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Abstract

The conjugate heat transfer characteristics are studied for backward-facing step flow problem. Alternating direction implicit (ADI)
method is used to find the steady state results for hydrodynamic solution using stream function–vorticity formulation. The energy equa-
tion in the fluid region and in the solid region are solved simultaneously. The conjugate effects are studied in connection with four param-
eters viz. Re, Pr, k and b. Effect of four parameters on local Nusselt number, interface temperature and average Nusselt number are
presented in detail. The results are compared with non-conjugate case.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Fluid flow over a step occurs in many engineering appli-
cations. Backward-facing step (BFS) geometry is one of the
most important benchmark problems used in computa-
tional fluid dynamics (CFD) to validate either a new algo-
rithm or a computer code developed. It has an outflow
boundary condition, flow separation, reattachment and
several recirculation zones. Heat transfer characteristics in
flow separation is important in engineering design aspect
which leads to finding the local Nusselt number distribution
and downstream temperature distribution. Conjugate heat
transfer occurs when heat transfer in fluid region is coupled
with heat transfer in solid region. The temperature and the
heat fluxes at the solid–fluid interface are considered to be
equal. The flow properties affect the heat transfer in solid
region. Here the governing energy equations of solid and
fluid regions have to be solved simultaneously. This is
referred to as the fourth-kind boundary condition [1].

Recently conjugate heat transfer study is getting more
attention by the researchers. Many publications are
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devoted to conjugate heat transfer on flat plate [2–5]. Vyn-
nycky et al. [6] presented closed form relations for interface
temperature, local Nusselt number and average Nusselt
number for laminar flow over a flat plate as conjugate case.
Chiu et al. [7] studied conjugate heat transfer of horizontal
channel both experimentally and numerically. They found
that the parametric study of operational parameters related
to the conjugate heat transfer revealed that the addition of
conjugate heat transfer significantly affects the temperature
and heat transfer rates at the surface of the heated region.
Rao et al. [8] presented the results for laminar mixed con-
vection with surface radiation from a vertical plate with a
heat source as conjugate case. They solved the governing
equations by stream function–vorticity formulation. Jilani
et al. [9] presented finite difference solution for conjugate
heat transfer study on heat generating vertical cylinder.
Steady [10] and unsteady [11] conjugate heat transfer from
a cylinder in laminar flow are presented by Juncu. He car-
ried out the numerical investigation for Reynolds number
ranging from 2 to 20. He followed alternating direction
implicit (ADI) method for solving the governing equations.

Recently Kanna and Das [12] presented closed form
solution for laminar wall jet flow as conjugate case. They
have reported closed form solution for local Nusselt
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Nomenclature

b thickness of the slab
h step height
H channel height
i x-direction grid point
j y-direction grid point
kf thermal conductivity of the fluid, W/m K
ks thermal conductivity of the slab, W/m K
k thermal conductivity ratio, ks/kf

Nu local Nusselt number
Nu average Nusselt number
Pr Prandtl number, m

a
Re Reynolds number for the fluid
Tw constant bottom wall temperature
T1 constant inlet temperature
t non-dimensional time
u, v non-dimensional velocity components along

(x,y) axes

x, y non-dimensional Cartesian co-ordinates along
and normal to the plate

Greek symbols

e convergence criterion
h dimensionless temperature
w dimensionless stream function
x dimensionless vorticity

Subscripts
f fluid
s solid
w wall
1 inlet condition
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number, interface temperature and average Nusselt num-
ber and validated the same by numerical simulations.
Kanna and Das [13] have studied the conjugate heat trans-
fer for two-dimensional (2D) laminar offset jet. They found
that when Re is increased, the thermal boundary layer
thickness is reduced. In solid slab, the effect of Re, Pr, slab
thickness ratio, and k (ratio of thermal conductivities of
solid and fluid) parameters are more significant near the
recirculation region. When Re is increased, the slab temper-
ature is reduced. Conjugate heat transfer study on laminar
wall jet over backward-facing step is reported by Kanna
and Das [14]. They found that the conjugate interface tem-
perature value decreases along the step length and height.
After expansion from the step its value is reduced to a min-
imum value followed by an increase. Local Nusselt number
has peak value near the inlet due to entrainment and sec-
ond peak occurs after reattachment of the jet.

The detailed hydrodynamic study on backward-facing
step flow problem can be found in Armaly et al. [15], Gar-
tling [16], Kim and Moin [17], Comini et al. [18], Barton
[19] and many others. Bhattacharjee and Loth [20] have
reported 2D DNS results for the BFS problem as a valida-
tion for their code to solve the wall jet flow problem.
Recently Biswas et al. [21] have reported 2D as well as
3D BFS results. They reported the formation of Moffatt
eddies as Re approaches zero.

The BFS problem is studied by Dyne and Heinrich [22],
and also by Choudhury [23]. In addition to the fluid flow
solution, they have solved the energy equation for the con-
stant heat flux boundary condition. Dyne and Heinrich [22]
have investigated the Nusselt (Nu) number distribution
along the wall. It approaches fully developed value in the
downstream direction. Mixed convective heat transfer in
an inclined duct with backward-step geometry results are
presented by Hong et al. [24]. The effects of inclination
angle and the Prandtl number on the flow and heat transfer
characteristics are reported. They found that the increase in
inclination angle increases the reattachment length but
decreases the wall friction coefficient. Kondoh et al. [25]
studied the laminar heat transfer characteristics of back-
ward-facing step flow problem. They studied the heat
transfer characteristics in connection with expansion ratio,
Reynolds number and Prandtl number. They reported local
Nusselt number, peak Nusselt number and its location and
thermal front. The effect of Prandtl is presented in detail.
They found that the peak Nusselt number is not necessarily
located at or very near to the reattachment location. Their
reattachment length is slightly larger than the benchmark
values of Armaly et al. [15].

It has been observed that several benchmark solutions
are available in the literatures for closed as well as open
domain. The conjugate heat transfer is an important area
for research. However, there is no benchmark solutions
available for conjugate heat transfer case. For BFS prob-
lem, the conjugate heat transfer study has not carried been
carried out so far as a benchmark problem. The present
investigation is aimed to find the conjugate heat transfer
characteristics for backward-facing step flow problem in
connection with Re, Pr, k and slab thickness.

2. Problem definition and numerical procedure

The geometry and boundary conditions for conjugate
backward-facing step flow is shown in Fig. 1. The step
height is assumed as half of the channel height (h = H/2).
The hydrodynamic boundary conditions considered here
are identical with those of Gartling [16] and Dyne and
Heinrich [22]. The governing equations for incompressible
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Fig. 1. Schematic diagram and boundary conditions in a conjugate BFS problem.
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laminar flow are solved with a stream function–vorticity
formulation. The transient form of the non-dimensional
governing equations are

Stream function equation

r2w ¼ �x ð1Þ
Vorticity equation

ox
ot
þ oðuxÞ

ox
þ oðvxÞ

oy
¼ 1

Re
r2x ð2Þ

Energy equation

oh
ot
þ oðuhÞ

ox
þ oðvhÞ

oy
¼ 1

RePr
r2h ð3Þ

Energy equation in solid region

ohs

ot
¼ as

af

� �
1

RePr
r2hs ð4Þ

where w – stream function, u ¼ ow
oy ; v ¼ � ow

ox; x ¼ ov
ox� ou

oy;
h – non-dimensional temperature, Pr = Prandtl number.

The solution approaches steady-state asymptotically.
The computational domains considered here are clustered
cartesian grids. The slab energy equation is written in tran-
sient non-dimensionalised form. The point to note here is
that the second term (Eq. (4)) contains Re and Pr. It is
arrived at in the following way. The dimensional form of
energy equation in the solid region is oT �

ot� ¼ asðr2T �Þ. Since
the time step is common to fluid region as well as solid
region, time is non-dimensionalised by t ¼ t�U

H which leads

to oh
ot ¼

as

HU

� �
ðr2hÞ where U is the inlet mean velocity and

as

HU
¼ as

af
� 1

RePr.

The non-dimensional form of the energy equation in the
solid has been derived following Chiu et al. [7] and is also
given in Kanna and Das [12,13]. The boundary conditions
needed for the numerical simulation have been prescribed.
The details of the discretization are given in Kanna and
Das [26].

The boundary conditions needed for the numerical sim-
ulation have been prescribed (Fig. 1). Parabolic u velocity
profile has been assumed at inlet (u(y) = 12y � 24y2). The
fluid at inlet has uniform temperature. At downstream
boundary, the condition of zero first-derivative has been
applied for velocity and temperature. The bottom wall is
maintained at uniform constant temperature whereas the
top wall is maintained as adiabatic condition. The initial
conditions considered are zero for all the variables at time
t = 0.

The stream function and vorticity at inlet is evaluated
based on inlet u velocity profile. They are w = 6y2 � 8y3,
x = 12 � 48y. At exit, the streamwise velocity gradients
are assumed to be zero [27]. Thom’s vorticity condition
has been used to obtain the wall vorticity as given below.

xw ¼ �
2ðwwþ1 � wwÞ

Dn2
ð5Þ

where n is the grid spacing in the normal direction.
Angirasa [28] has used this relation for the computation
of buoyant wall jet.

Interface boundary condition

The conjugate boundary is shown in Fig. 2. Clustered
grids are used for the computational domain. The conju-
gate boundary conditions are

ks
ohs

oy

� �
y¼0

¼ kf
ohf

oy

� �
y¼0

and hf ¼ hs

at interface y ¼ �h; 0 < x 6 30 ð6Þ
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Fig. 3. Comparison of numerical solution with benchmark results. (n)
Dyne and Heinrich [22] and present: (—) x = 3, (- - -) x = 7, (� � �) x = 15.
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From Taylor series expansion the temperature gradients
are evaluated and substituted in Eqs. (3), (4) and (6).
Simplifying, the conjugate interface temperature at new
time step is

htþDt
i;j ¼ ht

i;j þ
2Dt

RePrðDyf þ kDysÞ

� 1

2
ðDyf þ kDysÞ

hf ;iþ1;j � 2hf ;i;j þ hf ;i�1;j

Dx2

� ��

� k
hs;i;j � hs;i;j�1

Dys

þ hf;i;jþ1 � hf ;i;j

Dyf

�t

ð7Þ

The Nusselt number and average Nusselt number
expressions are given by

NuðxÞ ¼ � oh
oy

����
y¼0

ð8Þ

Nu ¼ 1

L

Z L

0

NuðxÞdx ð9Þ

The parabolic equation (2) is solved by an alternate
direction implicit (ADI) method [27]. The Poisson equation
(1) is solved explicitly by a five point Gauss–Seidel method.
With known velocity values Eq. (3) is solved by the ADI
method. The energy equation in the fluid and solid regions
are solved simultaneously. For the computation, time step
0.01 is used for Pr = 0.71, 10, 100.0, whereas for Pr = 0.05,
0.1, time step 0.001 is used. At steady state, the error
reaches the asymptotic behavior. Here it is set as either
the sum of temperature error from consecutive iteration
reduced to either the convergence criteria e (Eq. (10)) or
a large total time is elapsed.

Ximax;jmax

i;j¼1;1

ððhtþDt
s i;j � ht

s i;jÞ þ ðh
tþDt
f i;j � ht

f i;jÞÞ < e ð10Þ
3. Validation of the code

The hydrodynamic solution obtained for backward-fac-
ing step flow problem has been compared with benchmark
results. The primary vortex reattachment length is com-
pared with Armaly et al. [15], Kim and Moin [17] and Gar-
tling [16]. The downstream location u and v velocities are
compared with Gartling [16] and found good agreement
between them. This detailed results can be found in Kanna
and Das [29]. Heat transfer solution is obtained for non-
conjugate case. The top and bottom walls are assumed at
constant heat flux condition. The downstream temperature
results are compared with Dyne and Heinrich [22] (Fig. 3)
and excellent agreement has been obtained. Kondoh et al.
[25] have presented heat transfer results for different expan-
sion ratios. They reported that the reattachment length is
slightly larger than the benchmark results. For expansion
ratio (ER) = 2 and Re = 100 case, the reattachment length
is x1 ’ 4.8h whereas the benchmark value is x1 ’ 2.7h

[19,20,29]. Since this discrepancy will be reflected on the
heat transfer characteristics, in the present validation no
attempt has been given to compare with the results of
Kondoh et al. [25].

4. Grid independence study

For the BFS problem, grids are clustered near the high
gradients zone (Fig. 4). Since grids in both the directions
are clustered, a systematic grid independence study is car-
ried out by Kanna and Das [29] for the y-direction as well
as in the x-direction. In the y-direction different grid systems
are tested and variation in reattachment length is less than
1%. A similar study is carried out for x-direction with
101 · 81, 131 · 81, 151 · 81 and 201 · 81 grid points and
it is concluded that 151 · 81 grid points could be used for
all the calculations for finding hydrodynamic solution
[29]. For solid region the grids are chosen based on average
Nusselt number variation less than 1% in the normal direc-
tion for b 6 5h and 41 grid points are to be used for b > 5h

cases. In the solid region, uniform grid points are used in the
normal direction whereas in the streamwise direction 151
grids are clustered similar to the fluid region. This system
of clustering grids are identical with Kanna and Das [13].

5. Results and discussion

Conjugate heat transfer study is carried out in back-
ward-facing step flow problem considering four parameters
viz. Re, Pr, k and b. Effect of these parameters on local
Nusselt number, conjugate interface temperature and aver-
age Nusselt number are presented in detail. Isotherm pat-
terns are shown for the case considered here. Peak
Nusselt number and its location for different Reynolds
number is listed. Downstream location temperature are
tabulated for comparison. To demonstrate the effect of



Fig. 4. A part of the grids used for the computation.
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conjugate condition, non-conjugate study is carried out
with b = 0 and h = 1 at y = �h. The variables considered
for the study are as follows. The Reynolds number range
is from 100 to 800 and the Prandtl number range is from
0.05 to 100. In many practical situations, the conductivity
of solid is greater than the fluid conductivity. Here the con-
ductivity ratios are considered greater than 1 and maxi-
mum of 20. Slab thickness range considered is from 1h to
20h.

Isotherm for different cases are shown in Fig. 5–12.
Results are shown up to channel length equals to
x = 20h. Fig. 5 shows the effect of Re on the isotherm in
the fluid region for conjugate and non-conjugate cases.
The conjugate study is presented for Pr = 0.71, k = 10,
b = 4h and non-conjugate results are presented for
Re = 800, Pr = 0.71. In the fluid region the isotherms are
clustered near the reattachment location (Fig. 5(a)) and
further downstream location it is spreading in the normal
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Fig. 5. Effect of Re on isoth
direction. When Re increases this deflection of temperature
contour is shifted (Fig. 5(b) and (c)) in the downstream
direction. This is mainly due to the shift in the reattach-
ment location in the downstream direction at higher Re.
It is noticed that the spread of temperature in the normal
direction is reduced due to the formation of upper wall vor-
tex at higher Re. The temperature for non-conjugate case
(Fig. 5(d)) is higher compared to those for conjugate results
(Fig. 5(c)) for the same Re and Pr. The flow property Re

affects the heat transfer in the solid region (Fig. 6). The
two-dimensionality is well captured in the solid region. It
is noticed that in the normal direction the non-dimensional
temperature is decreased due to the cooling effect along the
interface at y = �h (Fig. 6(a)). It is observed that near the
bottom wall, temperature contours are showing linear
trend (Fig. 6(a)–(c)). Near the reattachment location, a
non-linear trend is observed. This non-linearity in the
isotherm is moving downstream when Re is increased
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(Fig. 6(c)). It is noticed that near the reattachment location
temperature attains a lower value than the other parts of
the solid slab.

Influence of Prandtl number on conjugate heat transfer
is shown in Figs. 7 and 8. Effect of Prandtl number
(Pr = 0.1, 0.71, 10 and 100) is presented for Re = 500,
k = 2, b = 2h. At Pr = 0.1 isotherm is well spread in the
domain (Fig. 7(a)). It is noticed that the fluid attains a
higher temperature in the downstream direction. When
Pr is increased, the temperature contours are clustered near
the bottom wall (Fig. 7(b)–(d)) and the thermal boundary
layer thickness is reduced i.e. convection mode of heat
transfer is dominant (Fig. 7(d)). At higher Pr, the influence
of inlet fluid is dominant in the fluid region heat transfer.
However in the recirculation region thermal boundary
layer thickness is not much affected by the changes in Pr.
Influence of fluid property Pr on solid slab is shown in
Fig. 8. At Pr = 0.1, the heat transfer in the slab mostly con-
trolled by conduction. However near the reattachment
location, a non-linearity is observed (Fig. 8(a)). When Pr

increases, the temperature in the solid is decreased in the
domain (Fig. 8(b)–(d)).

Effect of solid to fluid thermal conductivity ratio (k) on
isotherm is shown in Figs. 9 and 10. It is noticed that the



0.5310.625
0.672

0.719

0.719
0.766

0.766

0.812

0.812

0.859

0.953

0.870
0.886

0.903

0.9030.919

0.935

0.935

0.951

0.951

0.968

0.984

0.928
0.937

0.946

0.9460.955
0.95

0.964

0.964

0.973

0.973

0.982

0.991

Fig. 10. Effect of k on isotherm in the solid region (Re = 800, Pr = 0.71, b = 4h).

0.170 0.4260.426 0.4260.852
0.085 0.170 0.426

0.080 0.242 0.322 0.322 0.161 0.161 0.080
0.3220.805

0.069
0.345 0.345 0.345 0.138

0.069 0.138 0.276
0.138

Fig. 11. Effect of b on isotherm in the fluid region (Re = 500, Pr = 0.71, k = 2).

3936 P. Rajesh Kanna, Manab Kumar Das / International Journal of Heat and Mass Transfer 49 (2006) 3929–3941
increment in k is reflected on the temperature value
(Fig. 9(a)–(c)). When k increases, temperature is incre-
ased. It is observed that there is less variation in thermal
layer thickness with increase in k. The significance of k

variations on the solid temperature are presented in
Fig. 10. When k is increased, the temperature in solid slab
is increased. A non-linear trend in the temperature con-
tour is noticed. This trend is similar for different k values
considered here for the study. Effect of solid slab thick-
ness is presented in Figs. 11 and 12 where temperature
in fluid region and solid region in connection with b are
presented. Results are presented for b = 1, 5 and 10.
Increment in bottom wall thickness has an effect on the
temperature contour in the fluid region. The magnitude
of the temperature is reduced when b is increased
(Fig. 11(a)–(c)). However the thermal layer size is less
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affected by variations in b. Temperature contour in solid
slab is shown for different b values. The minimum temper-
ature values is occurred near the reattachment location
(Fig. 12(a)). Near this location, a non-linear trend is
observed in the solid region. When b is increased, the tem-
perature in normal direction is reduced (Fig. 12(b) and
(c)) because the thermal resistance is more.

The conjugate interface temperature is found from the
computations and presented for the four parameters
(Fig. 13). Effect of Re on the interface temperature is
shown in Fig. 13(a). The interface temperature is decreased
near to the reattachment point and increases again in the
downstream direction. When Re is increased, interface tem-
perature is decreased (Fig. 13(a)). This means that, accord-
ing to Newton’s law of cooling, the convective heat transfer
is increased. The effect of Pr on interface temperature is
shown in Fig. 13(b). It is noticed that the interface temper-
ature is decreased to a minimum value and further is
increased in the downstream direction. When Pr is
increased the interface temperature is decreased. It is found
that the location for minimum interface value (x = 9.41h) is
not changed with Pr. Fig. 13(c) shows the effect of k on
interface temperature. The interface temperature is reduced
to a minimum value and further it is increased. It is noticed
that at k P 5 in downstream direction it approaches fully
developed condition. When k is increased the interface is
approaching the bottom wall temperature i.e. it behaves
like a non-conjugate case. Effect of b are shown in
Fig. 13(d) and (e). The interface temperature is reduced
to a minimum value and further it is increased. When b

is increased the interface temperature value is reduced.
When b is increased, it is noticed that up to b 6 5, near
the reattachment location the minimum interface tempera-
ture value is increased (Fig. 13(d)). This behavior is verified
with different values of Re and k (Fig. 13(e)). At three
downstream locations x = 6h, 14h, 30h, temperature values
are listed in Table 1 and the same is presented in Fig. 14.
These locations cover upstream of reattachment location
and immediate downstream and far downstream to reat-
tachment point. Due to the formation of upper wall vortex
at x = 14h, the thermal layer thickness is smaller than other
two locations.

Local Nusselt number distribution is shown in Fig. 15.
Fig. 15(a) shows the effect of Re on Nu. Nusselt number
is increased to a peak value and further is decreased in
downstream direction. Increment in Re increases convec-
tion heat transfer, and thus Nu is increased for higher value
of Re. Effect of Pr on Nu is shown in Fig. 15(b). Nusselt
number is increasing to a maximum value and further is
decreased. At Pr = 0.1 conduction mode of heat transfer
is predominant thus Nu is having smaller value. When Pr
is increased local Nusselt number value is increased. It is
noticed at Pr = 100 a kink is observed near the reattach-
ment location. Fig. 15(c) shows the effect of k on Nu. Nu

is increased to a peak value and further it is decreased in
the downstream direction. Nu is having small variation
upto x ’ 3.83h. It is noticed that when k is increased Nu

is increased. It is observed that k P 5 has less significance
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Fig. 13. Effect of Re, Pr, k and b on the interface temperature.

Table 1
Downstream location temperature in the fluid region

y x = 6h x = 14h x = 30h

�0.500 0.978 0.906 0.953
�0.445 0.849 0.625 0.827
�0.395 0.754 0.377 0.702
�0.344 0.667 0.206 0.582
�0.294 0.592 0.117 0.470
�0.243 0.527 0.071 0.368
�0.192 0.467 0.042 0.281
�0.142 0.405 0.023 0.208
�0.091 0.331 0.012 0.149
�0.041 0.246 0.006 0.105

0.010 0.156 0.003 0.072
0.060 0.080 0.001 0.050
0.111 0.032 0.001 0.034
0.162 0.009 0.001 0.024
0.212 0.002 0.001 0.017
0.263 0.000 0.001 0.013
0.313 0.000 0.001 0.011
0.364 0.000 0.001 0.009
0.465 0.000 0.001 0.009
0.500 0.000 0.000 0.008

Re = 800, Pr = 0.71, k = 10, b = 4h.
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on Nu beyond the reattachment location. Fig. 15(d) shows
the effect of slab thickness on local Nusselt number distri-
bution. It is noticed that Nu is increased to a maximum
value and further it is decreased in the downstream direc-
tion. When b is increased upto 4h the variation in Nu is
small. Peak Nu in this range is, Nu = 6.53(b = 1h),
=6.58(b = 2h), =6.66(b = 4h). It is noticed that upto
b = 4h the peak Nu is increased and for higher b values it
is decreased (peak Nu = 6.34(b = 10h), =5.96(b = 20h)).

Average Nusselt number is calculated for the cases con-
sidered in the present study. Table 2 shows the effect of Re

on Nu. It is noticed that the Nu is increased when Re is
increased. It is found that the percent increment in Nu is
reduced and may reach an asymptotic value (Fig. 16). Nu
for different Pr is listed in Table 3 for Re = 500, k = 2,
b = 2h. When Pr is increased Nu is increased. Effect of ther-
mal conductivity ratio on Nu is shown in Table 4. Average
Nu for non-conjugate case is presented for comparison. It
is noticed that when k is increased Nu is increased. It is
observed that when k is increased Nu approaches the
non-conjugate value. Effect of b on Nu is presented in
Tables 5 and 6. When b is increased Nu is decreased. It is
noticed that the decrement in Nu is more significant at
b P 5. Peak Nusselt number and its location for
Pr = 0.71, k = 10, b = 4h and different Re is listed in Table
7. When Re is increased the peak Nu is increased. It is
noticed that the location (x/h) of peak Nu is always down-
stream of the reattachment location (x1/h).



θ

y

0 0.25 0.5 0.75 1
-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

x = 6h
x = 14h
x = 30h

Fig. 14. Downstream location temperature in the fluid region (Re = 800,
Pr = 0.71, k = 10, b = 4h).

x/h

N
u

0 10 20 30 40 50 60
0

0.5
1

1.5
2

2.5
3

3.5
4

4.5
5

5.5
6

6.5

Re = 100
Re = 200
Re = 500
Re = 800

x/h

N
u

0 10 20 30 40 50 600

1

2

3

4

5

6

7

k = 1
k = 2
k = 5
k = 10
k = 20

Fig. 15. Effect of Re, Pr, k and b

Table 2
Effect of Re

Re Nu Percentage of increase in Nu

100 0.97 –
200 1.49 53.61
300 1.79 20.13
400 1.99 11.17
500 2.16 8.54
600 2.32 7.41
700 2.45 5.60
800 2.56 4.49
800 2.68 (non-conjugate) –

Pr = 0.71, k = 10, b = 4h.
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6. Conclusions

The conjugate heat transfer study of the backward-facing
step benchmark problem is solved as the asymptotic solu-
tion of the time dependent stream function–vorticity formu-
lation. The discretization has been done by ADI method
with centered space. The study is carried out with four
parameters viz. Re, Pr, k and b. Effect of these parameters
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on the local Nusselt number.



Re

%
 v

ar
ia

ti
o

n
s 

in
 a

ve
ra

g
e 

N
u

200 400 600 800 100
0

10

20

30

40

50

60

Fig. 16. Percentage of variations in average Nusselt number (Pr = 0.71,
k = 10, b = 4h).

Table 3
Effect of Pr

Pr Nu

0.05 0.254
0.1 0.684
0.71 1.893
10 3.867
100 5.789

Re = 500, k = 2, b = 2h.

Table 4
Effect of k

k Nu % difference with non-conjugate case

1 1.82 32.08
2 2.17 19.02
5 2.44 8.95
10 2.56 4.48
20 2.61 2.61
Non-conjugate 2.68 –

Re = 800, Pr = 0.71, b = 4h.

Table 5
Effect of b

b/h Nu

1 1.894
2 1.893
5 1.887
10 1.607
20 1.543

Re = 500, Pr = 0.71, k = 2.

Table 6
Effect of b

b/h Nu

1 2.559
2 2.557
4 2.550
10 2.448
20 2.249

Re = 800, Pr = 0.71, k = 4.

Table 7
Peak Nusselt number and its location

Re Nu x/h x1/h

100 3.05 2.71 2.55
200 3.44 4.85 4.71
500 4.78 9.43 9.41
800 6.66 11.82 11.58

Pr = 0.71, k = 10, b = 4h.
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on local Nusselt number, interface temperature and average
Nusselt number is reported in details. The following conclu-
sions are drawn.

The temperature contours are deflected towards the bot-
tom wall in fluid region at higher Re. Flow property Re has
a significant effect on the isotherm in the solid region. High
thermal gradients are observed near the reattachment loca-
tion in the solid region. Thermal layer thickness is reduced
when Pr is increased in the downstream of the reattach-
ment location. In solid region the magnitude of the temper-
ature is reduced for higher Pr. Increment in k increases
temperature in the fluid as well as in the solid region. This
effect is reverse for b. The interface temperature is reduced
to a minimum value and further it is increased in the down-
stream direction. When k is increased the interface temper-
ature approaches the bottom wall temperature. Local
Nusselt number is increased to a maximum value and fur-
ther it is decreased in the downstream direction. When Re

is increased peak Nu is increased. The peak Nu occurs
downstream to the reattachment location. When k is
increased Nu is increased. The peak Nu location is occurred
at the same location for the k values considered. When b is
increased the peak Nu is increased upto b 6 5 and for b > 5
it is decreased. The average Nusselt number is increased for
higher Re. This increment is reduced as Re is gradually
increased and may approach an asymptotic value. Nu is
increased when Pr is increased. The effect of k on Nu is
studied and compared with non-conjugate case. When k

is increased Nu is increased. It is found that the solution
approaches non-conjugate value when k P 20 for
Re = 800, Pr = 0.71, b = 4h. When b is increased Nu is
reduced. Variation in Nu is small when b 6 5.
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