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Abstract—The work reported here was motivated by concern over the use of smooth heat flux gages for
heat transfer measurements on the otherwise rough turbine blades. Stanton number distributions and
boundary layer profiles of mean temperature, mean velocity, and turbulence intensity are reported for a
surface with a step change from a rough to a smooth surface. In most cases, the Stanton number immediately
downstream of the change in roughness drops below the all-smooth-wall data at the same x-Reynolds
number. The alignment of the smooth surface between the bases and crests of the roughness elements is
shown to have only a weak effect on the Stanton number distribution. It is concluded that use of smooth
heat flux gages on otherwise rough surfaces can cause large errors. It is recommended that heat transfer
data collected in this manner be used with caution.

INTRODUCTION

IN THIS paper, the effects of a step change in surface
roughness on heat transfer and fluid flow in the tur-
bulent boundary layer are investigated exper-
imentally. The primary motivation for undertaking
the work reported here is to gain insight into the use
of smooth heat flux gages to measure the external heat
transfer rate on otherwise rough gas turbine engine
blades. Inservice gas turbine blades can be very rough
[1]. Also, blades are often covered with rough
coatings. Of particular interest for this work are the
Space Shuttle Main Engine fuel pump turbine blades
which have rough coatings with an r.m.s. height of
the order of 15 um. This is very rough considering
that the boundary layer thickness is of the order of
0.5 mm. Tests on these engine components are often
conducted by installing small (about 1 mm in diam-
eter) heat flux gages. These gages are usually much
smoother than the surrounding rough surface.
Important early experimental work on flows with
step changes in roughness was done in fully-developed
channel flows by Jacobs [2]. One of the most com-
prehensive data sets was presented for zero pressure
gradient boundary layer flows by Antonia and Luxton
[3, 4]. They presented extensive velocity and tur-
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bulence measurements for both smooth-to-rough and
rough-to-smooth step changes in surface roughness.
They used rib-roughened surfaces where the rib crests
on the rough part of the surface were aligned with the
smooth section of the surface. Antonia and Luxton
[5] reported similar experiments where the test surface
consisted of a smooth section followed by a rib-rough-
ened section with the bases of the ribs aligned with
the smooth surface. This resulted in a smooth-to-
rough transition with an upstanding roughness. Scho-
field {6] presented extensive flow measurements for
step changes in surface roughness with adverse pres-
sure gradient. Andreopoulos and Wood [7] reported
extensive measurements of velocity profiles, tur-
bulence quantities and skin friction distribution for
flow over a smooth surface which was roughened in
one narrow strip at about mid-plate using sandpaper.
Their experiments modeled the effect of an impulse of
roughness on the boundary layer flow. A good review
of the literature is given by Smits and Wood [8). All
of the work referenced above was in the isothermal
boundary layer and did not include heat transfer
results.

In a previous paper [9], we reported preliminary
experimental and computational results. However,
interpretation of those results was limited by the
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T local fluid static temperature
T. free stream static temperature
T. wall (plate) temperature
mean longitudinal velocity

=

NOMENCLATURE
dy roughness element base diameter u? turbulence intensity factor
d(y) local roughness element diameter U,  free stream velocity
k roughness element height x axial distance from nozzle exit
L roughness element spacing y coordinate normal to the wall surface
Re Reynolds number z transverse coordinate.
St Stanton number

Greek symbols
0 boundary layer thickness
A thermal boundary layer thickness
A, enthalpy thickness.

coarse resolution of the Stanton number downstream
of the rough-to-smooth interface. As discussed below,
the Stanton numbers were determined by making an
energy balance on individually heated test plates,
resulting in a locally averaged Stanton number. The
preliminary measurements were made with 0.1 m wide
test plates. The experiments reported in this paper
have been refined by replacing the first smooth test
plate with four 0.025 m wide plates to better resolve
the Stanton number distribution immediately down-
stream of the interface. Also, two alignments of the
smooth portion of the surface were investigated—
base-aligned as in Fig. 1(a) and crest-aligned as in Fig,
1(b).

In the following the experimental apparatus and
measurements are briefly outlined and the results of
the experiments are presented and discussed.

EXPERIMENTAL APPARATUS AND
MEASUREMENTS

The experiments were performed in the Turbulent
Heat Transfer Test Facility (THTTF), which is shown
in Fig. 2. Complete descriptions of the facility and its
qualification are presented in Coleman e al. [10] and
Hosni et al. [11]. This facility is a closed loop wind
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FiG. 1. Descriptions of the rough-to-smooth test surface,
alignment schemes, and the roughness shape for the hemi-
sphere roughened surface.

tunnel with a free stream velocity range of 6-67 m
s~ '. The temperature of the circulating air is con-
trolled with an air to water heat exchanger and a
cooling water loop. Following the heat exchanger the
air flow is conditioned by a system of honeycomb and
screens.

The bottom wall of the nominally 2.4 m long by
0.5 m wide by 0.1 m high test section consists of 24
electrically heated flat plates which are abutted
together to form a continuous flat surface. Each nickel-
plated aluminum plate (about 10 mm thick by 0.1 m
in the flow direction) is uniformly heated from
below by a custom-manufactured rubber-encased
electric heater pad. Design computations showed that,
with this configuration, a plate can be considered to
be at a uniform temperature.

Figure 1 shows a schematic diagram for the test
surface used in these experiments. The first 0.9 m of
the test section surface were roughened with 1.27 mm
diameter hemispheres, and the remaining 1.5 m length
was smooth. The roughness elements were spaced two
base diameters apart in a staggered array as shown
in the figure. Immediately following the rough-to-
smooth interface, four narrow 0.025 m wide test plates
were used to better resolve the Stanton number in
this region. Two alignments were considered—base-
aligned as shown in Fig. 1(a) and crest-aligned as
shown in Fig. 1(b).

The top wall can be adjusted to maintain a constant
free stream velocity. An inclined water manometer
with resolution of 0.06 mm is used to measure the
pressure gradient during top wall adjustment. Static
pressure taps are located in the side wall adjacent to

Flow

Heat Exchanger
Honeycomb
Screens

85t n Blower
te Heaters

F1G. 2. Schematic of the Turbulent Heat Transfer Test
Facility (THTTF).
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each plate. The pressure tap located at the second
plate is used as a reference, and the pressure difference
between it and each other tap is minimized. For
example, the maximum pressure difference for the
43m s~ ' case was 0.30 mm of water.

The boundary layer is tripped at the exit of the 19:1
area ratio nozzle with a 1 mm x 12 mm wooden strip.
This trip location is immediately in front of the heated
surface.

Stanton number determination

The Stanton number is determined using an energy
balance on each of the individually heated plates. The
Stanton number is computed from the definition using
measured values of the plate heater power, plate tem-
perature, free stream total temperature, and free
stream velocity and experimentally calibrated models
for the radiation loss and conduction to the support
system. To minimize conduction losses the support
rails are heated to approximately the same tem-
perature as the plates. For the Stanton number data
in this paper, the overall uncertainty, as discussed by
Taylor et al. [12, 13], ranged from +2% to + 5% for
the 0.1 m wide plates and from +4% to +11% for
the 0.025 m plates depending on flow conditions.

Profile measurements

The profiles of mean velocity, u, and longitudinal
velocity fluctuation, u’2, were taken with a horizontal
hot-wire. At each measurement position, 1000 instan-
taneous anemometer output voltage readings 0.01 s
apart were taken and converted into velocities using
a fourth order least squares calibration equation. The
mean of the 1000 velocities was used as the mean
velocity at that location, and the variance was taken
as u’~. According to Coleman et al. [10], the overall
uncertainties are +2% for u and + 5% for u’?.

The mean temperature profiles were measured
using a specially calibrated, butt-welded, chromel-
constantan thermocouple probe. The overall uncer-
tainty in the temperature measurement with this probe
is quoted by Coleman et al. [10] to be +0.08°C.

EXPERIMENTAL RESULTS

Experimental heat transfer and flow results have
been obtained for zero pressure gradient, constant
wall temperature and incompressible turbulent
boundary layer flow in air with free stream velocities

1 Turbulent flows that are influenced by surface roughness
are usually divided into three regimes. Aerodynamically
smooth flows are those where the roughness effects are so
small that the flow behaves as if the wall were smooth. Fully
rough flows are those where the roughness so dominates the
momentum transport to the wall that viscous effects are
negligible. In turbulent pipe flow fully rough flows are those
where the friction factor is no longer a function of the Reyn-
olds number. Transitionally rough flows occur at Reynolds
numbers in between and both viscous and roughness effects
are significant.
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FI1G. 3. Results of the Stanton number measurements plotted
vs Re, for U, = 6 m s~ '—base-aligned.

of 6, 12, 27, 43, 58, and 66 m s~ ' [12]. The cor-
responding x-Reynolds numbers ranged from 100000
to 10000 000. The x-Reynolds numbers immediately
downstream of the rough-to-smooth interface ranged
from 300000 to 3000000. A representative subset of
this data set is presented in this paper.

Figures 3 and 4 show plots of Stanton number vs
x-Reynolds number for the base-aligned case. Also,
the experimental Stanton number distributions for an
all-smooth surface [10] are shown in the figures. These
smooth-wall data were collected in the same exper-
imental apparatus with the same instrumentation.
While these smooth-wall data agree very well (+5%)
with the usual smooth-wall correlations, they contain
essentially the same bias error effects as the rough-to-
smooth cases and are, therefore, the best choice for
comparison.

Figure 3 shows the comparison for the U, =6 m
s~! case. In spite of the trip at the nozzle exit and
the rough surface, the flow remains laminar for a
considerable length. The flow becomes fully turbulent
at an x-Reynolds number of about 200000, and a
transitionally rough boundary layer is established for
a short distance before the rough-to-smooth interface.
According to Hosni et al. [11], this case is trans-
itionally rought in the aerodynamic sense, while the
higher velocity cases are fully rough boundary layers
over the rough portion of the test surface. In the
region between the rough-wall boundary layer and the
developing smooth-wall boundary layer, the Stanton
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FIG. 4. Results of the Stanton number measurements plotted
vs Re, for U,, = 12 and 58 m s~ '—base-aligned.
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number decreases rapidly in a smooth, continuous
fashion to the new smooth-wall condition.

Figure 4 shows the comparison for the U, = 12
and 58 m s~ ' cases. For both of these fully rough
cases, the Stanton number drops immediately after
the interface. There appears to be a slight dip in the
rough-to-smooth Stanton number below the all-
smooth Stanton number data. However, the uncer-
tainty in the 0.025 m test plate Stanton number is too
large to draw a definite conclusion at 12 ms~'. At 58
m s~ ' there is a definite dip in the Stanton number
after the step change in surface roughness. The data
at the free stream velocities of 27, 43, and 66 m s~
showed the same trends as those in Fig. 4.

Overall, the transitionally rough flow has a smooth
continuous change in Stanton number from the
rough-surface region to the smooth-surface region.
Fully rough cases, however, have an abrupt change in
the Stanton number after the rough-to-smooth inter-
face, with the Stanton numbers falling slightly below
the equivalent all-smooth-wall values at the same x-
Reynolds number. As the free stream velocity
increases, the change becomes slightly more abrupt.

After the step change from rough to smooth, a
smooth-wall layer develops inside the existing rough-
wall layer. This smooth-wall layer eventually envelops
the whole boundary layer. However, this new smooth-
wall layer has a different virtual origin than the all-
smooth boundary layer. Therefore, the comparisons
based on equivalent x-Reynolds numbers may not
be the most appropriate. An alternative presentation
which eliminates the virtual origin problem is to base
the comparison on the boundary layer enthalpy thick-
ness Reynolds number. Figure 5 shows this com-
parison for the same 12 and 58 m s~ ' base-aligned
cases shown in Fig. 4. The enthalpy thicknesses were
obtained for these zero pressure gradient, constant
wall temperature boundary layers by direct inte-
gration of the Stanton number distributions. This
viewpoint throws a different spin on the comparison.
The dip does not go below the equivalent all-smooth
case, and the 58 m s~ ' case retains a very slight heat
transfer augmentation. However, no important new
insights are gained.

0.007
0.006
0.005
.
0.004 | ..
St . e ..
0.003 o A 4
oo
°
®o
°f,
0.002
3
©  Smooth wall 29 %
8 Rough-to-smooth wall-12 mis %
¥ Rough-to-smooth wall--58 m/s
0.001 NI | — )
102 10° 104
Re
4,

FIG. 5. Results of the Stanton number measurements plotted
vs Re,, for U, = 12 and 58 m s~ '—base-aligned.
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FiG. 6. Non-dimensional temperature profiles vs y/A for
U, = 12 m s~ '—base-aligned.
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Fi1G. 7. Velocity profiles for the rough-to-smooth surface at
increasing x-locations for U,, = 12 m s~ '—base-aligned.

Figures 6 and 7 show plots of the non-dimensional
mean temperature profiles and mean velocity profiles
for the base-aligned case with a free stream velocity of
12 m s~ ". The plots show that the profile immediately
downstream of the rough-to-smooth interface quickly
assumes smooth-wall characteristics in the near-wall
region but resembles the rough-wall profile in the
outer region. Further downstream of the step, the
profiles gradually fill out to assume a smooth-wall-
like shape. Profiles of axial turbulence intensity were
also determined at the same locations downstream of
the rough-to-smooth interface as the mean velocity
profiles. Figure 8 shows the plot of these profiles for
the 12 m s~ ' case. The sharp near-wall peak typical
of smooth-wall profiles is seen for all x-locations on
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FiG. 8. Axial turbulence intensity profiles for the rough-to-
smooth test surface at increasing x-locations for U, = 12 m
s~ '—base-aligned.
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F1G. 9. Comparison of the Stanton number measurements
for the base-aligned and crest-aligned cases at U, = 12 and
58ms~'.

the smooth portion of the test surface. The first
smooth-portion profile at x = 0.95 m is particularly
interesting. For y/d > 0.2, its behavior is typical of the
rough wall, and for y/d < 0.1, its behavior is much
more typical of the smooth wall.

The profiles shown in the preceding figures provide
a possible explanation for why the Stanton number
drops dramatically after the rough-to-smooth inter-
face. Over the rough surface, the temperature and
velocity profiles are greatly retarded when compared
with the typical smooth-wall profiles. However, over
the rough surface the net heat transfer is greatly aug-
mented by direct transfer to the protruding roughness
elements. Hosni et a/. [11] estimate for the fully rough
boundary layers with this rough surface that 65% of
the net heat transfer is accounted for by direct transfer
to the roughness elements, which account for only
33% of the total heat transfer surface area. When
these retarded profiles move over the suddenly smooth
surface they must rely on conduction through the
sublayer for all of the heat transfer. If the gradients
are retarded enough the heat transfer rate could be
less than that of an equivalent all-smooth boundary
layer.

A direct comparison of the Stanton number data
for the two alignments at 6 and 58 m s~ ' is shown in
Fig. 9. For the 6 m s~ ' case, the results are indis-
tinguishable from each other within the data uncer-
tainty. The data at the rough-to-smooth interface
exhibit the same behavior for both the base-aligned
and crest-aligned cases. This was also true for the 12
ms~ ' case. Forthe 27 ms~ ' case, the Stanton number
for the crest-aligned case on the first 0.025 m smooth
test plate was slightly larger than its base-aligned
counterpart; however, there was a large overlap in
the uncertainty intervals. For the 43, 58, and 66 m s~ '
cases, as demonstrated for the 58 m s~ ' case in the
figure, the first crest-aligned Stanton number after
the interface was slightly larger than its base-aligned
equivalent with a small overlap in uncertainty inter-
vals. This effect is not seen for any Stanton numbers
further downstream regardless of the free stream vel-
ocity. For the conditions of these experiments, any
effect of surface alignment is very small and observed

only in the region immediately downstream of the step
change in surface roughness. Mean velocity, mean
temperature, and turbulence intensity profiles 0.05 m
downstream of the interface at 12 m s~ for the two
alignments showed no measurable effect of the align-
ment. More information on the effects of the surface
alignment can be found in the related paper by the
present authors [14].

SUMMARY AND CONCLUSIONS

A step change in surface roughness from rough to
smooth has been shown to have a dramatic effect on
heat transfer in the turbulent boundary layer. For
transitionally rough flow, the Stanton number after
the rough-to-smooth interface quickly drops in a
smooth, continuous fashion to the new smooth-wall
equilibrium value. For fully rough flows, on the other
hand, the Stanton number undergoes an immediate
drop to a value at or below the equivalent smooth-
wall Stanton number at the same x-Reynolds number.
The boundary layer temperature profiles show the
thermal boundary layer to slowly approach a smooth-
wall equilibrium profile. Mean velocity and tur-
bulence intensity profiles show the flow to rapidly
assume smooth-wall behavior in the near-wall region,
while requiring more distance to assume a complete
smooth-wall behavior. The alignment of the rough-
to-smooth surfaces shows only a very small effect on
the heat transfer between the base-aligned and crest-
aligned cases. Any effect that is observed between the
two alignment cases is limited to the region immedi-
ately downstream of the rough-to-smooth interface.

For the particular application that initiated this
research, these results indicate that the use of smooth
surface heat flux gages to measure the heat transfer
rate on otherwise rough surfaces could yield
erroneous results. We recommend that heat flux data
taken in this fashion be used with caution.
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