong expansion 52
. with shaped
upper wall
i u' u-wire 2.7 sudden
Chandrsuda 0.04 570 |Lam  [1.1x10° j0.07% 115 5.9 ¥, TV 1.1 4.0 w/ | expansicn 14.3
x~wire u-wire top wall
sloped down
at 1.7°
Lam/ - sudden expan-
Denham -5 ~150  |Turb xl0’ | - 20 6 u' laser 5 sion 2:3 -
Baton & Turb. 4 u' pulsed sudden
Johnston .23 890 trans. | J.9x10 37|12 7.37 wire ane- 4,5 expansion 12
mometer 3:5
Eaton & 4 u' pulsed sudden
Johnston .23 510 Trans |2.3x10 Lox |12 8.2 wire ane- 3.4 expansion 12
mometer 3:5.
Eaton & .18 200 Jram  1.x10 ] .31 |12 [e.o7 | v pulsed 3.7 sudden 12
Johnston wire ane- expansion
nometer 3:5

[Taken Afrom Eaton & Johnston 14807]

A NI

60T

'



SUMMARY OF

TABLE 1.2
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