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Abstract

The present work studies the behavior of flows that develop over surfaces that present a sudden change in surface
temperature and roughness. A particular interest of this study is to investigate any existing relationship between the
error in origin for both the velocity and the temperature profiles, so that any analogy between the logarithmic laws for
the velocity and the temperature profiles can be assessed. Three different types of surfaces are considered and the flow is
made to pass from a cold smooth surface to a hot rough surface. Measurements are presented for the mean velocity and
temperature profiles. © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Turbulence; Thermal boundary layer; Roughness; Error in origin

1. Introduction

A classical means to enhance the transfer of heat at a
wall is to use surfaces that are not smooth but rough.
Then, depending on the geometry of the roughness ele-
ments, the transfer of heat can be altered at will. In fact,
the problem of selecting surfaces that will furnish a de-
termined heat transfer coefficient to a particular appli-
cation is not a trivial one.

In previous studies of flows over rough surfaces, dif-
ferent methods have been used to construct the rough-
ness. The early studies have used sand grains glued onto
a surface. The more recent studies have preferred ma-
chine protrusion with a well-defined geometry. In the
latter case, authors (see, e.g., [1-4]) have classified the
rough surfaces into two distinct types of surfaces: (1) K
type rough surfaces, and (2) D type rough surfaces. In
cases where the nature of the roughness can be expressed

" Corresponding author. Tel.: +55-21-2562-7748; fax: +55-
21-2562-7748.
E-mail address: atila@serv.com.ufrj.br (A.P. Silva Freire).

with the help of a single length scale, the height of the
protrusions, K, the surface is termed of type K. Flows,
on the other hand, which are apparently insensitive to
the characteristic scale K, but depend on other global
scale of the flow are termed D type flows. This is the case
when the roughness is geometrically characterized by a
surface with a series of closely spaced grooves within
which the flow generates stable vortical configurations.

Naturally, most of the studies on flows over rough
surfaces have dealt so far with the velocity field. Indeed,
the complexities caused by the roughness on the proper
assessment of the flow properties are of such an order
that, even today, after the advent of very sophisticated
measuring techniques, much still remains to be under-
stood about the problem. That is the reason why not
many works on the temperature field are available in
the literature. The result is that, for the evaluation of
properties related to the thermal boundary layer, the
standard approach is to resort to some analogy between
the momentum and the heat transfer processes. For
simple flow situations, such as flows in the completely
developed regime, these approaches are seen to provide
good results. For example, the classical result C¢/2 = St,
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Nomenclature

A parameter in velocity law of the wall

B parameter in temperature law of the wall

C; parameter in velocity law of the wall

D; parameter in temperature law of the wall

Cr skin-friction coefficient =1/2 (u?/U?2)

G Clauser parameter defined by Eq. (9)

K height of roughness element

Pr Prandtl number

p pressure

Re Reynolds number

S length of roughness elements

St Stanton number =u.t,/ U (T — T)

T,t temperature

At roughness function defined by Eq. (6)

t, friction temperature

U,u longitudinal velocity component

u, friction velocity

Au roughness function defined by Eq. (2)

X,y flow cartesian coordinates

yr distance measured from the crest of rough-
ness elements

w gap between roughness elements, also
Coles’s function

Greek symbols

1) boundary layer thickness

o boundary layer displacement thickness

€ error in origin

0 boundary layer momentum thickness

] non-dimensional temperature = (7, — ¢)/

(Tw - Too)
% von Karman’s constant (=0.4)

>0

distance between leading edge of roughness
elements

viscosity

kinematic viscosity

Coles’s wake profile

density

shear stress

4D e TE

Subscripts

e external flow conditions
t temperature

w conditions at the wall
o0 external flow conditions

where C; is the skin-friction coefficient and St is the
Stanton number, is a very good working expression
which has been used extensively in the past.

The purpose of this work is to investigate both the
velocity and the temperature fields of boundary layer
flows that develop over surfaces with a sudden change in
roughness. In the cases of interest to be studied here, a
cold flow over a smooth surface is made to pass over a
hot, rough surface. Thus, for a certain length after the
change in surface nature, the velocity and the thermal
boundary layers will be in a different state of develop-
ment. In this situation, it is not clear that a straight
Reynolds analogy will work. Here we are especially in-
terested in studying the validity of two universal rela-
tions, the law of the wall and the law of the wake, for
both, the velocity and the temperature fields.

For flows over a rough surface, we know that C; and
St cannot be evaluated directly through methods that
resort to the gradient of the log-law because the effective
origin of the boundary layer is not known a priori. This
prompted some authors (e.g., [1,5]) to develop detailed
procedures for the determination of this effective origin
that could be used to evaluate C; directly from the an-
gular coefficient of a “corrected” law of the wall.

In this work, the behavior of the error in origin for
the velocity and the temperature fields will be investi-
gated for three types of rough surfaces. Then, any

analogy between the velocity and the temperature fields
will be assessed. To achieve that, the present work will
investigate experimentally the characteristics of turbu-
lent boundary layers that are subjected to step changes
in surface roughness and temperature, with emphasis
on the characterization of the inner layer velocity and
temperature profiles.

Over the years, several studies on the behavior of
boundary layers having a non-uniform distribution of
temperature or heat flux at the wall were carried out.
For flows over smooth walls, the works of Hartnett et al.
[6], Johnson [7,8], Reynolds et al. [9,10] and Spalding
[11] are classical. Johnson [7] reports that for a thermal
boundary layer with 4.27 m of unheated starting length
and a free-stream velocity of 7.62 m/s, measurements
taken 1.83 m downstream of the step point reveal that
the normalized temperature profiles have shapes dif-
ferent from the normalized velocity profile. Also, the
temperature intermittence profile has a different form
than the velocity intermittence profile. Antonia et al.
[12] considered 1.83 m of unheated length, after which a
constant surface heat flux was applied. He observed that
after 1.8 m of development the temperature profiles had
not yet reached a fully developed form.

For flows over rough surfaces, the number of works
is much smaller. The Heat and Mass Transfer Group at
Stanford University has been very active in the last three
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decades, having published a number of reference works.
Studies on flows over rough surfaces with changes in the
thermal boundary conditions were made by Coleman
et al. [13] and by Ligrani et al. [14-16]. With the help of a
kernel function and the superposition of a heat transfer
theory, expressions were advanced for the evaluation of
Stanton number which were supposed to hold for such
different conditions as variable wall temperature, wall
blowing and free-stream velocity, and steps in wall
temperature and blowing.

Here, we intend to provide further experimental data
that can be used to characterize flows over surfaces with
a non-uniform distribution of roughness and tempera-
ture at a wall. The data, in particular, will be used to test
the theory presented in [17-19].

2. Experimental procedure

The experiments were carried out in the high-turbu-
lence wind tunnel located in the Laboratory of Turbu-
lence Mechanics of PEM/COPPE/UFRIJ. The tunnel is
an open circuit tunnel with a test section of dimensions
67 cm x 67 cm x 3 m (Fig. 1). The test section is di-
vided into three sections of equal length which can be
fitted with surfaces having different types of roughness
and of wall heating. The first section, which is normally
kept at ambient temperature, consists of a smooth glass
wall. The second and third parts of the test section are
equipped with independent electric heaters.

The flow was subjected to a step change in roughness
after travelling the first meter over the glass wall. Three
types of rough surfaces were considered where the rough-
ness elements consisted of equally spaced transversal
rectangular slats. The dimensions of the roughness ele-
ments are shown in Table 1 where K denotes the height,
S the length, W the gap, and A is the pitch. In con-
structing the surface, extreme care was taken to keep
the first roughness element always depressed below the
smooth surface, its crest kept aligned with the smooth
glass wall surface.

The glass surface was always kept at 25 + 0.5 °C. The
next two meters, fitted with the rough surfaces, had their
temperature raised to 75 &+ 3 °C. In fact, the variation in
surface temperature for most of the plates was very

1,000 _— '”'\Qg

Fig. 1. Wind tunnel geometry. Dimensions in millimeter.

Table 1

Geometry of the roughness elements
Type K (mm) S (mm) W (mm) A (mm) W/K
1 4.77 15.88 15.88 31.76 3.33
11 4.77 15.88 31.76 47.64 6.66
111 6.35 4.76 15.88 20.64 2.5

small, within +1 °C. However, the plates were manu-
factured in such a way that, at the junction (over a
length of 10 cm), conjugated effects resulted in a small
decrease in temperature (—3 °C). The wall temperature
was controlled by 15 thermocouples, set at five stream-
wise stations at three span-wise positions. Because the
wind tunnel was an open circuit tunnel, controlling the
temperature in the final 0.1 m was difficult (in the very
last measuring section a decrease of 5 °C in mean tem-
perature was observed).

The measurements were performed for values of the
free-stream velocity of 3.12 m/s; the free-stream level of
turbulence was about 2%. The stream-wise pressure
gradient was closely set to zero by adjusting the roof
of the tunnel according to the readings of eight equally
spaced pressure taps.

Mean velocity profiles and turbulence intensity levels
were obtained using a DANTEC hot-wire system series
S56N. The boundary layer probe was of the type 55P15.
A Pitot tube, an electronic manometer, and a computer
controlled traverse gear were also used. In getting the
data, 10000 samples were considered. The profiles were
constructed from about 100 points. The mean tem-
perature profiles were obtained through a chromel-
constantan micro-thermocouple mounted on the same
traverse gear system used for the hot-wire probe. An
uncertainty analysis of the data was performed accord-
ing to the procedure described in [20]. The uncertainty
associated with the velocity and temperature measure-
ments was: U = 0.064 m/s precision, 0 bias (P = 0.95);
T = 0.214 °C precision, 0 bias (P = 0.99).

To obtain accurate measurements, the mean and
fluctuating components of the output signal of the an-
emometer were treated separately. Two output channels
of the anemometer were used. The mean velocity profiles
were calculated directly from the untreated signal of
channel one. The signal given by channel two was 1 Hz
high-pass filtered leaving, therefore, only the fluctuating
velocity. The later signal was then amplified with a gain
controlled between 1 and 500 and shifted by an offset so
as to adjust the amplitude of the signal to the range of
the A/N converter.

3. Theory

Before considering the experimental data, let us first
introduce a short review on the theory of turbulent flow
over rough surfaces.
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For this type of flow, Moore [21] has shown that a
universal expression can be written for the wall region
provided the origin for measuring the velocity profile is
set some distance below the crest of the roughness ele-
ments. The displacement in origin is normally referred
to in the literature as the error in origin, &. A detailed
method to determine the displaced origin can be found
originally in [1] and more recently in [5].

Thus, for any kind of rough surface, it is possible to
write

1 3 A
zz,ln{M}M_l, (1)
Uy n v U
where
Au 1 eu
- In|Z ) 2
u, %n[v}—i_q )

and x =04, 4 =5.0, and C;, i =K, D, is a parameter
characteristic of the roughness (see, e.g., [1]).

Egs. (1) and (2), although of a universal character,
have the inconvenience of needing two unknown pa-
rameters for their definition, the skin-friction velocity,
u,, and the error in origin, &. A chief concern of many
works on the subject is, hence, to characterize these two
parameters.

In fact, the fundamental concepts and ideas on the
problem of a fluid flowing over a rough surface were first
established by Nikuradse [22] who investigated the flow
in sand-roughened pipes. Even at that early age, Nik-
uradse was capable to establish that, at high Reynolds
number, the near wall flow becomes independent of
viscosity, being a function of the roughness scale, the
pipe diameter and Reynolds number. He also found
that, for the defect layer, the universal laws apply to the
bulk of the flow irrespective of the conditions at the wall.
The roughness effects are, therefore, restricted to a thin
wall layer.

Thus, considering that Coles’s wake hypothesis [23]
applies to the outer region of the flow, the law of the
wall can be re-written as

u_ 1y, [Orteu Au Ay
ut—uln{ - }+A— +MW(5>, (3)

Uz

where W is a universal function of y/¢ and II is a pa-
rameter dependent on the upstream shear stress and
pressure distribution.

Eq. (3) provides a representation of the velocity field
over the whole of the turbulent and defect regions of the
boundary layer.

Substitution of (y,u) = (9, U,) into Eq. (3) furnishes

o 21
U“:fln{5+8}+A—c,-+—. )
% n

Uz

This is a simple algebraic equation that furnishes values
of Cy (= 2u?/U2) for known values of U, ¢ and .

Having established Eq. (4) for the velocity boundary
layer, we now want to advance an analogy for the tem-
perature boundary layer.

To extend Egs. (1) and (2) to the temperature tur-
bulent boundary layer we will use the theory of Silva
Freire and Hirata [17]. Alternatively, we could have used
dimensional arguments. The details of the theory will be
omitted; here it suffices to say that, from an asymptotic
point of view, the important factor in the determination
of the flow structure is the correct assessment of the
order of magnitude of the fluctuating quantities. Then,
analogies between the transfer of momentum and the
transfer of heat can be constructed.

For flows over rough surfaces, we have seen that the
characteristic length scale for the near wall region must
be the displacement in origin. Indeed, in this situation,
the viscosity becomes irrelevant for the determination of
the inner wall scale because the stress is transmitted by
pressure forces in the wakes formed by the crests of the
roughness elements. It is also clear that, if the roughness
elements penetrate well into the fully turbulent region,
then the displaced origin for both the velocity and the
temperature profiles will always be located in the overlap
fully turbulent region. The similarity in transfer pro-
cesses for turbulent flows then suggests that

T, — 1 A

Wit:iln[PrM} +B,J’ (5)
t; Nt vV t

where

At 1 &y

—=—1In|Pr D; 6

t; At n[ v } + D ( )

and D;, i =K,D, is a constant characteristic of the
roughness.

Eqgs. (5) and (6) are the law of the wall formulation
for flows over rough surfaces with transfer of heat.

To describe the temperature profile in the defect re-
gion of the boundary layer, we may consider that Coles’s
wake hypothesis also holds for the temperature field so
that Eq. (3) may be re-written as

Lot 1y, [HL’L&)"T} +B—Q+EW(1),
t, % v % 0y
(7)

where the wake profile IT; should, in principle, be a
function of the enthalpy thickness.

This equation provides a representation for the
temperature field that can be allowed to sustain a dif-
ferent state of development from the velocity field. As a
result, Stanton number can be evaluated independently
from the skin-friction through a particular equation. To
find this equation, we substitute (y,¢) = (J, T,,) into Eq.
(7) to get
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211,
+B-Di+—.
b

t

T —Tw _1 {HM} (8)

=—1In
tr Wt

&t
This algebraic equation can now be used to find Stanton
number as a function of 7., J; and &.

A comment seems now in order. If a direct Reynolds
analogy was to hold between the velocity and tempera-
ture fields, then for the non-dimensional values of u,
and of ¢, furnished by Egs. (5) and (7) to be identical, it
would be necessary that all constants and parameters
appearing in the equations should have close values.
Thus, for all types of rough surfaces, the error in origin
for both the velocity and the temperature profiles should
have close values. That would ultimately mean that the
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temperature displacement in origin could be determined
from the dynamic characteristics of the flow.

4. Experiments
4.1. Velocity profile data

The measured velocity profiles for the three different
flow configurations are shown in Fig. 2. It is clear from
this figure that the logarithmic regions of the flow have
suffered a slight deformation to the left side. In fact, as
we shall see, a very popular method to find ¢ is based on

= L L R L L = = L O O I I
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Fig. 2. Velocity profiles: (a) roughness of type I; (b) roughness of type II; (c) roughness of type III.
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Fig. 3. Global parameters: (a) roughness of type I; (b) roughness of type II; (c) roughness of type III. (+) boundary layer thickness;
(¢) displacement thickness; (A) momentum thickness; ((J) Clauser factor.

a procedure to restore the lower portion of the velocity
profile to a logarithmic profile.

The global parameters of the velocity boundary lay-
ers are shown in Fig. 3, where ¢ denotes the boundary
layer thickness, 6* the displacement thickness and 6
is the momentum thickness. Of particular note are the
results for the Clauser factor, G, defined by

1 (/U —-u\>
-5 | ( - )dy., )
where
A:/ Ve =4y — 5\ /3]G, (10)
0 Ur

This parameter indicates the state of equilibrium of
the boundary layer. For the values found here, between

6.0 and 7.0, the boundary layer is in a self-preserving
state. Please note that the evaluation of G depends on
the knowledge of Cr/2 which, in principle, is not known
at the moment. The determination of Cr/2 is explained
in the following.

The error in origin, ¢, was estimated by four dif-
ferent procedures. In fact, the procedures of Perry and
Joubert [1] and of Perry et al. [5] are the most rigorous
that can be found in the literature so that the data
resulting from them must be seen as very reliable. The
procedures of Thompson [24] and of Bandyopadhyay
[25] are very simplified so that the values of ¢ obtained
through them must be seen just as a first approxima-
tion.

In the Perry and Joubert [1] method, arbitrary values
of ¢ are added to the wall distance measured from the
top of the roughness elements and a straight line is fitted
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to the log-law region. The value of ¢ that furnishes the
best discriminated logarithmic region is then consid-
ered to be the correct value for the error in origin. The
method of Perry et al. [5] is more sophisticated, resorting
to a cross plot of ¢ vs 211 /%, where IT stands for Coles’s
wake profile.

Thus, to determine the error in origin, the velocity
profiles were plotted in semi-log graphs in dimensional
coordinates. Next, the normal distance from the wall
was incremented by 0.1 mm and a straight line fit was
applied to the resulting points. The best fit was chosen
by searching for the maximum coefficient of deter-
mination, R-squared. Other statistical parameters were
also observed, the residual sum of squares and the re-
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sidual mean square. Normally, a coefficient of determi-
nation superior to 0.99 was obtained.

Having found ¢, we can now use the gradient of the
log-law to determine u,. Other method to obtain u, is the
momentum-integral equation. This latter method, how-
ever, is very sensitive to any three-dimensionality of the
flow and the determination of the derivatives of the
various mean flow parameters is a highly inaccurate
process.

The difficulty with both cited methods is that they
depend on the evaluation of derivatives. For flows
subjected to step changes in surface roughness, the
momentum-integral method further suffers from the ill
definition of the boundary layer origin. The process of
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Fig. 4. Error in origin for the velocity profiles: (a) roughness of type I; (b) roughness of type II; (c) roughness of type III. (A) [1], (+)

[5]; (thin line) Thompson [24]; (thick line) [25].

200 X [cm] 300
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finding adequate parameters for a good curve fitting is,
therefore, highly aggravated.

The ¢ results for the rough surfaces of types, I, II and
III, are presented in Fig. 4. Considering the high degree
of difficulty involved in finding these results, and the
very good agreement between the predictions based on
the two more reliable procedures, we may say that the
results of ¢ and consequently of C; are likely to be very
representative of the flow.

Fig. 4 clearly shows that ¢ presents a relatively quick
stream-wise evolution for surfaces I and II, a fact that
has been previously observed in K type rough surfaces.
The evolution of ¢ on surface III is observed to be rather
slower and representative of a D type surface. In Fig.
4(c) the value of ¢ calculated through Thompson’s pro-
cedure furnishes 2.44.

The values of C; obtained through the two veloc-
ity gradient methods are shown in Fig. 5. They are

also compared with a classical calculation method that
makes use of von Karman’s integral momentum equa-
tion.

4.2. Temperature profile data

The measured temperature profiles for the three dif-
ferent flow configurations are shown in Fig. 6. Much in
the same way as with the velocity profiles, the temper-
ature profiles are also observed to present a shift to the
left when compared with data for a smooth wall. Here
we just notice that, since close to the point of change in
surface nature the thermal boundary layer is still in its
initial state of development, a logarithmic region cannot
be clearly identified in the first stations.

Fig. 6 suggests that all the procedures advanced for
the evaluation of ¢ and of C; can be extended to the
temperature profiles for the evaluation of ¢ and of St.

O-O 1 0 T T T T I T T T T 0'0 1 O | T T T T I T T T T |
cf2 + Roughness 1 E Ct2 [ Roughness 11 ]
- A Perry and Joubert, 1963 - 0.008 C A Perry and Joubert, 1963 7]
0.008 [— + Perry et al., 1987 — ’ - + Perry et al., 1987 -
B < Integral method ] B L] Integral Method ]
- - 0.006 — ]
0.006 — +] B 7
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Fig. 5. Skin-friction coefficient: (a) roughness of type I; (b) roughness of type II; (c) roughness of type III. (a) [1], (+) [5]; ()

momentum equation.
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Fig. 6. Temperature profiles: (a) roughness of type I; (b) roughness of type II; (c) roughness of type III. © = (T, — 1) /(T — Tw)-

Then, a straightforward extension of the method of
Perry and Joubert [1] to the temperature profiles can be
made to evaluate ¢. The method of Perry et al. [5] could
not be used here due to the low degree of development of
the outer region of the temperature profile over the
heated surface. Thus, a difficult characterization of the
wake profile prevented us from using the cross plot
method of Perry et al. [5].

Fig. 7 presents the evaluated temperature error in
origin for all types of surfaces.

For surfaces of types I and I1I, the error in origin for
the temperature profiles was systematically found to
attain much higher values than the error in origin for the
velocity profiles. In fact, for the total length of the

heated surface considered in this work, ¢ and & ap-
proached different limiting values at the end of the test
section. This is illustrated in Table 2.

For surface I, however, where relation W/K > 3.0
holds, the calculated ¢ and &, are seen to approach asymp-
totically the same value; ¢ ~ ¢ ~ 1.4. Moreover, the ex-
periments show that ¢ grows at about the same rate of ¢.

Thus, it appears that for surfaces which have a small
aspect ratio, W /K, the error in origin for the velocity
and the temperature profiles follows a different behavior
with ¢ growing at a much faster rate.

Having found ¢ and ¢, we can now use the gradient
of the log-laws to determine St; this can be made
through Egs. (1)-(6). The results are shown in Fig. 8.
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Fig. 7. Error in origin for the temperature profiles according to
Perry and Joubert [1]. Roughness of types I, I and III.

Table 2
Behavior of error in origin
Type of surface & (mm) & (mm)
I 1.2 1.5
1T 1.4 1.4
I11 0.8 1.2
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Fig. 8. Stanton number results according to Perry and Joubert

[1]. Roughness of types I, II and I11.

Despite the notable differences found for the evaluated
values of ¢ and ¢, for surfaces I and III, C; and St were
found to present nearly the same behavior.

5. Final remarks

The calculated values of ¢ and of & were obtained
through the methods of Perry and Joubert [1] and of
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Perry et al. [5]. In the first method, by systematically
adding an arbitrary value to the distance from the top of
the roughness elements, a least square procedure was
built to furnish the best discriminated straight line fit.
The second method uses the universal wake profile of
Coles and resorts to a cross plot of ¢ vs 2I1/x.

In previous works, some authors (see, e.g., [19]) have
expected, on asymptotic grounds, that the values of ¢
and of ¢ would be very close. Here, we have shown that
this appears to be the case for surfaces where W /K >>
3.0, surfaces of type K; for surfaces of type D the results
differ appreciably.

Determining the error in origin has always been a
difficult problem that has plagued many authors. Here
we have made a comparison between ¢ and ¢ for three
different types of surfaces. Since the main objective of
this work has been to assess the usefulness of Egs. (1)—
(6), we have presented only mean velocity and temper-
ature data. Measurements of turbulent quantities and a
further processing of the available data will be presented
elsewhere.

In completion to the work of Guimaraes et al. [19],
this work has shown that a working relationship be-
tween the rates of growth for the error in origin for the
velocity and the temperature profiles can be established.
This is a very important matter for it allows Stanton
number to be evaluated directly from a proper equation
which takes into account the different states of devel-
opment of the velocity and the temperature boundary
layers. Evidence suggests that for surfaces of type K
both ¢ and ¢, grow at the same rate. For surfaces of type
D this does not seem to be the case.
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