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Abstract-The high-temperature heat transfer characteristics of the hot flow stream over a sudden-expan- 
sion with cold air uniformly injected from a porous base was investigated. The heat transfer coefficient 
increased with increasing inlet temperature and Reynolds number, but decreased with increasing injection 
rate of the cooling air. The local Nusselt number was affected by the Reynolds number at the inlet in the 
whole flow field except near the step (X/H i 4). The local Stanton number, however, was insensitive to the 
Reynolds number in the recirculation zone. After the recirculation zone, the local Stanton number was 
affected by the Reynolds number, although to a lesser extent than that of the Nusselt number. Copyright 

0 1996 Elsevier Science Ltd. 

INTRODUCTION 

The air stream over a sudden-expansion produces a 
separated flow containing a recirculating flow, a shear 
layer and a re-developing boundary layer. Such a flow 
pattern is related to various devices such as diffusers, 
airfoils and combustors. In combustion systems, the 
sudden-exptnsion is a typical component which is 
used for flame holding because it is stable, easy to 
control, and causes large variations of the flow pat- 
terns and local heat transfer coefficient over a simple 
geometry. In such a combustor, the flame is held at 
the step and the shear layer above the solid fuel 
surface. The fuel surface was heated by the flame 
and the fuel vapour pyrolysis into the flame zone to 
enhance combustion. The heat transfer behaviors and 
the flow characteristics of the combustor are com- 
plicated because of the interaction of the blowing 
effect from the fuel surface and the main flow. Much 
attention was attracted to this type of problem. 

Many previous investigations over a backward-fac- 
ing step had been conducted, extensive efforts were 
devoted to the features of cold flow, such as the re- 
attachment length and turbulent flow structures with- 
out mass injection [l]. Furthermore, a number of 
studies on a combustor were carried out on the overall 
efficiency of combustion or flame structure such as 
Schadow et al. [2], Zvuloni et al. [3]. To elucidate the 
detailed phenomena and mechanism of ignition and 
combustion, the analysis of the heat transfer charac- 
teristics is needed. 

Most previous researchers regarded heat transfer 
with a cold inlet flow over the sudden-expansion with 
the base at either a constant temperature [4, 51 or a 
constant heat flux [6-91. Aung [4] used a Mach-Zehn- 
der interferometer to investigate the temperature dis- 

tribution of the laminar flow behind a backward-fac- 
ing step with constant wall temperature, and pointed 
out that the heat transfer coefficient increased mon- 
otonously downstream. Tsou et al. [5] showed the 
transient behavior of the heat transfer characteristics. 
Filetti and Kays [8] reported that both the maximum 
heat transfer coefficient and the Nusselt number were 
located at the reattachment point. Sparrow et al. [6] 
and Vogel and Eaton [7] discovered that the maximum 
Nusselt number was located upstream of the re- 
attachment point. Zvuloni et al. [3] reported that the 
highest heat transfer coefficient appeared near the 
reattachment point in their investigation of reacting 
flow over a backward-facing step. Baek et ul. [lo] 
investigated the buoyancy-assisting flow in a vertical 
backstep and reported that higher temperature differ- 
ence reduced the reattachment length and increased 
the Nusselt number. 

Previous investigations mostly treated the phenom- 
ena of cold flow with a hot boundary and with the 
temperature difference normally less than 30°C. The 
heat transfer behavior with a great temperature 
difference between the flow and the wall was rarely 
studied. In addition, in a combustor the flow is hot 
which heated the cool wall, and the situation is 
opposite to the conventional cooling analysis. Cheng 
et al. [ 1 l] investigated laminar flow heat transfer in a 
rectangular duct with one-walled injection and con- 
stant heat flux. They found that the heat transfer was 
decreased in injection conditions. Soong and Hsueh 
[12] studied the heat transfer behavior in a separated 
flow field at constant wall conditions with a slit cold 
injection gas, for which the temperature difference 
between the wall and inlet flow was about 30-C. For 
the higher temperature flow situation, Yogesh and 
Raghunandan [ 131 investigated flame structure and 
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NOMENCLATURE 

H step height 
h heat transfer coefficient 
k thermal conductivity 
Re Reynolds number 
St Stanton number 
NU Nusselt number 

4” local heat flux to the wall 

Q injection flow rate 
T mean temperature 
T.Z. turbulent intensity 
u horizontal velocity 
V vertical velocity 
x horizontal distance from the step 

X reattachment length 

Y vertical distance from the base 
wall. 

Greek symbols 

P density of air 

cp the porosity of the porous plate. 

Subscripts 
f working fluid 
S porous plate 
max maximum value 
0 inlet condition 
W injected property 
wall porous wall condition. 

the characteristics of heat transfer of inlet gas tem- 
perature 120°C in a reacting flow and injected fuel 
from the base wall. Their experiments reported that 
the heat transfer was decreased with gas injection and 
increased at higher inlet velocity. The wall heat trans- 
fer behaviors in a combustion condition are similar to 
those without flame. However, their experiments were 
limited to a small velocity (1.5 m s-‘) in a narrow 
range (X/H < 5) shorter than the recirculation zone 
and provided no detailed data of how the pyrolyzed 
fuel vapor affected the fluid dynamics and heat trans- 
fer behavior. Yang and Tsai [14] developed the exper- 
imental apparatus to explore the heat transfer 
behavior of the high temperature flow and reported 
some experimental data. But the physical insights need 
to be systematically investigated. 

In this present work we investigate the heat transfer 
characteristics in a combustor with inlet flow velocity 
up to 40 m s-’ and flow temperature up to 400°C and 
the temperature difference between the main flow and 
the base is up to 200°C. The cold air was injected 
uniformly into the test section through its base and 
was controlled at a fixed temperature of 25’C, which 
is to simulate the case of either pyrolysis of fuel vapor 
or the film cooling by the cold fluid. 

EXPERIMENTAL DESIGN 

Test rig and instrumentation 
The experiments were conducted in an open-circuit 

wind tunnel that supplied a hot flow stream under 
specified conditions. A schematic diagram of the wind 
tunnel and instrumentation is shown in Fig. 1. The air 
flow was supplied by a 75-kW Roots blower with 
speed controlled by a frequency inverter (HITACHI). 
The flow stream entering the test section was high- 
temperature gas (20@4OO”C), which consisted of the 
combustion products of liquefied petroleum gas 
(LPG) and air generated in a vitiator before the set- 
tling chamber. As the overall ratio of air to fuel in 

the experiment was greater than 100, the combustion 
products only took less than 1% of the air flow rate, 
therefore, the properties of the fluid entering the test 
section were almost identical to air. 

The cross-section of the combustor entrance was 30 
mm high and 200 mm wide. The aspect ratio (channel 
width to step height) for the step height (15 mm) was 
13.3. The base of the test section was a steel porous 
plate with pore diameter 100 pm, which allowed cold 
air to be injected uniformly into the test section. Ther- 
mocouples (K-type, 125 pm, coated with a thin film 
of polymer for insulation) were adhered to both sides 
of the porous plate for heat flux measurement on the 
base wall, as shown in Fig. 2. The injected air was 
supplied by a compressor (11 kW) and monitored by 
a rotameter. The injected air temperature was main- 
tained at a constant level on the outer wall of the 
base, the same as Yogesh and Raghunandan [ 131. To 
maintain a fixed boundary condition, the temperature 
of the injected air was kept at 25°C by a small heat 
exchanger which was installed beneath the porous 
plate. 

The inlet velocity was measured with a two-com- 
ponent (four-beam) forward-scattering laser-Doppler 
velocimeter (LDV, TSI). The inlet temperature was 
measured with a K-type thermocouple and a digital 
thermometer (FLUKE 2190A). The temperature in 
the flow field was measured with a K-type ther- 
mocouple wire which was wrapped by a thin ceramic 
tube and a 2.5-mm-diameter L-shaped stainless steel 
tube, which was inserted into the flow field from the 
edge of the test section subtending 45” to the hori- 
zontal direction to minimize interference. The 
measurement probe was moved by a two-dimensional 
traverse table. 

Test conditions and data accuracy 
The inlet velocity varied from 10.5 to 44.9 m ss’ 

and the corresponding Reynolds number, based on 
the step height, varied from 3 130 to 12 900. The injec- 
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Fig. 1. Schematic diagram of experimental apparatus 
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Fig. 2. Configuration and dimensions 01‘ the test section 

tion rate through the base wall ranged from 0 to 350 
l/min, which produced the superficial injection flow 
velocity SO. 17 m SK’. The inlet temperatures of the 
flow were 25, 200, 300 and 400°C. The heat transfer 
and flow structure were studied quantitatively through 
measurements of the temperature across the porous 
plate, velocity and velocity fluctuations in the flow 
field within the combustor. 

The entry flow conditions corresponding to all the 
tests are summarized in Table 1. The boundary layer 
thicknesses, based on 99% of the free stream velocity, 
were varied in the range 7-9 mm, the momentum 
thicknesses were 0.41-0.89 mm, and the thermal 
boundary layer thicknesses were 8-9 mm. The Reyn- 
olds number based on the step height, UH/v ranged 
between 3130 and 12 900. The shape factors (dis- 
placement thickness to momentum thickness) were 
1.1-l .2. According to Pitz and Daily [15], the shape 

factor of Blasius flow is about 2.4 and that of fully 
turbulent flow is about 1.3. The boundary layer is in 
a transitional region for Reo from 250 to 1800 [I] 
and the reattachment length is not independent of 
Reynolds number (or in the fully turbulent regime) 
until Reo is about 1800. The Reynolds number based 
on the momentum thickness in this work ranged 
between 160 and 388. Also the reattachment length 
varied from 6 to 8 step heights. All the data indicate 
that the experimental conditions were located in the 
transitional region from laminar to turbulent flow. 

As the aspect ratio of the test section exceeds IO, 
the flow field is regarded as two-dimensional [ 161. The 
temperature distributions in the spanwise direction of 
the porous plate were uniform over 80% of the test 
section, thus the heat transfer in the spanwise direction 
was neglected in this investigation. The uncertainty of 
the wall temperature measurements was within 1.5%. 
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Table 1. Entry conditions of the experiments 

Inlet 
temperature 
and 
velocity 

200°C and 
15-30 m s-’ 
3OO’C and 
lo-35 m s-’ 
400’ C and 
2540ms ’ 

Boundary 
Reynolds layer Momentum 
number, thickness thickness 

UH/v (mm) Q (mm) 

6250-12 900 7-8 0.41-0.49 

313~11000 7-8 0.50-0.89 

6000-9370 9 0.7rw.79 

1 

1 

Momentum Thermal 
Shape Reynolds T.I./U, (%) boundary 
factor, number, Free Boundary layer 

H12 Ut?/V stream layer thickness (mm) 

The radiation heat transfer between the flow and the 
wall was neglected because it was less than 1% of 
overall heat transfer rate. The 95% confidence level 
of the mean temperature data was less than 2.0%. The 
heat transfer coefficient and the Nusselt number was 
within 3.0%. During collection of the inlet velocity 
data, 2048 typical measurements were made. The 95% 
confidence levels of the mean velocity and the tur- 
bulence intensity were 4.3% and 4.9%, respectively. 

RESULTS AND DISCUSSION 

Length of the recirculation zone 
The length of the recirculation zone of varied tem- 

peratures and Reynolds numbers are shown in Fig. 3. 
For the temperature of the inlet flow of 400°C the 
length approached 7.8 times the step height when the 
Reynolds number exceeded 6300. The length of the 
recirculation zone (reattachment length) was in the 
same range compared to previous works [4, 5, 121. 
Varied inlet temperatures cause different viscosities 
which change the Reynolds number of the flow, even 
though the inlet velocities remain constant. For high 
temperature flows, the length of the recirculation zone 
increased rapidly with the Reynolds number until it 
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Fig. 3. Variations of the length of the recirculation zone with Fig. 4. Variations of the length of the recirculation zone 
Reynolds number at various flow temperatures; Q = 250 with injection flow rates at various Reynolds number and 

I min. ‘, T, = 25,200,300 and 400°C. temperatures ; To = 25, 3OO”C, Q = 0, 150, 250, 350 1 min- ‘_ 

exceeded 7000; after that it increased slightly with 
increasing Reynolds number. As the mass injection 
rate remained invariable, the inlet gas with a higher 
temperature generated a longer recirculation zone. 
The length of the recirculation zone in the cold flow 
was much less than that in hot flow conditions, and it 
approached a constant at a greater Reynolds number 
compared with the hot flow. The effects of the mass 
injection on the size of the recirculation zone are 
shown in Fig. 4. In the cold flow tests, the length of 
the recirculation zone decreased with increasing rate 
of the injection gas, which was consistent with Rich- 
ardson et al. [ 171. For example, the length of the 
recirculation zone at injection velocity 0.17 m s- ’ was 
10% less than that without injection. The effects of 
the injection gas on the length of the recirculation 
zone in high temperature flow conditions were similar 
to that of the cold flow. However, the reduction of the 
length with injection gas was more profound at a 
smaller Reynolds number because the flow momen- 
tum in the near wall region was smaller, thus the 
influence of the injected gas became more significant. 
As the Reynolds number exceeded 8600 in the hot 
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flow, the injected mass only slightly affected the size 
of the recirculation zone. 

Temperature projile 
The profiles of temperature distribution in hori- 

zontal positions for an inlet fluid temperature of 300°C 
at three different injection flow rates are shown in Fig. 
5. The distributions differ from other cold flow data 
[4, 71 because the directions of the heat transfer are 
opposites. The temperature profiles of the free stream 
above the recirculation zone were nearly the same as 
that of the upstream profile in the inlet, when the inlet 
temperature and velocity of the flow were 3OO”C, 25 
m s-’ and the base wall injected gas was 250 1 min-‘. 

The temperatures in the recirculation zone were much 
lower than those of the free stream, since only less 
than one sixth of the high temperature gas in the shear 
layer entered the recirculation zone [18]. As the flow 
velocity was relatively small in the recirculation zone 
the heat transfer was dominated by conduction, 
whereas the flow outside the recirculation zone was 
dominated by convective mixing. Two significant tem- 
perature gradients appeared in the temperature pro- 
files ; one in the shear layer and the other near the 
wall. In the shear layer the temperature gradient was 
the largest because of the strongest turbulent mixing 
between the free stream and the recirculating flow. 
The large temperature gradient adjacent to the wall 

Uo=ZS m/s T=300 ‘C 

. Q=150 0 Q=250 0 Q=350__L/min 

Normaliied Mean Temperature, Tmean/To 

Uo=25 m/s T=300 ‘C 

. Q=150 o Q=250 0 Q=SSO__L/min 

Normalized Mean Temperature, Tmeaw’To 
Fig. 5. Variations of normalized temperature profiles in horizontal direction at various injection flow rates ; 

T=300”C,U0=25ms-‘,Q=l50,25Oand35Olmin-’. 
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showed a strong cooling effect owing to the injected 
cool flow. The temperature gradient near the step, 0.1 
X,, was much lower than other locations because the 
bulk flow was nearly stagnant in the front part of the 
recirculation zone and was not well mixed with the 
high-temperature fluid. After the recirculation zone, 
the temperature profiles at varied locations were 
almost coincident, which indicated that the tem- 
perature field of the flow was well developed. 

Variations of the temperature profiles at varied 
mass injection rates, shown in Fig. 5, indicate that 
the cooling effects of the injected fluid were more 
substantial in the recirculation zone than in other 
regions because the velocity in that region was much 
lower than in the free stream and the redeveloped 
boundary layer. In the cross-sections near the step 
(X/X, = 0.1, 0.2), the injected fluid affected only the 
flow temperature below the step. As the bulk flow 
within the recirculation zone began to interact with 
the free stream in the shear layer around 0.3-0.4 X, 
[19], the distinctions among the temperature profiles 
above the step height at three mass injection rates 
became apparent. The ranges that were affected by 
the injected cold fluid gradually extended into the 
free stream along the horizontal direction. After the 
recirculation zone the temperature distribution in the 
whole flow field was affected by the injection. 

Local heat flux 
The rate of heat transfer on the base wall is esti- 

mated based on the temperatures on both sides of the 
porous plate. The heat flux between the flow and the 
wall, q: is calculated according to the following equa- 
tions : 

Ken- = h+ (1 - 4h (2) 

where AT is the temperature difference on the both 
sides of the porous plate, AY is the thickness of the 
porous plate, AX is the horizontal distance, VW is the 
injection velocity, 4 is the porosity of the porous plate, 
k, is the conductivity of the injection gas and k, is the 
conductivity of the porous plate. 

The first term of the right hand side of equation (1) 
is the heat flux absorbed by the injected fluid passing 
through the porous plate. It was the term used for 
estimating the wall heat flux by Yogesh and Raghu- 
nandan [13] and their data were of the same order as 
this study. The second term of the right hand side of 
equation (1) is the heat conduction in the vertical 
direction through the porous plate. It became larger 
at a greater inlet temperature and higher inlet velocity, 
but decreased with the increasing injection rate of the 
cooling flow. The third term of the right hand side of 
equation (1) is the heat conduction along the hori- 
zontal direction through the porous plate. The 
amounts of heat flux contributed by the three different 
terms for heat transfer on the porous plate are shown 
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Fig. 6. Various types of heat flux to surface in horizontal 
direction; U, = 20 m SK’, T, = 3Oo”C, Q = 250 1 min-‘. 
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Fig. 7. Variations of heat transfer coefficient in horizontal 
direction at various injection flow rates; U, = 25 m SK’, 

T, = 2OO”C, Q = 150,250 and 350 1 min-‘. 

in Fig. 6. The conduction heat transfer in the vertical 
direction on the porous plate dominates the total heat 
flux because of the great effective conductivity and the 
other contents are less than 4% of the total heat flux. 
Because the injected cold fluid mixed with the hot flow 
fluid near the porous plate and decreased the mean 
temperature in the boundary layer above the porous 
plate, the heat transfer rate from the hot flow to the 
plate was thus decreased. 

Ejjticts of mass injection on heat transfer 
The heat transfer coefficient was calculated by the 

following equation : 

(3) 

Figure 7 shows that the local heat transfer coefficient 
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increased along the streamwise direction in the recir- 
culation zone, reached a maximum value near the 
mean reattachment, then decreased gradually down- 
stream. The result was similar to the previous work 
of Sparrow et al. [6] and Vogel and Eaton [7]. Since 
the injected cold flow from the wall of the porous base 
reduced the mean temperature in the boundary layer 
on the base wall (Fig. 5), the wall heat transfer, and 
thus the local heat transfer coefficient, decreased with 
increasing injection rate. As a result, both the dimen- 
sionless heat transfer coefficient and the Nusselt num- 
ber decreased. 

Effects of Reynolds number on Nusselt and Stanton 
numbers 

The Nusselt number and Stanton number are 
defined as follows : 

Nu = c 
k 

The Nusselt number represents a dimensionless heat 
transfer coefficient and behaves similarly to the heat 
transfer coefficient. Figure 8 shows the dependence of 
the Nusselt number on the Reynolds number (based 
on the inlet velocity) at a fixed injection rate 250 
1 min-’ and various inlet flow temperatures. In the 
front portion of the recirculation zone (X/H < 4), the 
Nusselt numbers of all the inlet conditions were 
approximately constant because the corner of the 
recirculation zone was hardly affected by the vari- 
ations of the free stream. Downstream of the position 
X/H = 4, the effects of the flow velocity and Reynolds 
number became profound. When the inlet velocity 
was fixed at 25 m SK’, the Reynolds numbers of the 
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Fig. 8. Variations of Nusselt number in horizontal direction 
at various temperatures, Reynolds number and velocities; 
CJO = 21.8-39.1 m s-‘, r, = 200, 300 and 4OO”C, Q = 250 

I min-I. 

inlet temperature 200, 300 and 400°C were 10750, 
7800 and 6000. The flow of the same velocity with 
lower inlet temperature, thus a higher Reynolds 
number, enhances the Nusselt number on the wall. 
On the other hand, the flow at a higher temperature 
needs a greater velocity to keep the inlet Reynolds 
number the same. At a constant Reynolds number of 
9370, the smaller temperature of the inlet flow 
enhanced the heat transfer in the recirculation zone, 
but decreased the heat transfer after recirculation 
zone. This might be caused by the turbulence intensity 
near the wall region and the reverse mass flow rate in 
the recirculation zone. Comparing the inlet conditions 
at a constant velocity and a constant Reynolds 
number, the effect of the Reynolds number on the 
Nusselt number are more significant than the inlet 
velocity. Similar to the trend of the heat transfer 
coefficient, a maximum Nusselt number was located 
around the end of the recirculation zone, and then 
decreased downstream. The effects of the Reynolds 
number and temperature on the Nusselt number were 
more profound after the recirculation zone. 

The heat transfer behavior was further analyzed 
by the distributions of the Stanton number, which 
represents the ratio of actual heat flux from the fluid 
to the wall to the heat capacity of the fluid flow. 
The distributions of the Stanton number along the 
horizontal distance were plotted in Fig. 9, in which 
the inlet conditions were the same as those in Fig. 8. 
Because the ratio of the heat transfer to the heat 
capacity at the same Reynolds number of the inlet 
conditions was close, the effects of velocity were cir- 
cumvented, and the curves of the three inlet tem- 
peratures corresponding to the same Reynolds num- 
ber thus converged. In the situation with a constant 
inlet velocity but different temperature, the depen- 
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Fig. 9. Variations of Stanton number in horizontal direction 
at various temperatures. Reynolds number and velocities ; 
U,, = 21.8-39.1 m s-‘, T= 200, 300 and 4OO”C, Q = 250 

I min-‘. 
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number at various temperatures and injection flow rates; 

T, = 200,300 and 4OO”C, Q = 150,250 and 300 I min..‘. 

dence of the Stanton number on flow temperature 
or Reynolds number downstream of the recirculation 
zone was relatively significant. It was similar to that 
of Nusselt number in Fig. 8, although the variations 
were less distinct. The Reynolds number must have 
caused certain alterations other than changing the 
heat capacity on the flow structure and the wall heat 
transfer after the recirculation zone, otherwise the 
four curves should have converged too. 

Variations of the maximum and average Nusselt 
number in the horizontal direction, at various Reyn- 
olds numbers, are shown in Fig. 10. The gas was 
injected at 350 1 min-’ and the temperatures of the 
inlet were 200, 300 and 4OO”C, respectively. The tend- 
ency of the maximum and average Nusselt number on 
varied Reynolds number was similar, but the 
maximum values were approximately two times the 
average values. Variations of the maximum Nusselt 
number and Stanton number with the Reynolds num- 
ber at various temperatures and injection rates are 
plotted in Figs. 11 and 12. Both the maximum Nusselt 
number and Stanton number occurred at the end of 
the recirculation zone. At a fixed Reynolds number, 
the maximum Nusselt number decreased in a higher 
rate of injected gas as well as that of the maximum 
Stanton number. At the largest gas injection 350 
1 min-‘, the higher temperature enlarged the maximum 
Nusselt number as well as that of the Stanton number. 
When the injected gas was 150 1 mini ‘, the lower 
temperature enlarged the maximum Nusselt number 
and the maximum Stanton number. All the maximum 
Nusselt numbers increased with raising Reynolds 
number because that carried more heat into the test 
section. But the maximum Stanton numbers were 
nearly the same or decreased with the higher Reynolds 
number. This indicates that in higher Reynolds 
number, the amounts of heat flux entering the base 
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Fig. 12. Variations ofmaximum Stanton number in Reynolds 
number at various temperatures and injection flow rates; 

T, = 200,300 and 4OO”C, Q = 150,250 and 300 I min-‘. 

surface are less than the heat capacity carried by the 
main stream. The heat capacity is exhausted out of 
the test section. This result is consistent with that of 
Vogel and Eaton [7]. 

CONCLUSIONS 

In this work we successfully developed the exper- 
iment to investigate the high-temperature heat trans- 
fer of a hot flow stream flowing over a sudden-expan- 
sion with cold air injected from its porous base. The 
results show that the Reynolds number and inlet tem- 
perature are the major influential factors on the size 
of the recirculation zone, the heat transfer coefficient 
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and Nusselt number. A greater inlet temperature and 
Reynolds number extended the recirculation zone, 
whereas the increased injection rate shortened the 
length. 

The temperatures in the recirculation zone are much 
lower than those of the free stream, since only less 
than one sixth of the high temperature shear layer 
flow enters the recirculation zone. The cooling effects 
of the injected fluid were more substantial in the recir- 
culation zone than other regions because the velocity 
in that region was much smaller than in the free stream 
and the redeveloped boundary layer. After the recir- 
culation zone, the temperature profiles at varied 
locations are almost coincident, which indicated that 
the temperature field of the flow had been well 
developed. 

The wall heat transfer was contributed by heat con- 
duction in both vertical and horizontal directions and 
the convective heat absorbed by the injected fluid, and 
the vertical conduction accounted for over 96% of 
the total heat transfer. The heat transfer coefficient 
increased with increasing inlet temperature and Reyn- 
olds number, but decreased with the increasing injec- 
tion rate of the cooling air. In addition, the maximum 
heat transfer coefficient was located near the end of 
the recirculation zone. 

The Nusselt number was affected by the Reynolds 
number at the inlet in the whole flow field except 
near the step (X/H < 4). The heat transfer coefficient 
normalized by the heat capacity (Stanton number) 
was insensitive to the Reynolds number in the recir- 
culation zone. After the recirculation zone, the Stan- 
ton number was still affected by the Reynolds number, 
although to a lesser extent than that of the Nusselt 
number. The maximum and average Nusselt numbers 
were larger in a higher Reynolds number, but the 
values of the maximum and average Stanton number, 
however, remained unaffected or decreased in a gre- 
ater Reynolds number. The results of this paper pro- 
vide valuable information on the high-temperature 
heat transfer and fluid behavior of the hot flow over 
a sudden-expansion, and could be beneficial for the 
design of the combustor and for verification of the 
existing numerical models. 
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