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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-E 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
except for higher Reynolds number cases. The prediction of heat
transfer characteristics illustrates the augmentation of local
heat transfer rate at 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
significant 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 .
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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

The reattachment of a shear layer, laminar or turbulent, has

been the subject of study for many years because to its practical

importance. These studies have attempted to explain the basic

physics underlying the fluid-dynamics and heat-transfer behaviour

in the separated and reatta~hing shear layer.

The heat-transfer process is 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 reattach~ent zones.

Ina large number of practical heat transfer devices such as

heat exchangers and turbine engines, reattaching boundary layers

can cause unexpected augmentation in the local heat transfer

rate. This fact is creating great interest in numerical modeling

of both the fluid dynamics and tIle 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 zone and

redevelopment region. In addi tion. the streamlines are nearly
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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 still very complex. Fig.l.l

illustrates some of the complexities of the backward-facing step

flowfield. A boundary layer separates from the step edge,

becoming a free shear la~'erI which is almost un8:ffected by the

presence of the upper and lower walls. This shear layer grows by

entrainment from both the freestream and the recirculation region

beneath it. Due to the pressure gradient and its own expansion,

this shear layer turns and reattaches at the lower surface.

Within the reattachment zone the shear layer is subjected to the

effects of strong curvature, adverse pressure gradient and strong

interaction 'with the wall. One or more of these mechanisms

cause(s) a rapid

reattachment zone.

upstream into the

So between the

decay of the turbulence energy within the

Part of the shear layer fluid is deflected

recirculating flow to supply the entrainment.

wall and the separated shear layer, a

recirculation region of some complexity exists, with a primary

vortex and a small corner eddy close to the step face. The

backflow region is a layer of fluid near the wall. Downstream of

reattachment, in the redevelopment region, the reattached shear

layer gradually transforms back into a wall dominated flow
str.ucture.

The heat transfer is generally low in the recirculation

region where velocities are less than the freestreaml. It then
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rises very rapidly approachillg 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 rea ttaching flows. In recogni tion to

this fact, the following literature survey contains two main

sections. The first is a brief survey of the fluid dynamics in a

backward facing step following 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 step 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 experiment on heat transfer and fluid

mechanics measurements in the turbulent reattaching flow behind a

backward-facing step. Eaton and Johnston (1980) provided a
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comprehensive review of subsonic, reattaching turbulent flow (See

Table 1.1). Watkins and Gooray (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 to measure both mean flow and

turbulence profiles in a low-speed 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 was made by Abbot and Kline (1961), who

measured mean-velocity profiles for both single and double steps

of various heights. They used wate~ flow.with flow-visualization.

techniques, and observed tllat the flow near reattachment was very

unsteady. They concluded that most"of the backflow fluid was

entrained into the shear layer in the early region of shear-layer

development. Turbulence measurements were attempted with hot-film
anemometers.

Tani et a1 (1961) measured mean velocity, turbulence

intensity and turbulent shear stress for flow with various step

( ";
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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 to turbulent.

Bradshaw and Wong (1972) studied the recovery of the

boundary layer downstream of reattachment. They concluded that

(i) there was a very fasl rale of decrease 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

characteristics 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 a1 (1974) measured wall-static-pressure

distributions behind sleps of various heights. They found

similarities in the pressure distributions and were able to infer

the reattachment lenglh from the pressure distribution.

Bordered and Bradshaw (1975) investigated three-

dimensionality of the 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.
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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. Measurements

included mean velocity, Reynolds stresses, higher-order

turbulence quantitres 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 data station, XIS = 14.3, well downstream

of reattachment. In a preliminary flow-visualization experiment,

Chandrasuda' observed t.hat large eddies were not torn in two at

reattachment, as had been implied by Bradshaw and Wong (1972)

from reattachment and others went upstream with the recirculating

flow in a more or less alternating fashion.

Kim et aI, (1978) measured mean veloci ty, Reynolds stresses

and intermittence 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 ullsteadi~less in the reattachment region and

suggested the spanwise variations at reattachment.
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Smyth (1979) used a laser-doppler anemometer to measure

mean-velocity and Reynolds-stress components' in a double-sided,

sudden-expansion flow. Unfortunately, the measurement resolution

was not adequate to provide much i~formation about the separated

flow region. He found tha~ the turbulence profiles were still far

from equilibrium 48 step heights downstream of separation. This

demonstrated .the remarkable persis tence of the flow structure

characteristic of the separated shear layer.

Eaton and Johnston (1980) were among the first to make

measurements in the highly unsteady and reversing flow behind a

backward-facing step, using instruments that could accurately

quanti fy 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 turbulence intensity decreases

rapidly downstream of reattachment, with the turbulence actually

beginning to decay upstream of reattachment some one or two step

heights. Upstream 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 presence

of vortices in the laminar case and the rapid mixing associated
wi th them was responsible for the more rapid growth rate of

laminar shear. layer. Using several thermal tufts to track the

loca tion of the rea ttachmen t point, they .found a low- frequency

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

reattachment distance versus the Reynolds numbei might mean that

the effect of area ratio could be uncoupled from those of

Reynolds number.

Driver and Seegmiller (1982) acquired wind-tunnel fluid-

dynamic data for the backward-facing step using a laser-doppler

anemometer. From their data they extracted many of the important

turbulence quanti ties, such as production and dissipation rates
in the flow. They studied

separated flow. However,
the effect of pressure gradient on the

they found that the Reynolds stresses
are similar for cases both with and without overall pressure

recovery. They also 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 layer. Turb~lent triple cross-products

disappear rapidly approaching rea ttachmen t,possi bly because the

large vortices which produce this correlated motion are torn
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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 f~ow

in a water channel with a fairly thick boundary layer ( &/S =
0.8 ) at separation, using laser-doppler 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 obser~ed for the vortices as they

passed into the rea t tachmclIt reg ion. Some of the eddies do not.

impinge on the wall at all, but "over ride" the reattachment

region and go on downstream into the 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 layer 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. and

parts are either swept upstream to be entrained back into the

shear layer, enter the recirculatio.n region. or are swept down

stream into the redeveloping boundary layer. No large, coherent

motions are visible ill the recirculation region, indicating a

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

Pronchick supported Lhese ideas by noting that the

turbulence kinetic energy is generated primarily far from :.the
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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

backward 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 e ffec t 0 f embedded long itudinal vortices and

Reynolds number 'variations. Special attention was paid to what he

identified as a regior. 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

normalization 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

reat tachment length itsel f may change cons iderably as various
flow parameters are changed.

Walterick et al (1984) performed some experiments on a
backstep flow using mainly hot films and hot wires. 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 sect~on 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 experiments,

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-layer thickness at separation, the step height

Reynolds 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 is relatively insensitive to the initial

conditions as long as siS < 0.4. Since the pressure recovery

first becomes affected at roughly this same value, he suggests

cases where separation andthis as a dividing line between the

reattachment have a " strong" (siS < 0.4) or " overwhelming"
effect (.s/S > 0.4) on the downstream boundary layer.

From a comparison of his work with those of others I 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 flOl' did not reaeh Reynolds- number independence
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(maximum Res = 36,000). Because the maximum recirculation region

velocities ar~ typically 20% of the free stream, much higher

free-stream velocities would be. required to attain

number independence in that zone (Res = 200,000).
Reynolds-

Adams examined the 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 layer

was laminar, even at the maximum Reynolds number (Res = 36,000).

The evidence for this conclusion included measurements of the

streamwise component of the velocity close to the wall. Which

showed that the burstling process typical of a turbulent flat-

plate 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 aU 1981a, 1981b, 1983) carried out significant

experiment on separation boundary layer. They have taken

extensive laser-doppler anemometry data in a effort to model the

mea n -vel 0 cit y 'pr 0 f i lei n ba ck flo w reg ion s. Ups t rea m 0 f

separation, the velocity profiles follow the Law-of-the wall.

Downstream of separation, in the back flow 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 measurements in the turbulent

reattaching flow behind a backward-facing step. The overall 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 Transfer:

Heat-transfer studies of a separated and reattaching

boundary layer have been carried on for some time. Few of the

previous experiments include only mean-velocity or turbulence

profiles. Since the reattachment length was not measured

directly, it was usually inferred from the heat-transfer results.

However, all these experiments show the same general features of

heat transfer in a reattaching flow, that is, a low value of the

heat-transfer rate in the fully separated region, followed by a

rapid rise to a maximum near reattachment, followed by eventual

recovery to flat-plate levels. Many of the studies are

perturbations of the geometr~' 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

downstream of a backward facing step using .a constant heat flux

surface. He found, for a one-inch step and a free-stream velocity

of 150 ft/sec (Re = 76,000), that mean reattachment, as inferred

from the heat-transfer data, was about six step height downstream
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In an earlier efforL, Seban et al (1958) found simila'r(\;:

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 (J9B?) measured the ~ocal heat-transfer co-

efficient on' a constant-temperature surface behind a symmetric

sudden expansion (double step ). Large expansion ratios,

typically 1:2, were used. The~' concluded that the

transfer rate occurred at the reattachment point,
peak heat-

which was
approximately four step heights downstream of the step. They did

not independentl y measure the rea Lt,achmen t 1eng th, and the

shortest estimated length suggests that the peak heat transfer

actually occurred upstream of rea ttachment. 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

augment.ation of the heat-transfer rate downstream of

reattachment, up to six times the flat-plate value for the same

conditions. Measurements were taken from the step edge to 14 step

heights downstream. At that point, the Nusselt-number profiles

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

Aung and Goldstein (1972) acquired data in an air flow

behind a backward-facing step using a Mach-Zehnder interferometer

with an estimated uncertainty of 7%. Since the upstream step was

hea ted to the same temperature as the downstream surface, the

boundary conditions for this flow were generally different from

those of other studies. Also, the range of free-stream velocities

was smaller, ranging from 1.G5m/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 drop fro~ the wall to the free-stream occurred in

the shear layer at the station 0.53 step 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 IX* = -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 point, which was 4.5

step heights downstream of reattachment for all Reynolds-number.
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This was further upstream than found in similar experiments with

higher-speed flows. The mean heat-transfer c.o-efficient

downstream of reattachment shows the exp~cted profile, with the

maximum 50% greater than the far-dbwnstream value. "They showed

that after 12 step heights the heat-transfer co-efficient is

recovering to the flat-plate value.
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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 choose air as the fluid and used a single-

sided, backward-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 (1984) made the most extensive study on the

'turbulent reattaching flo\'!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

included extending the engineering correlations for the heat

transf~r rate, characterization of the redeveloping boundary

layer, and analysis of the near wall region. The experimental

facili ty used for thi s work was a two-dimensional, sudden-

expansion rectangular duct 45 cm in span with an expansion

ratio of 1.25. Filtered ambient air was the working fluid used

'for,measurements ov~r a velocity range of 3 - 15 m/sec. The

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. Nean 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 traversi~g resistance

thermometer to make measurements of the correlation of the local

fluctuation temperature and normal component of the velocity.

1.2.3 Numerical Studies of lIeat Transfer in Backward Facing Step

Flows :

Within the last fifteen years, numerical modelers have made

a great deal of progress in the computation of complex turbulent

flows. In the last five years, these computations have been

extended t.o include the temperature field, with limited, but

significant success.~lost of these computations have been carried

,?ut using variations Oil 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 at the inner edge 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 conditions. Tl.is model plays a crucial role in the

success or failure of the numerical method. Significant effort

has been made to " fix up " various numerical methods to work

satisfactorily in back"ard-facing step flows with heat transfer.

However, these modes are successful over a very limited range of

geometries and boundary and ini tial condi tions. Recently. the
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realization that the near-wall and turbulence models are the

important keys to success ful, general computational techniques

has spurred development in these areas.

Chieng and Launder (1980) calculated the velocity and

temperature fields downstream of an abrupt pipe expansion

(expansion ratio. = 1:2),using a k - 6 model of turbulence. Wall

functions were used to connect the grid to the solid surfaces.

These wall functions are based on a universal length scale for

the turbulence, with the scale increasing linearly with distance

from the wall. This model was used for the near-wall region of

the flow outside the viscous sublayer.

For higher Reynolds-number calculations ranging from 4860 to

66,260, they claim agreement withi" 15% of the heat transfer rate

measured by Zemanick and Dougall (1970).However, the location of

the maximum heat-transfer point, calculated by their model,was

upstream 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 low Reynolds-number case and found a 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-sLokes equations using a k-E turbulence

model. This new model evaluates the generation and dissipation
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rates of the turbulence for the grid point nearest the wall, at
\

y+ = 30. The turbulent kinetic 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).The main difference between the two methods lies

in the treatment of the e- equation. Amano (1982) does not need

local equilibrium between production and dissipation in the near-

wall region, but uses the zero gradient at the wall and a mean

velocity model to generate a set of equations describing 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 the mean heat trans fer by 20%. However, their

calculations predict the maximum heat transfer point to lie at

five step heights downstream of separation, simultaneously

predicting reattachment at XIS = 7. Compared to the data of

Zemanick and Dougall (1970), their data underestimated the

distance to the maximumheat - transfer point by 30 - 50%.

Watkins and Gooray (1982) performed extensive computations

to compare their numerical models to experiments with heat

transfer in both backward facing steps and sudden-expansion

pipe flows. Their bas ic method was buil t on the TEACH-Tcode,

modif ied by including hea t transfer and quadratic di fferencing

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

"
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recomputed us ing the same gr id, subs tituing 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, buL do not use, the'algebraic stress
models. The key inclusions into the standard k - E model are

terms involving the streamline curvature and " wall-damping «

As in the earlier studies, their treatment of the near-wall
region is generally the same as they prescribed boundary
conditions using" wall-funct.ions", At y+<5,the flow is asSumed

laminar; be.tween 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 sLarL closer to the wall than do those

of earlier modelers, in this case at y+ = 15.

Compared to the experimental results of Zemanick and Dougall
(1970), their results show improved agreement using their two-
pass sys tern over ear Iier modelers. The location of the maximum

Nusselt number is wfthin the experimental. e~ror and correlates on

Re 0.75. Their heat transfer profiles recover more slowly than do

the experimental results, with a maximum deviation of 15% just
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downstream of reattachment at ReS = 66,260. They note generally'

greater deviation for lower Reynolds - numbers.

For a single-sided back step flow, they found a variation in

the maximum heat-trans fer rate wi th boundary-layer thickness at

separation. They reported a computed decrease of 8% in the
!I,

~ maximum Nusselt number as the boundary-layer thickness decreasesHi

from g/S = 2.0 to s/S = 0.4 at Re = 5000.

:.T
;.1.'.,
0-,

Chi eng (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 - E

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-

-..0
co
-.[;

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
. I 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-E

"modified" k - E, 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 Reynolds stress.

but moves the location of the maximum in space. All four

numerical models show the proper relationship between the

expansion ratio and the size of the separation region. None of

the numerical models works well in all region of the flow. The

"modified" algebraic stress model works best in the recirculation

region. but performs more poorly 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 nu~erical studies help point out the lack of good

near-wall models to use ill developing numerical methods for

predicting the heat transfeT in a reattaching flow.

1.3. Objectives of the Present Research

The overall' goal of this project is to develop a computer

code which can predict the fluid dynamic behaviour and the heat

transfer rate in stro.ngly recirculating reattaching flows with

sufficient accuracy. In particular, the main motivation behind

this work is to investigate the causes of large augmentation of

the heat trans fer 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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turbulent case are taken for data base. This goal is broken down',

into several specific objectives :

a) Prediction of laminar recirculating reattaching flows.

b) Prediction of turbulent recirculating reattaching flows.

d) Prediction of heat transfer rate in turbulent flows with

constant heat flux boundary conditions.

e) Investigation of the. effect of varying Reynolds number on

reattachment length.

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

fricti~n co-efficierlt in the flowfield.

'g) To predict the behaviour of the heat transfer co-efficient
along the wall.



CHAPTER 2

MATHEMATICAL MODEL

2.1 Governing equations:
The partial deferential equations for conservation of mass,

momentum and a conserved scalar property for steady

incompressible turbulent flow in cartesian tensor notation ( for

detail see Hinge 1975 ) are :-

mass : = 0 (2.1)

momentum /)
+ ox"; (

J
(2.2)

Scalar ( !.L
p

- u g)
i (2.3)

Wher~, upper case Vi and 8 represents the averaged values of

velocity and scalar and lower case ui and 8 represent their

fluctuating quantities, an overbar represent a mean value of that

quantity. For laminar flow calculations, the governing equations

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

Equations 2.1 to 2.~ do not form a closed system becaus~ of

the unknown fluctuating correlations. Thus the equations 2.1-2.3

can only be solved if the unknown correlation "-UiUj" and
,

"_U_S II
. 1

are determined through some modeling known as turbulence

.modeling.
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2.2,Turbulence Hodel 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 :-

(
o Vi o Vi ) 2

ku.u. Vt 0--- + 0--- - 3 ijJ J X. XiJ
(2.4)

where = 1 for i j and o ij = 0 for i p j

Turbulent heat flux:-

- i1.1r =
i

o G(-,,---)
o Xi ." .. (2.5)

where eddy viscosity.

where C~ is a canst.

The modeled k-equatian.

(2.6)

= -£--Xi ~eff. ok
( a k exi ) + G - pe: (2.7)

The modeled f-equatian.

(p Vi EO ) = -p-- (
o'Xi

(2.8)

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.

i. At the inlet boundary, known quanti ties are speci fied. from

the experimental sources.

ii. 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.
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2.4 Calculation of Heat Transfer Coefficient

(a) for constant wall temperature condition heat transfer

coefficient is calculated as follows.

( b)

h (T - T ) =
. w a

for constant

oT
K -oy
heat

y = a
flux condition, the wall

(2.9)

temperature is

calculated by the following equation:

(i)
y a

= K
\ly

" (q = Canst. for laminar flow)
(2.10)

(ii) T
w Ti.r+ 1 + - 1.77 )(far turbulent flow)'

(2.11}

wher'e (w+1) represents the nearest grid to the wall.

Equation 2.11 is taken from Joyatilek (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 .

08
(f 9 -0-- ) + 5g •••••

. Xi
(2.12)

Where a is a general dependent variable, Sa is the source

term and is their diffusive transport coefficient. Table 2.1

illustrates 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 fpr 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 quadratic 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 equation 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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=1J+lJr,

Equation

Mass

V-momentum

V-mementum

Temperature

Turbulent
kinetic energy

Dissipation
of k

lJeff.

G =

a

1

V

v

T

K

E

fa

0

IJeff

lJeff

IJ IJ t+
°e ° e t

lJeff
ok

IJ eff

°E

IJt =
o Vi

(-,fx-:= +
1

Sa

o

o

G - pE

E ( C1G-C2PE )-k-

~ P k2
E

-~-~j ) o Vi
o Xi --,nf.

:J

C

0.09 1.22 0.72
°e t
0.90

..
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The discretised equations are solved simultaneously using

the SIMPLE (Semi Implicit Method for Pressure - Linked Equations)

algorithm of Patankar & Spalding (1972) by repeated sweeps of a

line-by-line application 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 the cases considered in this study are

carried out using 40 X 25 (x,y) 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 witl, grid line~ more closely spaced near the

step.



CIIAPTEU 3

PREDICTION OF LAMINAU FLOW AND HEAT TRANSFER

3.1 Introduction

In this chapter the results obtained from the prediction of

Armaly et aI's (1982) experiment of laminar flow in the backward

facing step is discussed. The experimental set up of Armaly et at

incorporated of a two dimensional backward facing step that

provided an expansion ratio of 1:1.94. The lirge channel,

downstream of the step, had a height of l.Olcm and an aspect

ratio of 18:1. A laser-Doppler anemometer was employed to define

quantitatively the variation .of separation length with Reynolds

number and to obtain detailed information of the velocity

profiles downstream of 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 present prediction, four di fferent 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: .constant wall
temperature and constant heat flux.



33

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-veloc~ty

profiles are presented for three grid sizes: (20 XII), (30 X

14), and ( 40 X 25 )(x,y). For both Reynolds ~umber, 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 presented' in figures 3.3 to 3.6. The velocity

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 profil.s

wer.e compared with that of Armaly et aI's experimental and

predicted profiles. The present predicted profiles resembles to

the experimental profiles up to XIS '" 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 developed. But Armaly et aI's

predicted profiles deviated considerably after a distance of 4

step height. The predicted velocity profiles for Reynolds number

of 1290 showed good agreement with that of the experimental data

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

profiles deviated considerably.

The variation in rea ttachmen t length wi th Reynolds number

from Armaly et aI'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 reattachmerlt length almost coincide with the

experimental data. Arma] y el 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 recirculating flow attached to the
backward facing step,

downstream of the step
additional regions of flow separation

and on both sides of 'the channel test

section was also found in the present prediction as had been

reported by Armaly et al. One additional region at the upp~r wall

for Re = 1000 and two addi tional regions, one at the upper and

the. other at the lower wall, are found in the present prediction

but their sizes could nol be predicted accurately due to the
limitation of grid refinemenl.
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The variation of wall static pressure for both upper and
lower wall are shown in figures, 3.8(b) 3.10(b). 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-friction 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 reattachment 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 characteristics

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 val ue 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

The peak heat transfer coefficient

value for 1000 ReYllolds number and 2.9 times for Re=100.
• .Jgradually sh~fts towards .the

reattachment point as the Reynolds number increases (see fig.
3.11) .



36

All of the convec tive heat trans fer co-efficient have the

same general features. Th~re is a low heat transfer rate in the

recirculation region, followed by a st~ep rise to a maximum near

the reattachment point. The ratio of the maximum value to the

value near 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 matching the flat-plate solution to the profile

downstream of reattachment, as shown in figure 3.12. The

is used to generate the flatfollowing correlation (Kreath 1958)

plate profile

hx = 0.332 K/x Rex1/2 Pr1/3 .......•.. ........... (3.1)

This procedure locates the effective origin approximately

two step heights downstream of reattachment, for Reynolds number

of 100. But far downs tream 0 f reat tachment, present prediction

overestimates the heat t,'ansfer rate by about 25%.

Figure 3.14 shows tl,at 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 convective heat transfer

co-efficient is maximum. Figure 3.13 shows that the normalized

zero stream function line for. all the Reynolds number collapses
to one profile.



37

To investigate the effect of constant heat flux boundary

condition on the wall temperature, only one case is considered

i.e. He = 100. The constant heat flux q" is taken from the

results of constnat wall temperature condition, i.e.

q"
L

1
= [--- h

L
o

(T - T ) dx 1w 0 L = 50S.
Tw = Cont.

In figure 3.15 the wall temperature calculated from this

boundary condition is presented. Figure 3.15 shows 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 6 step height

after reattachment point, the wall temperature overshoots the

tempera ture for cons tan t wall temperature condi tion. In the far

downstream of reattachment point the temperature rises about 16%

above the constant wall temperature condition.

Six temperature profiles 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, and therefore',

most of the thermal resistances in the region very close to the

step height where thermal boundary layer lies. Near the wall, the
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steepest temperature gradient is found to be at XIS = 3.45 which

is close to reattachment point as the bulk of the low temperature

fluid comes in contact with the hot wall. The temperature

gradient for XIS = 1.0 is almost constant from wall to the step

height because in the recirculating region there is mixing motion

of the fluid. Far downstream of reattachment point, the

temperature profiles show that steep temperature gradient

gradually shifts away from the wall because of the thick thermal

boundary layer in the re.developing zone which approaches flat
plate solution.

/,



CHAPTER4

PREDICTIONOF TURBULENTFLOWANDHEATTRANSFER

4.1 Introduction

This chapter describes. the prediction of turbulent

recirculating reattaching flow for three different Reynolds

number. The 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 Yogel 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 5.0Bcm 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.

Yogel and Eaton (1984) used 3.8cm high backward-facing step

wit.h an expansion ratio of 1.25 (h = 15.2cm, II = 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-Doppler

anemometer and (v) resistance thermometer.

In the present prediction,the computational. domain was

calculations were performed in an IBM

Dept. of Mech. Engg., BUET.

divided by a 40 X 25 (x,y) mesh for all

PS/2-50

cases and

computer in

the

the

4.2 Results and Discussion

4.2.1 Fluid dynamic characteristics

Vogel and Eaton (1984) measured the reattachment length (Xr)

by taking the distance. from the backward-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

downstream the other half [Westphal (1983)]. In the present

prediction this length is taken as the distance of zero stream

function line from step face along the lower wall which

corresponds to the point of zero mean skin friction coefficient.

The. predicted and measured values of Xr 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

Boundary layer
thickness atseparation

/S

_______~r~~ _
Predicted Measured Reference

11,000 0.18 7.6 6.97 Eaton & Johnston,1980
28,000 1.10 6.95 6.68 Vogel & Eaton,1984•
40,000 0.23 7.72 7.95 Eaton & Johnston,

1980

Mean-velocity profiles for' all three cases are shown in
figs. 4.1 tl,rough 4.3. TIle velocity profiles show the shear layer

growing by entrainment as it proceeds downstream and then

intercepting the wall at the reattachment point. Underneath the

shear layer, the near-wall boundary layer starts near

reattachment and flows upstream toward the step ..The predicted

mean velocity profiles agrees quite well 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% (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

XIs = 0.7 and 2.0. The V-velocity profiles further

downstream,(say XIS = 4.67) but still within the recirculation

region. are small downward velocities. This negative V-velocity

is due to the fact that the free shear layer 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 mean

flow is towards tile wall across the entire shear layer.

Downstream of reattachment, the normal velocity gradually

decreases, indicating tile 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 turbulence broadens as the

shear layer develops. The turbulence intensity then decays,

beginning near in the reatt~chment zone. The location of the pe~k

in the turbulence-intensity profiles starts at about Y/S .= 1.0

downstream of separation. The peak dips down towards the wall in

the recirculating zone then moves back out towards Y/S = 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 cases. The predicted profiles gradually approaches

to that of the experimerlt in the reattacl,ment zone and then about

15% overprediction occurs far downstream of reattachment zone
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u2 for Res= 28. 000 around

14.5% normalized on the freest ream velocity, is found 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 Y/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 Res =

40,000 are presented and compared wi th 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 axial iocations, present model overpredicts

the experimental data of Eaton and Johnston, (1980), although

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

step face (at XIS = 1.0). The maximum predicted value of the

turbulent shear stress is

experimental value was 0.01.
-uv/U0

2 = 0.016 where as the

4.2.2 Heat Transf~r Characteristics:

In this section, the behaviour of the heat transfer

characteristics of the recirculating reattaching flow is

discussed. Fig. 4.9 shows the Stanton number variation for the

Reynolds number cases considered here. Constant heat flux (q. =o
130 W/m2) boundary condition in assumed at the step wall
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according to the experimental setup of Yogel & 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 near the

reattachment point. By comparing the location of the reattachment

point to the location of the peak heat transfer rate, Yogel and

Eaton (1984) found that the maximum occurs slightly upstream of

reattachment. In present prediction it is found that the maximum

* *Stanton number is about '0.13X to 0.17X upstream of reattachment

point depending on the Reynolds number whereas the experimental

value was about O. 1X* for He = 28,000. The heat transfer rate

then declines 40% to 50% from the peak value depending on the

Reynolds number, downs tream of rea ttachmen t, to a typical fla t-

plate level.

The effective origin of the redeveloping thermal boundary

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.

ST PrO.4 = 030 R -0.2• . e ......• . . (4.1)

. This procedure locates the effective origin approximately

two step heights downstream of reattachment.

Profiles showing tI,e variation of the heat transfer rate
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with Reynolds number are presented in fig. 4.10. The streamwise

coordinate is non-dimensional.ized 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 p~ofiles are shifted in value,

indicating a general scaling of the heat transfer rate on the

Reynolds number,

boundary layer.

number assures a

the same effect as for the flat-plate heated

Far downstream of reattachment, the Stanton

fl~t-plate lurbulent boundary layer value. The

maximumheat transfer rale in the present prediction range from

1. '7 times for the larges t Reynolds 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

almost to one profile although there is slight deviation

downstream of reattacllment. The experimental data (Vogel & Eaton,

1984) for Res = 28,000 is identical with the predicted profile

upto reattachment zone arId lhen deviales considerably.

The predicted mean temperature profiles for Res = 28.,000

are presented at various streamwise locations downstream of the

separation.

temperature

The temperature profiles show the

gradients, and therefore most of the

steepest

thermal

conduction dominated.

region very close to the wall, which is

Only. in one of the profiles, that .closest

0.33. there is a significant temperature

far from. the wall, most of it across the

theinres.istance t

to the step at XIS =

gradient in the flow
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free shear layer. This gradient also exist for XIS = 1.66 but

gradually decreases and almost diminishes after reattachment. The

predicted profiles deviate considerably in the recirculation

region and after reattachment point (XIS> 6.7), these are very

close to the experimental data. This deviation is due to the

shortcomings of diffusion modeling 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 layer.

" " .

. .,



CHAPTER 5

CONCLUSION

Prediction of the fluid dynamic and heat transfer quantities

in the separated and reattaching flow behind the backward facing

step 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.

1. This model predicts the laminar flow with sufficient

accuracy for low Reynolds number (100 and 389). For higher

Reynolds nU"!ber, suc'h as Re = 1000, the prediction of

velocity profile is very good from step face to reattachment

point, after that it deviates to some extent from the

experimental data. In case of reattachment length, present

prediction is identical with the experimental results.

2. The heat transfer c~efficient for a laminar reattaching flow

is about three times that of a flat plate boundary layer

around reattachment and also depends on Reynolds number.

This augmentation is caused by thinning of the viscous

layer adjacent to the surface resul ting 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 reattachemel,t length upstream of reattachment point

for the lowest Reynolds number and gradually shifts towards

reattachment point fOl' higher Reynolds number cases.
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3. The maximum temperature in laminar fl~ws 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 transported across the free sh~ar layer at this
region.

4. For turbulent flow the present model predicts mean velocity

profile almost accurately for all three Reynolds number

cases considered, although there are small deviation in the

profiles after reattachement point:. Prediction of location

and magnitude of backflow velocity is. fairly good.

5.. Prediction of turbulent fluctuating component is not very

good. There Is underprediction of about 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.

6. The heat transfer coefficient in turbulent flows is about 2

times that of a flat plate boundary layer around

reattachment which .is close to the experimental value. The

maximum heat transfer rate lies from 0.13X* to 0.17X*

upstream of reattachment.
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, .

7. The temperature profiles show the steepest gradients in the

region very close to the wall which is conduction dominated.

There is a signi ficant 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 equaLion.

. ~'..

",
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APPENDIX A

DISCRETIZED EQUATIONS: CONTROL VOLUME FOR U

t
I P

.t N

anbunb + b +
equations:
anbvnb + b + (Pp - PN' An ...•• (2)
(Pp - PE) is the pressure dif ference CONTROL VOLUME FOR ~
Ae is the area on which the pressure difference acts
(Pp - PN' Ae is the pressure force actini on U control

aeUe =

V-momentum
anVn =

where

and

The momentum equations:
U-momentum equation:

volume

The momentum equation can be solved only when the pressure
field is known or is somehow estimated. Unless the correct
pressure field is employed, the resulting velocity field will not

the

field
This

ofsolutionthe

imperfect velocity
* *denoted by u ,v .

fromresultwillfield
a guessed
velocity

based on
'starred'

satisfy the continuity equation. Such an
pressure field * is

, ,
where P is the pressure correction.

The corresponding velocity corrections u • v • w can be
introduced as:

The Pressure and Velocitv Corrections
Let the corrected pressure 'po is obtained from:

* 'p = p + P .........................•...•.••...••.. (5)

Subtracting (3) from (11, we have
*u = u + U *; v = y + v *w = w + w .•••.•••.•• (6)

velocity-correcti,on

...........••••..•••.••.••••. (8)

.................•........•.. (9)

formula.

Ae 0 •••• ( 7 )
convenience,

, ,
!lnbUnb + (Pp

for computational
=

ue

= Ae/ae
(9) is the

where de
Equation

Dropping
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APPENDIX B

SOLUTION PROCEDURE

SIMPLE (Semi-3mplicit Method for Pressure-Linked Equation)
algorithm is used for the calculation of the flow field. The
important operations, in order of their execution, are:

1. Guess the pressure field P*.
2. Solve the momentum equations to obtain u* and v*.,
3. Solve the P equation.

, *4. Calculate P by adding P to P .
5. Calculate u, v from their starred values using the velocity-

correction formulas.
6. Solve the discretization equation for other variables (such as
temperature and turbulence quantities) 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.
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