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ABSTRACT

An experimental investigation has been made on the flow

and thermal fields over a heated two-dimensional hill. The

effects of the inflow boundary layer on the complex turbu-

lent field are discussed when the downstream location of the

hill model is varied. At the crest of the hill, the horizontal

velocity fluctuation shows a large distinct peak very near

the surface, because of instantaneous backward flows. It is

found that in the reverse-flow region on the leeward side of

the hill, the turbulence intensities and the Reynolds shear

stress show much larger values than those in a canonical

wall-bounded shear flow. The ratio of an incoming bound-

ary layer thickness δ to a hill height H, i.e., δ/H, strongly

affects the development of these turbulent statistics. In the

thermal field, there is a hot region below the hill height,

and the mean temperature gradient has peaks at this loca-

tion as well as at the heated surface. A second temperature

fluctuation peak exists except near the heated surface.

INTRODUCTION

Because environmental problems in urban areas such as

the heat-island effect are becoming serious, it is necessary

to clarify the heat and mass transport processes in a com-

plex turbulent field from a fundamental viewpoint (Hunt and

Snyder, 1980; Britter et al., 1981; Taylor et al., 1987). Al-

though many studies on turbulent flow characteristics over a

two-dimensional hill have yielded valuable results (Almeida

et al., 1993; Loureiro et al., 2007), the detailed character-

istics have not yet been fully elucidated. Moreover, few

experimental data are available on a thermal field. Thus,

highly accurate turbulence models for predicting such fields

do not exist at present.

In the present study, we measure the flow and thermal

fields over a heated two-dimensional hill to elucidate im-

portant characteristics of the complex turbulent flow. The

effects of inflow turbulent boundary layer on turbulent struc-

tures formed along a separated region are discussed by vary-

ing the streamwise location of the hill model.

EXPERIMENTAL APPARATUS

The experimental apparatus used is the same as in our

previous study (Houra et al., 2008). The contraction ratio

of the settling chamber is 4 : 1, and the cross-sectional area

and the length of the test section are 500 × 500 mm2 and

four meters, respectively. To generate a stable turbulent

boundary layer on one side of the wall, a tripping device is

placed at the inlet to the test section.

A two-dimensional hill with a cosine-squared shape is

installed at the test section as shown in Fig. 1. The height

and width of the hill are H = 40 mm and 2L = 200 mm,

respectively. The hill’s surface distance from the floor (y =

0) is written as follows:

h(x) = H cos2
(

πx

2L

)
, −1 ≤ x

L
≤ 1. (1)

This shape has been frequently used by many investigators

(Gong and Ibbetson, 1989; Ferreira et al., 1991, 1995; Kim

et al., 1997; Ross et al., 2004; Hattori and Tanaka, 2006;

Wood, 1995). This is considered to be one of the typical hill

shapes. Prior to the installation of the hill, the streamwise

pressure gradient is set to zero. Under the present mea-

surement condition (free-stream velocity: U0 = 8 m/s), the

free-stream turbulence level is below 0.4%.

The ratio of an incoming boundary layer thickness δ to

a hill height H, i.e., δ/H, is an important parameter to de-

scribe the turbulent characteristics over the hill. With a

view to the atmospheric boundary layer studies, the ratio

would normally be set to an order of 10. On the other hand,

some studies devoted to the engineering interest in the sep-

aration bubble, set the ratio to an order of one (Loureiro et

al., 2007). In the present study, with the focus on the tur-

Figure 1: Two-dimensional hill with a cosine-squared shape

and thermal boundary condition. Streamwise distance from

tripping plate x0 is 750 mm (Case A) and 2250 mm (Case

B). All dimensions are in millimeters.
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Figure 2: Static pressure distributions on surface of hill.

bulent heat transfer around the separation bubble, the ratio

is set to the order one. The streamwise distance of the hill

center from the inlet, x0, is varied for two test cases: (a)

Case A, x0=750 mm, and (b) Case B, x0= 2250 mm. The

thickness and the Reynolds number of the inflow turbulent

boundary layer are different for these cases. For Case A, the

boundary layer thickness of the inflow δ and the Reynolds

number based on the momentum thickness Rθ are about 21

mm, i.e., δ/H' 0.5, and 1200, respectively; for Case B, δ and

Rθ are about 44 mm, i.e., δ/H' 1.1, and 3000, respectively.

However, the Reynolds number based on the hill height is

the same: ReH = U0H/ν = 2.2× 104, in both cases.

In order to simulate the situation where the hill surface

is locally heated by solar insolation, the thermal boundary

condition is set as shown in Fig. 1. The model hill is com-

posed of three parts: upstream and downstream flat plates

of 2-mm-thick copper, and a curved plate made of 5-mm-

thick copper. By controlling the heating current for heaters

on the back side of the hill, we obtain uniform wall tem-

perature distributions. The temperature difference between

the wall and the ambient fluid is kept at about 10 K. It is

confirmed that there are no effects on the flow field, even in

the separated region. The static pressure holes (diameter:

0.5 mm) are drilled normal to the hill surface.

The velocities are measured by a backscatter-type two-

component laser Doppler velocimetry (LDV) system (Dantec

Dynamics). A water-cooled Argon ion laser (6W) is used as

a light source. A focus length of the front lens is 300mm, and

the measurement volume is 89.3 µm×1.41mm for green, and

84.7 µm× 1.34mm for blue. Seeding particles are generated

by evaporating a SAFEX fog liquid, and introduced from

the upstream of the settling chamber.

Fluid temperature is measured with a fine-wire thermo-

couple (chromel-alumel; diameter 13 µm; length 10 mm)

and a cold-wire probe (platinum 90%/rhodium 10%; diam-

eter 0.625 µm; length 1.0 mm). The response delay of the

thermocouple is compensated using a scheme for a first-order

lag system (Tagawa et al., 2001, 2005).

RESULTS AND DISCUSSION

Pressure distribution

Figure 2 shows the distribution of the wall static pres-

sure coefficient Cp= (P −P 0)/(ρU
2
0/2). As explained in the

previous section, the streamwise pressure gradient is set to

zero, prior to the installation of the hill. Then, the hill’s

surface pressure is measured after the setup. From the re-

sults of Cp along the hill surface, a weak pressure rise (i.e.,

adverse pressure gradient) at the beginning of the windward

slope (concave) follows a rapid favorable pressure gradient

(a) Case A

(b) Case B

Figure 3: Mean velocity vectors around hill: (a) Case A; (b)

Case B.

on the windward slope (convex) toward the crest of the hill,

and then the adverse pressure gradient appears again in the

reverse-flow and recovery regions on the leeward side. It

should be noted that the wall static pressure shows a min-

imum before the crest, and then a plateau region along the

leeward side of the hill. This pressure plateau is also ob-

served in the LES study of periodic 2D hill (Fröhlich et al.,

2005); thus, this is considered to be one of general aspects in

the separation region. Because of the pressure loss caused

by a separation, the static pressure never regains the up-

stream value. The loss reaches about 5% of the free-stream

dynamic pressure. There are slight differences between the

two cases: if the ratio δ/H is larger, the increase in the pres-

sure is smaller in the approaching region. However, there are

almost no effects in the downstream region.

Velocity field

Figure 3 shows the mean velocity vectors around the hill.

The dashed and chain lines respectively indicate the dividing

streamline where the stream function equals zero and the

forward-flow fraction becomes 50%. It is noted that the 50%

line of forward-flow fraction almost corresponds to the zero-

mean velocity (U=0) line. From this figure, on the windward

slope of the hill, the velocity vectors change their directions

along the surface, and the maximum velocity appears over

the crest (see also Fig. 4 (a)). On the other hand, the reverse-

flow region appears near the leeward side of the hill. The size

of the separation bubble strongly depends on the ratio of the

boundary layer thickness to the hill height, δ/H. For Case

A, the reattachment point xR locates at about xR/H ' 6.0,

whereas xR/H ' 4.4 for Case B.

In order to investigate the effects of inflow boundary layer

in more detail, Figs. 4 (a) and (b) show the horizontal and

vertical mean velocity profiles on the windward side of the

hill. The abscissa is the vertical distance from the hill sur-

face normalized by the hill height, (y − h)/H. The mean

velocities are normalized by the reference inlet velocity U0.

On the windward side of the hill, after the Cp reaches max-

imum at x/H = −2.5, the horizontal mean velocity rapidly

increases along the curved surface (x/H = −1.25) to the

crest of the hill (x/H = 0). Although the inflow boundary
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(a) Horizontal mean velocity

(b) Vertical mean velocity

Figure 4: Mean velocity profiles on windward slope.

layer thickness definitely affects the mean velocity profiles

as shown in Fig. 4, the difference in the horizontal mean ve-

locity becomes smaller flowing downstream to the crest. On

the other hand, the vertical mean velocity reaches maximum

at the middle of the windward slope (x/H = −1.25). And

at the crest, the profile shows almost uniform distribution

except very near the surface.

Figure 5 shows the turbulence intensities of the horizon-

tal (u) and vertical (v) velocity fluctuations normalized by

the reference inlet velocity U0. As seen from this figure, the

developments of the intensities also depend on δ/H. In or-

der to investigate the intensity near the windward curved

surface in detail, Fig. 6 (a) and (b) show the horizontal

and vertical velocity fluctuations, respectively. When the

inflow boundary layer is thick (Case B), the intensities ex-

tend in the vertical direction compared with a thinner case

(Case A). Flowing downstream along the curved surface,

the horizontal and vertical velocity fluctuations rapidly de-

crease with the increase in horizontal mean velocity. It is

noted that very near the surface at the crest, horizontal ve-

locity fluctuations show a large distinct peak. Because the

instantaneous backward flows exist there, from the results

of probability density functions (p.d.f.s), the instantaneous

separation location moves back and forth. Thus, the sepa-

ration point is not fixed on the crest of the two-dimensional

hill model, unlike the case of backward-facing step flows. On

the other hand, flowing downstream from the crest, the in-

tensity of horizontal velocity fluctuation becomes maximum

at the hill-top height, then gradually increases near the wall

at the reattachment point (see Fig. 5). The intensity of the

vertical fluctuation also reaches maximum at the hill top,

whereas it is suppressed near the wall. After reattachment,

this peak value gradually decreases in the streamwise direc-

tion. The turbulent production and redistribution processes

among the velocity components should be strongly affected

on the leeward side of the hill.

Figure 7 shows the Reynolds shear stress, −uv, normal-

ized by the reference inlet velocity U0. As seen from this fig-

ure, the Reynolds shear stress on the leeward side of the hill

(a) Case A

(b) Case B

Figure 5: Horizontal and vertical turbulence intensities: (a)

Case A; (b) Case B.

(a) Horizontal turbulence intensity

(b) Vertical turbulence intensity

Figure 6: Profiles of horizontal and vertical turbulence in-

tensities on windward slope.

has much higher values than those of a canonical wall flow,

e.g., a maximum value of −uv is typically 0.002 U
2
0. More-

over, the developments of the Reynolds shear stress strongly

depend on δ/H. Flowing downstream from the crest, the

Reynolds shear stress becomes maximum at the hill top and

is suppressed near the wall. After reattachment, their peak

values gradually decrease in the streamwise direction. Figure

8 shows the ratios of the maximum Reynolds shear stress in

the separated and reattaching regions (−uv)max to that in a

zero-pressure gradient flat-plate boundary layer (−uv)max,0.

On the windward side of the hill, the most striking fea-

ture of the Reynolds shear stress is the positive value uv > 0,

near the surfaces of the middle slope and at the crest as

shown in Fig. 9. On the other hand, the effects of the inflow

boundary layer thickness on the Reynolds shear stress dis-

tributions are almost the same as those on the turbulence
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(a) Case A

(b) Case B

Figure 7: Reynolds shear stress, −uv: (a) Case A; (b) Case

B.

Figure 8: Ratio of maximum Reynolds shear stress in sep-

arated and reattaching regions to that in zero-pressure gra-

dient flat-plate boundary layer.

intensities. Because the mean velocity vectors are tilted up-

ward by the presence of the hill surface, the above discussion

based on the wind tunnel coordinate (x, y) may cause mis-

understanding of the turbulence field especially near the hill

surface. Thus, in the following we discuss the statistical re-

sults based on the local mean velocity coordinate, (xs, ys),

defined below.

The local angle to the Cartesian coordinate is defined as:

θ = tan−1(V /U). Then, the Reynolds shear stress based on

the local mean velocity coordinate is estimated as:

usvs = cos(2θ) uv + sin(2θ)
(
v2 − u2

)
/2. (2)

These Reynolds shear stress are compared based on the dif-

ferent coordinates as shown in Fig. 10. As seen from this

figure, the positive sign near the surface disappears in the

local coordinate. Figure 11 shows the joint p.d.f.s based on

the two coordinates. The joint p.d.f.s are defined as follows:

1 =

∫∫ ∞

−∞
P (u′, v′) du′dv′ =

∫∫ ∞

−∞
P (u′s, v

′
s) du′sdv′s,

(3)

where each instantaneous velocity fluctuation is normalized

by U0, i.e. u′ = u/U0 and v′ = v/U0. As seen from Fig. 11

Figure 9: Reynolds shear stress profiles on windward slope.

Figure 10: Reynolds shear stress profiles on windward slope

based on the Cartesian and local mean velocity coordinates.

(a) (y − h)/H = 0.02

(b) (y − h)/H = 0.20

Figure 11: Joint probability density functions of u and v on

windward slope (Case A: δ/H ' 0.5, x/H = −1.25).

(a), very near the surface the P (u′, v′) shows strong positive

correlation between u and v (see also Fig. 10). In the local

coordinate, however, the P (u′s, v′s) shows a negative corre-

lation as is generally seen in a canonical wall shear flow.
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(a) Case A

(b) Case B

Figure 12: Mean temperature: (a) Case A; (b) Case B.

Figure 13: Mean temperature profiles at upstream and sep-

arated regions.

Temperature field

Finally, we discuss the effects of the inflow boundary

layer on the temperature field. Figure 12 shows the mean

temperature profiles normalized by the temperature differ-

ence between the wall, T w, and the ambient, T∞. As seen

from the figure, on the windward side of the hill, the thermal

boundary layer thickness at the crest (x/H = 0) is thinner

than that of the upstream one because of the strong accelera-

tion of the flow on the windward slope. Flowing downstream

from the crest, flow separation occurred, so the mean tem-

perature shows a peculiar profile; it is kept relatively high

around the separation region, and then rapidly decreases to

an ambient temperature above the hill height. Thus, there is

a local maximum of the mean temperature gradient, besides

the heated surface near the wall. The maximum location

moves away from the heated wall in the downstream direc-

tion for Case A. On the other hand, for Case B, the location

remains at a nearly constant distance from the wall.

In order to clarify the effects of the inflow boundary layer,

Fig. 13 shows the mean temperature profiles at the upstream

(x/H = −2.5) and separated (x/H = 3.75) regions. In the

upstream region, the thickness of the thermal boundary layer

is about half of the hill height in both cases. And there are

no distinct differences between two cases. In the separated

region, the hot region is below the hill height in both cases.

However, the hot region is larger for Case A than Case B,

possibly due to the differences in the velocity field.

(a) Case A

(b) Case B

Figure 14: Intensity of temperature fluctuation: (a) Case A;

(b) Case B.

Figure 15: Intensity of temperature fluctuation at upstream

and separated regions.

Next, Fig. 14 shows the intensity profiles of temperature

fluctuation. The response delay of the thermocouple is com-

pensated using a scheme for a first-order lag system (Tagawa

et al., 2001, 2005). Then, the temperature-fluctuation re-

sults obtained by the thermocouple agree well with those

by a fine cold-wire. As discussed in the mean temperature

profiles, the gradient has peaks in the hill-height location as

well as at the heated surface. Thus, because the velocity

fluctuation exists where the gradient is large, there is a sec-

ond peak of temperature fluctuation except near the heated

surface. The second peak location moves away from the hill-

height location in the downstream direction for Case A. On

the other hand, for Case B, the location remains at a nearly

constant distance from the wall.

In order to investigate the effects of the thickness of the

inflow boundary layer in detail, the distribution of the tem-

perature fluctuation intensity is shown in Fig. 15. Though

hardly any difference is seen in the mean temperature dis-

tribution upstream of the hill, the temperature fluctuation

intensity is larger, when the boundary layer is thick (Case

B). In the separated region, the position of the second peak

is farther for Case A than for Case B. The thickness of the

inflow boundary layer is small in Case A. However, the sep-

aration bubble is large, and the range where the influence of

the temperature distribution reaches is wider.
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CONCLUSIONS

In the present paper, an experimental investigation is

made on the flow and thermal fields over a heated two-

dimensional hill. The effects of the inflow boundary layer on

the complex turbulent field are discussed when the down-

stream location of the hill model is varied.

It is found that in the reverse-flow region on the leeward

side of the hill, the turbulence intensities and the Reynolds

shear stress show much larger values than those in a canoni-

cal wall-bounded shear flow. The ratio δ/H strongly affects

the development of these turbulent statistics. The horizon-

tal velocity fluctuation shows a large distinct peak very near

the surface at the crest. Because the instantaneous back-

ward flows exist there, the instantaneous separation location

moves back and forth. The separation point is not fixed on

the crest of the two-dimensional hill model, unlike the case

of backward-facing step flows.

On the leeward side of the hill, the turbulent production

and redistribution processes among the velocity components

should be very sensitive to the ratio δ/H. In the thermal

field, there is a hot region below the hill height, and the mean

temperature gradient has peaks at this location as well as

at the heated surface. Then, there is a second temperature

fluctuation peak except near the heated surface.
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