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ABSTRACT

The flow and convective heat (ransfer characleristics over a backward-facing step were in-
vestigated numerically and experimentally. Two different step-heights were studied for ditfer-
ent Reynolds numbers. The point of reattachment of the flow behind the step proved to be the
point ¢f maximum heat transfer coefficient. The size of tle separated region as well as the Nus-
selt number depended greatly on the Reynolds number. Dowustream-of reattachment, the heat
transfer coefflcient declined rapidly and followed gradually the contour of the turbulent hound-
ary layer. The results of the investigation were compared to others from the literature with sat-

isfaction.

NOMNCLATURE

A Van Driest's constant { = 2.06 for smooth wall)
Ci.....C4 are the coefficients in approximated turbulence transport equations.
CD Empirical constant ( = 0.22 for the k - model)

cp Constant pressure specific heat of air

Cp Pressuie coefficient

E Funclion of wall rougliness ( = 9.0 for smooth wall)
3| Height of step.

h Local heat wransfer coefficizut

K Tucbulent kinetic energy (U; Ui/2)

k Thermal conductivity

{ Turbulence mixing length

Pr, Pri Laminar and turbulent Prandl number

P, Pw Static pressure, atmospheric free stream pressure.

q’ Heat $lux
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T Temperature

t Thickness of wall

Re Reynolds number based on height of step (U.H/y)

Nu Nusselt number based on height of siep (h.H/k)

uv Mean components of velocity in x-direction and y-direction.
Uee: Free stream velocity

u, v' Fluctuating velocity components in x-and y-directions
X, Cartesian coordinates parallel to the wall and pormal to it.
£ Rate of dissipation of turbulence energy

A Von Karman's constant

U, pt, pe Molecular, turbulent and effective viscosily

v Kinematic viscosity

p Density

o} A generalized dependent variable

Yk Prandtl numnber for kinetic energy

Vg Prandtl Number for dissipation.

W Stream function

Subscript
denotes fluid (air)
1] denote cartesian coordinates directions

n general subscript

P value adjacent to the wail (second node in y-direction)
w wall value

oo free stream value

INTRODUCTION

Separated flows are observed in many engingering applications such as airfoils, diffusers, tur-
bomachines and civil engineering structures. Such flow separations produce significant perfor-
mance lasses, and have been of greal interest to engineers and researchers.

The problem of separated flows, besides being of great importanoe due to this wide occus-
rence, is basic problem in turbulent flow and heat transfer. Its comprehensive understanding is
essential for the turbulent behaviour of boundary layers in general. The physics of the separation
phenomenon can be simply described as resulting in stagnant trapped vortices in the flow, which
could enhance or inhibit the convective heat transfer process. The rale of heat transfer depencs
also on the size of the vortex, which in turn is controlled by the geometry and flow characteris-
tics.

Turbulent heat transfer for rearward-facing steps has been treated with great interest in the lit-
erature recently. Gooray et. al. (i} studied the problem of heat transfer for rearward-facing steps
and sudden pipe expansions. Their study consisted of computed distributions of heat transfzr co-
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efficients for several Reynolds numbers, particularly for low ranges. Celenligil et. al. {2] gave
numerical solution for a two-dimensional turbulent separated flow using a Reynolds stress closure
mode]. Moss et. al. [3] published some experimental results on mean velocity and Reynolds
stresses in regions of recirculation flows. Amane and Goel [4] applied a Reynolds stress turbu-
lence closure model for studying the flow in a pipe with sudden expansion. Their results showed
an advantage of the Reynolds stress model over the k-€ model by high Reynolds numbers. The au-
thor (5] investigated experimentally the flow characteristics and heat transfer coefficients near
separation on a flat plate boundary Jayer in the action of severe adverse pressure gradients and
also its influence on the laminar sublayer (6]. Kim et. al. [7] and (8] studied the mechanism of a
reattaching turbulent shear layer over a backward-facing step. Moore [9] published some experi-
mental results on the reattachment of a laminar boundary layer separating from a rearward-facing
step. Baughn et. al. [10] used a new technique to measure the heat transfer coefficient downstream
of an abrupt expansion in a circular channel with a constant heat flux.

In the present study three significant flow configurations are considered: boundary fayer over a
flat plate, separation and reattachment behind a backward-facing step and a free shear layer with
streamline curvatuce. The study includes cxperim‘ental investigation and numerical calculations
for Now characteristics and heat transfer. The flow field is considered two-dimensional, turbulent
and incompressible.

EXPERIMENTAL STUDY

The experiments were conducted in a low speed low turbulence open type wind tunnel for the
purpose of measuring heat transfer coefficents and pressure gradients. The test section is a square
of side length 460 mm. The flat plate is 1.2 m long and 20 mm thick and made from plexiglass.
has a 10 mm step down, backward-facing the flow, at a distance of 800 mm from the leading
edge. Two side walls along the test section help to keep the flow two-dimensional. The leading
edge of the flat plate is flushed very smoothly with the converging exit part of the wind tunnel to
keep any turbulent disturbances to a minimum. To eliminate the side walls blockage effect and
keep a good portion of undisturbed free stream around the centerline, the comers ol the entrance
-portion of the test section were fitted with fillets of 1359 on both bottom sides. Figure t shows the
test section with some details.

The lower side of the plate is heated with a 2.0 kW blower type heater. The hot air hits a row of
vanes and circulates in a chamber beneath the test seclion and then escapes through side holes. A
thermo-regulator keeps the temperature in the chamber constant (o an average of (55 + 0.5) ©C.

Along the centerline of the test section, | mm diameter holes scrve for slatic pressure measure-
ments. The temperature is measured by 0.5 mim diameter copper-constantan (hermo-couples
which are embedded in the surface of the plate. The temperature of the hot lower side.of the plate
is averaged from the readings of three embedded thermo-couples. The temperatures were meas-
ured and recorded with a 30-channel digital recorder, the pressure measurements were taken by a
micro-manomelter.
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To study the influence of the Reynolds number on the flow field and heat transfer characteris-
tics, two different runs were conducted. The Reynolds number had a range of
Re = —[-J-%LH— =19x104........ 14.57 x 104
The maximum temperature of the lower side was kept constant (about 550C) for all runs. The
room temperature was between 20°and 24 C.

STATEMENT OF UNCERTAINTY
The uncertainty of the present data is mainly in the measurement of the pressure and tempera-
turs. For the temperature measurements the digital reoorder had a sensitivity of 1/15.5¢C. The
temperature range was about 559C. The thermo- regulator controlled the heating to exatly +
0.59C. This gives an estimation of the error as a maximum of 1.8%.Both the thermo-regulator
and the recorder were accurately maintained every six months.

The pressure was measured with a micro-manometer which was developed at the Technical
University of Berlin. It has a sensitivity of 0.008 mm water head, and could be handled easily
and very accurately. This value is smaller than the minimumoef the static pressure difference
measured along the surface of the plate by a factor of 10.

Due to the separation and recirculation of the flow the readings were subjected to strong tur-
bulent fluctuations. But the repeated experiments and the reproduction of the points and curves
confirmed the consistency of the data. The geometric positions are accurate to within + 0.10 mm.

ANALYTICAL STUDY

Analytical studies of turbulent flows are usually of complicated and not definite nature. The
problem becomes even more complicated and analysis of the governing equations more cumber-
some, with flow separations. In the present work a computational method was employed to in-
vestigate the heat transfer coefficient for a flow over a backstep. The flow is considered turbu-
lent, incompressible, recirculating, two-dimensional and steady. The governing equations fo
heat transfer and fluid flow include those for stream funotion W, vorticity , turbulent kinetic en-
ergy K, turbulent dissipation rate @ and temperature T, which are expressed in equations (1) to
(5) respectively:

- __5_( ﬂ) -_6 (..@lhr) = pw:[} “)
Sx Sy By dy
—Q—(mﬂ)-s—s— (Qﬂ) -8 (ue 8@ ) - _S_(ueﬁ:fﬂ) -0 (2)
8x Sy Y 8x ox Ox Oy Ox
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The velocity components u and v are related te the siream function by

v @

pu= 3y
_ Sy @

pv= dx

The turbtilence viscosity is related to the turbulence energy and dissipation rate by the follow-
ing equation:

M=
€ ®

where CHL is an empirical constant.
The simultaneous sclutions of equations (1 - 5) give prediction of momentum transport in the

general turbulent flow probiem. These equation possess much similarity in form, a fact which i:
helpful in programming the solution procedure. The general form of the governing equation is

3 Sy § Sy 5(co) & d(ch) -
22 By 8 w3 L PO SO T
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The functions a, b, ¢, and d are given in the following table:

o) a b c d (Source Term)
] 1 ({ + 1) 1 0
LY 0 1 1 P
T 1 (LM 1
4+t 0
By © P
X 1 !
(p +-8—k) 1 C3u G-Cype
My C3mG Cy pe?
€ B¢ : - K * K

T - To) Cp o € L4 Kpl/2 Ey, Cul/4 Kpli2 12
(Tp-Tw) Cpp Cy ™ Kp P [ p ] +Pr R4 4y (Y
b (T - To) A Y sin (T/4) A
o b , )1;4
( Pr . (P
Prt (Pl't

This wall function is taken from Launder and Spalding [12]. Here Cp is the constant pressure
specific heat, A is the Von karmen constant, A is Van Driest’s constant and E is a function of the

wall roughness. In the present work for the K-£ model and a smooth wall & = 0.433, A = 26.0 and
E=9.0.

With the values obtained for C| and C3 and with the above values from the wall function the
empirical constant for the turbulent viscosity is Cu = 0.009, Verifying the values of C, in the em-
pirical formula given by [12]

n2 Cul 1,2
- cy culs , cucule (13)
A2 A2

is very satisfactory.
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Equation (12) is the most widely used wall function, and can be applied for many practical pur-
poses. One of its merits is to economize the computer work, and the other merit is to reproduce
identically the logarithmic law of the wall. A two layer and a three-layer wall function models
were suggested by Amano [{4]. The computations in these models are based on detailed treatmenl
of the equation near the wall, and the local variations of turbulent quantities were evaluated
through the viscous sublayer and the overlap layer regions respectively. These models seem to be
advantageous for flows with higher Reynolds numbers.

The background of the computer program employed in this work is described at some length in
reference [{1]. In this problem a variable grid system with 21 lines in the x- and y- directrons is
used. The non-uniform nodal distance was increasing in size away from the wall and step corners.
Figure 2 shows schematically the two dimensional backstep geometry. The employment of non-
uniform nodal distance was very advantageous, since the density of the mesh increases near the
wall and results in significant saving in computing time. Extreme care was given to the program ¢
make sure that the heat transfer coefficients were independent of the grid. The boundary condi-
tions for the problem are illustrated in Fig. 3.

The program was run on a UNIVAC 1100 computer. It took about 12 minutes to convergence,
which was achieved after 500 iterations to attain maximum flux error of 0.005. The programs
were then repeated increasing the number of iterations to 1000 and thus attaining a mass flux error
of less than 0.001.

RESULTS

While the investigation was primarily concerned with the computation of the flow held anc
heat transfer, preliminary measurements of surface temperature and static pressure behind the step
were taken {0 help the prediction model, and precisely choose the constants. Tt is important to eni-
phasize that the results presented here include those obtained by the computational model as well
as by experimental techniques. It is also worth mentioning that exteasive care was given to the de-
sign of the eperimental apparatus with the aim of having a relatively wide range of undisturbed
two-dimensional flow in the test section and to make sure that the separation occured only at the
beginning of the siep. Likewise the compuiational program was repeated many times and com-
pared to experimentat values, to ensure best choice of constants and accuraie resulls.

The pressure coefficient was calculated according 10
P - Poo
Cp= (14)

2P U2,

The experimental resulls are shown in Fig. 4 together with other results from the literature [3]
and [15]. The influence of the Reynolds number is very obvious. With increasing Re the reattach-
ment point (Cp = O) is pushed further downstream. This agrees compietely with the ather results.
and they all show the same trend. Figures 5 and 6 show patterns of the streamlines und isothermai
lines for two different step heights and different Reynolds numbers. At larger Reynolds nuimbers
the point of reattachment is pushed further downstream, and the region of separation become:.
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wider, which is in full agreement with the previous statement. Behind the reattachment point the
flow returns very slowly to the structure of an ordinary turbulent boundary layer.

The range of the Reynolds number applied in these experiments is for a turbulent flow. This
was verified by examining the plot of the velocity profiles around the region of the step. This fact
indicates that the case studied is most likely turbulent, where the flow is turbulent at both separa-
tion and reattachment.

Figures 7 and 8 show the velocity profiles at various stations along the test section for two dif-
ferent step heights. The region of recirculating flow is clearly observed by negative values of U
behind the step, also the reattachment peint and the pattern of the boundary layer after reattach-
ment. In the separation region the velocity profiles possess two distinct zero points.

The heat transfer coefficient was calculated through equation (11), while the measurement of
the teraperatures yielded where k is the thermal conductivity of plexiglass (0.19 W/mO9K) and

. K(Tj-Tw) (15)

[(Tw - Teo)

T; denotes the temperature of the tower heated surface of the wall. The Nusselt number was then
determined with the step height as the reference length. The results were plotted in Fig. 9 and one
may observe a fair agreement between computational and expermental results. Other results from
the literature {l] are also included. The influence of Reynolds number, also calculated with the
step height as reference length, is very clear on the values of the Nusselt number. The maximum
heat iransfer occurs at the point of reattachment, and the maximum values are related to the Re-
ynolds number.

At higher values of Re the Nusselt number is als higher and the reattachment point slides fur-
ther downstream. This behavior of the heat transfer gives two suggestions which seem to be un-
clear in the literature. The first is that the maximum value of the Nusselt number is pushed down-
stream at higher Reynolds numbers, and this agrees with [1], [10] and [15]. The second is that the
peak of the Nusselt number is raised to higher values at higher Reynolds numbers; and this point
15 in agreement values at higher Reynolds numbers, and this point is in agreement with results
from [1] and [15], but disagrees with those from [10].

The turbulent kinetie energy K was calculated according to equation (3) and normalized with
the free stream velooity to K/U2 . The variation of K over the test section is shown in Fig. 10
and 11 for two step heights. By comparing the results from figures 10, 11 and those of 7, 8 we
cong¢lude that the position of the maximum values of turbulent kineti¢ energy K/U2y coingides
with that of the zero velocity values. This fact can be understood by physical aonsideration of the
flow in the recirculating region. The zero velocity line separates two distinct, but rather fluctuat-
ing, counter currents. It is on this line that the maximum shear stresses are acting, and the maxi-
mum kinetic energy available.
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CONCLUSION

In this work the separated flow behind a backward-facing step was investigated. This subec,
besides being of great interest 1o thermal-fluid sciences, due to its many engingering applications.
is a basic problem in heat transfer. The investigation was done heoretically by applying the K-¢
computational model. Experiments were also conducted in the wind tunnel to measure heat trans-
fer coefficients and pressure gradients. The resulls were compared to other existing results in the
literature.

One of the significant results of the present investigation is the influence of the Reynolds aum-
ber on the size of the separation region behind the step, and the position of the reattachment poirt
of the flow. By inoreasing the Reynolds number the reattachment point is pushed downstream
thus increasing the size of the separated region. This resuit is proved experimentally and numer;-
cally and is physcially acceptable.

The local heat transfer coefficient increases also by increasing Reynolds number, and reaches a
peak value at the reattachment peint, and then declines fucther downstream. The locus of Lhe max-
ima of the heat transfer curves depends on the Reynolds number, a point which seems 1o be uc-
clear in the literature. The isothermal lines are shifted vpwards in the region of separation, whil:
behind the reattachment point they follow the contour lines of the ordinary boundary Jayer.

By physical analysis of the flow field and detailed study of the computational work alongside
with the experimental resulis, new values of the flow characteristics constants C; - Cy were used.
These values made a good matching between theory and experiment. It is suggested that other
separated turbulent fluid flow problems may be handled in a similar manner. Nevertheless mor=
experiments are needed in this and similar area.

Generally speaking the computational technique applied in this work was very satisfactory for
the backward-facing step. However, duc to the inherent limitations of the K-& model further resea-
rch is needed.
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