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Abstract. The incomprcssible turbulent reattaching flow over a 2-D backward facing step with different length 
porous floor segments was solved numerically using the finite element numerical method. The accuracy of the 

numerical solution was established by comparing the numerical results 10 experimental mcasurements reported in 
thc litcrature. Three different floor configurations with different normalized length isotropic porous segments, Xp = 
4, 8, and 12, wcre studied. The porosity of each segment was varied ovcr a wide range by changing the va1u~ of the 
pressure loss coefficient (KP). The variation of the normalized reattachment length (X,), normalized maximum 

recirculation velocity (U",), and normalized maximum turbulent kinctic energy (TKE) are rcported and discussed 
for all configurations. The rcsults show thai, depending on Ihe length and loss coefficient oflhe scgments, a floor 

with porous segmcnts can significantly change the values of X" U,,,, and TKE. 

Nomenclature 

CJ Constant used in Eq. (7) 

C1 Variable used in Eqs. (5) and (6) 

C2 Variable used in Eqs. (5) and (6) 

Cu Constant used in Eq.(4) 

G Variable used in Eq. (8) 

H Step height 

K Turbulent kinetic energy (u2 + Y) 

KP Pressure loss coefficient in porous region 

P Pressure 
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TKE Normalized maximum turbulent kinetic energy, K.,,,,,/U} 

U Time-averaged axial velocity 

U.o Incoming free stream axial velocity 

Urcc Maximum axial recirculation velocity 

u Axial velocity fluctuation 

V Time-averaged transverse velocity 

v Transverse velocity fluctuation 

X Axial distance normalized by step height, xIH 

Xr Normalized reattachment length 

Xp Normalized length of porous segment 

x Axial distance measured from the step comer 

y Vertical distance measured from the step corner 

Greek letters 

[:I Constant used in Eq. (7) 

E Turbulent energy dissipation 

lj Variable used in Eq. (7) 

ljo Constant used in Eq. (7) 

f.L Viscosity 

f-!t Sddy viscosity 

p Density 

OK Constant used in Eq. (5) 

O£ Constant used in Eq. (6) 

Introduction 

The flow over a backward facing step has been studied extensively. This flow is used to 
simulate a wide range of flow fields both external, e.g. , the base flow over a rocket, and 
internal, e.g., combustion chamber. The enhancement or reduction, depending on the 
application of the flow reattachment location, recirculation flow velocity and turbulence is 



Reattaclunent of Turbulent Shear Layer . 119 

desirable. This idea has received a lot of attention in the literature. The control mechanism 
can be either active or passive. Recent work in the area of active control has focused of the 
use of acoustic excitation [1], mass injection or bleeding [2], vortex generators [3], imposed 
wall heat flux [4], and moving fences or flaps [5]. Passive control methods incorporate fixed 
attaelunents in order to modify the flow for a given range of operating conditions. Such 
methods include the use of surface riblets [6], properly sized cavities [7], and porous surfaces 
[8]. A more comprehensive review of earlier work in the area of boundary layer control can 
be found in Gad-el-Hak and Bushnel1 [9]. The attraction of passive methods is their relative 
ease of use in practical situations. The main drawback is the limited range of operating 
conditions under which such arrangements are effective. 

The current work focuses on the effect of the porosity of different floor segments on the 
flow reattaclunent location, recirculation flow velocity, and turbulence of a 2-D 
incomprcssible turbulent boundary layer flow over a backward facing step. TillS model could 
serve as a passive control mechanism. More importantly, this model could be used to study 
the effect of solid fuel packing in a solid fuel combustion chamber. The small passages 
bctween the solid fuel particles could be modeled as a porous segment in the combustion 
chamber. The effect of floor segment porosity was studied numerically for tllfee different 
porous floor segments. The numerical analysis is based on the Renorrnalized Group Theory 
(RNG) lWo equation turbulence model. The equations were solved using a nonuniforrnly 
sized firtite-element mesh. The numerical method was first validated against the 
experimental data of Kim et al. [10] for a fully turbulent incompressible boundary layer over 
a backward facing step. The Reynolds number based on inlet centerline velocity and 
momentum thickness al separation, x = 0, of the incoming boundary layer is 1.3 x 103 

Figure 1 shows a schematic of the flow field under investigation including a generic 
porous segment. 

Mathematical Model 

The Reynolds averaged continuity, x-momentum, and y-momentum equations for 
steady flow, two-dimensional, incompressible, and constant properties fluid can be written as 
r 11]: 

U
au au 

p - + pv-
Ox. 8y 
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Fig. I. Schematic oflhe flow field including a generic porous floor segment. 
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av av 
pu- + pV~ ax VJ 

(3) 

The second term on the right hand side of the momentum equations represents the 
extra pressure drop term due to the flow of the fluid through the passages of the porous 
segment. The pressure loss coefficient factor KP is used to relate the extra pressure drop to 
the local velocity. In the nonporous part of the flow, KP=O. The value ofKP for different 
porous materials and arrangements can be found in fluid resistance books such as tile 
H,Uldbook of Hydraulic Resistance [12]. Note that tile same constant KP is used in both 
momentum equations. This indicates an isotropic porous material, i.e. the pressure drop 
coefficient in both directions is the same. The effect of orthotropic porous material, i.c. , KPx 1= 

KPy, is currentiy under investigation by the autilOr. The turbulence effective eddy viscosity, 
~~ , is given by: 

(4) 

In Eq. (4), Cf! is a model constant. The turbulent kinetic energy, K, and the 
turbulent energy dissipation, 8 , are governed by the following equations tIl] : 

aK uK 8 [( fll ) aK] a [( fl t ) aK 1 pU-+pV-=- --+ f1 - +- - - + fl - -pc + ax Oy ax OK Ox Oy OK Oy 

(5) 

I: [(VU)2 (aV)2 (au Dv)21 
Cl~llK 2 -;;; + 2 iJy + ay+ ox J (6) 

In Eqs. (4-6), C\ , C2, O'K, and 0 0 are constants. Equations (4-6) constitute the standard 
K-E model. This is an isotropic tuIbulence model and tends to underestimate the 
reattachment length for the flow under investigation [13] . Yakhot and Orszag 114] 
introduced a modified K-8 model based on the Renormalized Group Turbulence Theory 
(RNG). At high Reynolds numbers, the RNG has the same general form as the standard K-8 
mcthod but with ctifferent numerical valucs for the constants. The Rt'\lG metilod is intended 
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to give more accurate predictions in regions of low Reynolds numbers such as near the flow 
reattaclunent. In the RNG model, C1 is a variable calculated from [II]: 

(7) 

Co-

where 

JGK (8) 
£ 

and 

(9) 

The value of the constants for the RNG model are [II] : en == 0.085, Co == 1.42, C2 == 

1.68, ~ == 0.015, 110 == 4.38, and O'K == 0'0 == 0.7179. 

Validation of Numerical Code 

The governing equations were solved by discretizing Eqs. (1 -9) using a nontutiform 
quadrilateral element mesh. Smaller elements were located near the walls and in regions of 
high grddients, i.e., step comer and reattachment location. The mesh size was varied in order 
to obtain a mesh independent solution. The mesh used for the flow field, excluding the 
porous region, consisted of 6700 elements. When the reference flow field was solved using a 
mesh made of 11000 clements, the change in the reattaclunent length and TKE was less than 
I % Thus, the solution obtained using the 6700 element mesh was deemed to be mesh 
independent. Full mass balance between the inlet and exit planes was also achieved using the 
6700 element mesh. This is another indication that this mesh is adequate for the flow field 
under investigation. The 6700 element mesh was used for all flow fields except for the long 
porous section case, Xp == 12. For Xp == 12, the downstream exit plane was extended by an 
additional ten step heights. This was necessary in order to give the flow field enough distancc 
to reach urtiform flow at the exit. This was the largest mesh used at 9000 elements, including 
the elements in the porous region. The adrution of the porous segments required additional 
clements to mesh the porous region. The number of additional elements ranged form 780 to 
2340 clements. Figure 2 shows the four mesh systems used in this work. 
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The discretized equations were solved iteratively using the streamline upwind method 
[15]. At the flow inlet plane, the velocity and turbulence kinetic energy conditions were 
specified as given by the experimental data of}(jm et af. [10]. Only one bounda!)' condition 
is required for the pressure. Since this is an incompressible flow, a reference value for the 
pressure is needed anywhere wi.thin the flow field. A zero gage pressure was specified at the 
exit plane. The axial gradients of the mean velocity, U, turbulent kinetic energy, K, and 
turbulent kinetic dissipation, E, were set to zero at the exit plane. This served as the second 
axial boundary condition for the rest of the variables. No slip conditions at the walls were 
used for the transverse direction boundary conditions. The solution was deemed to have 
converged when the residual of each ofU, V, P, K, and E became less that 5 x 10-4 The use 
of smaller tolerance values, 10-5 and 10-6, resulted in all calculated values. 

The first task was to check the ability of the code to predict tJle reference flow field as 
reported by Thangam and Speziale [13], i.e., for a solid floor The reattaclunent length based 
on the numerical simulation was 7.25 step heights. This is only 2% longer than the 

Fig. 2. Finite clement mesh IIsed fo.·, from top: a) reference flow, b) sho.-t pOrolls segment, c) intermediate 
porous segment, and d) long porous segment-

experimental value of 7. I H [131 The difference could be attributed to one or more of the 
following reasons. The current simulation is for a 2-D flow model which docs not take into 
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account the 3-D effect of the side walls. A recent paper by Papadopoulos and Orogen [16] 
shows that there is a slight variation in the reattachment location even at channel aspect ratio 
greater than 20. The difficulty of measuring the reattachment location ex-perimentally as well 
as the dependence of the results on the measuring technique used can also lead to errors [16]. 
The error between the predicted and reported normalized maximum turbulent kinetic energy 
(TKE) was higher. The predicted value of 0.027 was about 11% less than the reported value, 
approximately 0.03. The effect of the 3-D structure of the experimental flow could be the 
cause of the higher turbulence levels. Another important issue is that the experimental results 
reported by Kim et a/. [10] were based on the use of hot wire anemometer. It is well known 
that the use of a hot wire can alter the flow field. The effect of the addition of the porous 
segments reported herein will be discussed in terms of the percent change relative to the 
reference flow field as predicted by the code. Thus the difference between the experimental 
and numerical results is not expected to change the conclusions of this study. The reference 
flow field values used were Xr= 7.25, Urec = 3.06, and TKE = 0.027. 

Discussion 

Figure 3 shows the percent change in the reattachment length (Xr) at different pressure 
loss coefficient (KP) values for the three porous segments. For the case of the short porous 
segment, Xp = 4, the change in Xr is small. For low KP values « 10) the change in Xr is 
relatively constant (",,7%). As KP increases, the porous segment acts more like a solid wall. 
At KP = 105

, the change in Xr is almost zero. At this point, the effect of the porous segment 
on the flow field has ended. For the medium porous segment, Xp = 8, the change in Xc is 
more evident. At low KP values « I) the flow penetrates into the porous segment and then 
curves up to flow over the end of the porous segment. The solid wall at the end of the porous 
segment acts now as forward facing step. Thus, tlle flow reattaches on the solid floor wall 
after the porous segment, i.e. , Xr > 8. As the value of KP increases, the flow does not 
penetrate as far into the porous segment and tlle reattachment after the forward facing part 
moves closer to the downstream comer of the porous segment. At KP = 105

, the resistance of 
the porous segment is so high tllat it acts as a solid wall and the change in Xr becomes 
negligible. As for tlle long porous segment case, Xp = 12, the flow field is significantly 
different than in the previous two cases. For all KP values with the exception of tlle highest 
value of 105

, the flow reattaches inside the porous segment. The solid wall at the end of the 
porous segment does act as a forward facing step but the flow in the porous segment at that 
location is too weak to flow over the step. It is interesting tlmt the reattachment continued to 
occur in the porous segment even at KP = 104

. One should recall tllat the extra pressure drop 
is proportional to KP and to U2 and y2 The long porous segment seems to have diffused the 
flow significantly. Thus with reduced U and Y, tlIe reduction in the pressure due to KP was 
not as significant as in the previous two cases. 
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Fig. J . Percent change in the normalized reattachment length (X,). 

Figure 4 shows the percent change in the maximum recirculation axial velocity CUrcc) 
which is defined as the maximum speed of the fluid sweeping back toward the step in the 
recirculation region. The value ofUrcc is important when considering a solid fuel combustion 
chamber. As Urcc increases, the air flow will be able to erode and carry more fuel. For the case 
of Xp = 4, the change in U,~c with KP is small. At low KP, U''CC increased. This is expected as 
a low KP value translates into a bigger cavity in which the fluid can move. As KP increased, 
Urcc decreased and became lower than the solid wall value at KP = 104 At KP = 105

, tbe 
value of Urcc increased but remained slightly lower than that of the reference value. The 
reduction in the value ofUrcc could be attributed to the high pressure loss associated wilb the 
fluid flow through the porous segment. As the KP value increases, i.e., the porous segment 
starts to "solidi(y", a smaller fraction of lower speed fluid will pass through the porous 
segment resulting in reduced pressure losses. Attrus stage, the flow starts to recover and Urcc 
increases toward the reference value. Trus trend can be seen more clearly for the cases of Xl' 
= 8 and 12. The percent change in Uec ranges from a high of 35% at Xr = 8 and KP < 1 to a 
minimum of -55% at Xp = 12 and KP = 102 The increased length of the porous segment 
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coupled with the high velocity at reattachment significantly amplifies the pressure drop 
across the porous segment. It is interesting to note that the change in the case ofXp = 8 is 
more than that at Xp = 12. The minimum Urec in these two cases occur at the lower KP value 
of lO2 after which Urec starts to recover. 
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Fig. 4. Percent change in the normalized maximwn axial recil"Culation velocity (U",). 

Figure 5 shows the percent change in the normalized maximum turbulent kinetic 
energy (TKE). High levels of TKE are desirable in order to improve the mixing between the 
free stream and the fuel introduced at the base region. The mixing action is important 
regardless of the type of fuel used, i.e., solid, liquid, or gas. The effect of adding the short 
porous section, Xp = 4, was a slight reduction in TKE. The change in TKE is more 
significant in the cases of Xp = 8 and 12. At low KP values, the value TKE increased by 
approximately 9% and 17% for the cases of Xp = 8 and 12, respectively. A lower TKE value 
is desirable in cases where drag reduction is an advantage, e.g. , at the base of a rocket. As 
the KP value is increased, TKE starts to decrease. The lowest percent change in TKE for 
both Xp = 8 and 12 cases occur at KP = 103

, after which TKE starts to recover. At KP = 105
, 

TKE has almost fully recovered to the value of the reference flow. 

One might argue, with good justification, that the change in TKE is not sufficient to 
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describe the overall effect of the porous segments on the flow field. Figure 6 shows 
selected turbulent kinetic energy contours. The contours of the reference flow are also 
shown in the same figure for comparison. The scale is common to all contours. Figure 6.b 
shows the turbulence contours for the case of ~ = 4 and KP = 10-2

. It is clear that the 
change in the overall distribution of turbulent kinetic energy is small compared to that of 
the reference flow (Fig. 6.a). Figure 6.c shows an increase in the high turbulence regions 
for the case of Xp = 8 and KP = 1. The same can be seen in Fig. 6.d for the case of XI' = 12 
and KP = 1. In Fig. 6.d the size of the cenh'al contour, the highest turbulent kinetic energy, 
is significantly larger than that in Fig. 6.c. Figure 6 seems to indicate that the change in 
TKE and the variation in the turbulent kinetic energy contours are closely related . Thus the 
information shown in Fig. 5 and the subsequent conclusions could also be generalized to 
most of the flow field. 

Conclusions 

The addition of a porous segment as pmt of the tloor of a backward tacing step 
configuration can be used to modify the resulting flow field. Based on the porous section 
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(a) 

(b) 

(e) 

Fig. 6. Turbulent kinetic energy contours for, from top: a) reference flow, b) X P = 4 and KP=10-2
, 

c)X p=8and KP=l,and d)X p= 12 and KP=l. 

length and pressure loss coefficient, the values of Xr, Urec, and TKE are all affected in 
different ways. A short porous segment, Xp == 4, results in minimal changes in Xr and TKE 
and a small change in Dr-ec. Thus, such a segment could be used when there is a need to 
introduce fuel into the base region, but without significant changes in the overall flow field. 
The use of longer porous segments results in more significant changes in the flow field. At 
the largest pressure loss coefficient used, KP == I O~, all porous segments tend to act as a solid 
wall. The change in the overall turbulent kinetic energy distribution is closely related to the 
change in TKE. This significantly reduces tlle work required in order to study the effect of 
the porous segments on the overall behavior of the flow field. 
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