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Abstract. In the present work, turbulent transfer of momentum and heat over rough surfaces are described in terms of the roughness
geometry using functions of the law of the wall for the velocity and for the temperature fields. The effects of sudden changes are
predicted in the case of a turbulent flow around surface-mounted two-dimensional ribs when subjected to a sudden change in
surface roughness. A particular interest of this study is to investigate temperature distributions in terms of velocity distributions.
Three different surface roughness geometries were considered to simulate velocity and thermal boundary layer flows. The behavior
of the displacement in origin for the velocity and the temperature fields is investigated. Wall functions that take into account
characteristic parameters of the surface roughness are used to describe the behavior of the velocity and temperature profiles over
different types of rough surfaces. Four configurations are smulated here, namely one extensive uniformly smooth surface, that is
taken as a reference case, and three characterigtic types of rough surfaces. In all the cases, the velocity boundary layer reaches a
hot surface, where the thermal boundary layer flow initiates. Experimental measurements are presented for velocity and
temperature profiles, for the different surfaces considered. The results show that for the roughness function, an analogy between the
velocity and the thermal fields can be obtained.
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1. Introduction

Turbulent flows are an effective mean of heat remova in engineering applications, however, the current leve of
knowledge in this field and the complexity of the process make it impossble to creste a rigorous theory of turbulent
heat transfer. Fluids with a low Prandtl number have rdatively good heat transfer properties. Fluids with a mean or high
Pr-number frequently require technica measures to improve the heat transfer. One method frequently used for this
purpose, condgts in atificidly roughening the hesat-trandferring surface. Depending on the geometry of the rough
edements, the trandfer of heat can be contralled. In fact, the problem of sdecting surfaces tha will provide a required
heat transfer coefficient is extremely important. This is precisdy the reason why the number of studies concerned with
this problem has increased during the recent years.

In the case of fluids with low therma conductivity, most of the resistance to heat transfer is concentrated in a thin
layer near to the wall, where it is difficult to conduct experimenta measurements. The dightest errors in determining
the transport mechanisms within the viscous layer and the fully turbulent region result in disagreement between
andyticd and experimenta results. A complete understanding of the effects of a sep change in surface roughness on
the properties of a turbulent boundary layer has been the object of several experimenta and theoreticd invedtigations in
recent years, paticulaly in cooling of dectronics Most dectronic device configurations present sudden changes in
roughness and temperature on the surface. When these conditions occur simultaneoudly, giving rise to complex flow
configurations, alarge number of parameters to describe the roughnessiis required.

In previous studies of flows over rough aurfaces, different methods have been used to compose the roughness. The early
studies have used sand grains glued onto a surface. The more recent studies have preferred to machine protrusons with
awdl-defined geometry. In the latter case, authors (see, eg., Antonia and Krogstad(2000), Antoniaand Luxton(1971),
Wood and Antonia(1975), Perry and Joubert(1963)) have classified the rough surfacesinto two distinct types of
surfaces: 1) ‘K’ type rough surfacesand 2) ‘D’ type rough surfaces.
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In the cases where the nature of the roughness can be expressed with the help of a single length scae, the height of
the protrusions, ‘K’, the surface is termed of ‘K’ type. Flows that are apparently insenstive to the characteristic scale
‘K’, but dependent on other dobd parameters of the flow are termed ‘D’ type roughness. This is the case when the
roughness is geomericaly characterized by closdy <spaced grooves where the flow generates sable vortica
configurationswithin the grooves.

An important parameter in the veocity boundary layer, which determines the properties of the flow over rough
surfaces, is the roughness function for the velocity, Dulu, which can be determined from isotherma pressure drop
measurements or from measurements of the velocity distribution, as we shdl investigate in more detail in the next
sections. Beddes, an andogy with the temperature profile will be assessed, for the determination of the roughness
function for the temperature, DU/t for the rectangular roughness.

Thus, the proposal of this work is to investigate both the velocity and temperature fields of boundary layer flows
that devdop over surfaces with a sudden change in roughness, and paticularly, obtain a characterization of the
roughness function for both the velocity and temperature distributions.

One feature of the flows that develop over rough surfaces is the displacement in origin, aso known in literature as
eror in origin. The displacement in origin behavior is aso presented for the velocity and therma boundary layers. In
the problem to be studied here, a flow over a smooth surface is made to pass over a hat, rough surface. Therefore, for a
certain length after the change in surface nature, the velocity and the thermd boundary layers will be in a different state
of devdopment. Here, turbulent transfer of momentum and heat over rough surfeces are described in terms of
parameters of the roughness geometry using functions of the law of the wall.

For flows over rough surfaces, skindriction coefficient G and Stanton number St cannot be evauated directly
through methods that assume the validity of a loglaw for the effective origin a the wal is not known a priori. This
prompted some authors (eqg. Perry and Joubert(1963), Pery e d.(1987) to develop detailed procedures for the
determination of this effective origin, which could be used to evauae G directly from the angular coefficient of a
“corrected” law of thewall.

In this work, the behavior of the displacement in origin for the velocity and the temperature fidds will be
investigated for three types of rough surfaces. Then, an andogy between the velocity and the temperature fidds will be
obtaned. To achieve this objective, the present work will investigate experimentdly the characteristics of turbulent
boundary layers that are subjected to a step change in surface roughness and temperature, with emphasis on the
characterization of the velocity and temperature profilesin the fully turbulent region of the boundary layer.

2. Experimental Apparutus and Praceadure

Over the years, saverd sudies on the behavior of boundary layers having a non-uniform distribution of temperature
or heat flux a the wal were caried out. For flows over smooth wals, the works of Hartnett(1956), Johnson(1957,
1959), Reynolds(1958) and Spalding(1961) are classicd. Johnson(1957) reports that for a therma boundary layer with
427m of unheated stating length and a free stream velocity of 7.62m/s, measurements taken 1.83m downstream of the
step point reveal that the normalized temperature profiles have shapes different from the normaized veocity profile.
Also, the temperature intermittency profile has a different form than the velocity intermittency profile. Antonia et
a.(1977) conddered 1.83m of an unheated length, after which a congtant surface heat flux was applied. He observed
that after 1.8m of development the face heat flux was applied, the temperature profiles had not yet reached a fully
development form.

For flows over rough surfaces, the number of studies is limited. Studies on flows over rough surfaces with changes
in the therma boundary conditions were made by Coleman et d.(1976) and by Ligrani e d.(1979, 1983,1985). With
the help of a kerne function and the superposition of a heat transfer theory, expressons were advanced for the
evduaion of Stanton number. This was supposed to hold for such different conditions as varigble wal temperature,
wall blowing, free-stream velocity, and stepsin wall temperature and blowing.

The experiments were carried out in the high-turbulence wind tunne which is an open circuit tunnd with a test
section of dimensons 67cm x 67cm x 3m. The test section is divided into three sections of equa length, which can be
fitted with surfaces having different types of roughness and of wal hesting. 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 eectric heaters.

The flow was subjected to a step change in roughness dfter traveling over a smooth surface. The roughness
edements are condsted of equally spaced transversal rectangular dots. The dimensons of roughness eements are shown
in Table 1 and Fig. 1, together with the definition of the coordinate system. For the roughness eements, K denotes the
height, S the length, W the gap, and | the pitch. In congructing the surface, extreme care was taken to keep the first
roughness element always depressed below the smooth surface, its crest kept digned with the snooth glass wall
surface.

The glass surface was dso followed by a sudden change in temperature. The test section had its wall temperature
rased to 75 + 5°C. The wall temperature was controlled by 15 thermocouples, set at five stream wise dtations at three
goan wise postions. Because the wind tunnd was an open circuit tunnd, the external environment affected controlling
the temperature in the find of 0.2 meter.

Mean veocity profiles and turbulence intensity levels were obtained using a DANTEC hot-wire system series 56N.
The boundary layer probe was of the type 55P15. A datic pitot tube, an eectronic manometer, and a computer
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controlled transverse gear were aso used. In getting the data, 10,000 samples were consdered. The profiles were
congructed from about 100 points. The mean temperature profiles were obtained through a chrome -constantan
thermocouples mounted on the same traverse gear system used for the hot-wire probe. An uncertainty analysis of the
data was performed according to the procedure described in Kling(1985). Typicdly the uncertainty associated with the
velocity and temperature measurements were: U=U=+0.0391m/s precision, T=T+0.0058°C precision.

To obtain accurate measurements, the mean and fluctuating components of the andogicd sgnd given by the
anemometer were used. The mean veocity profiles were caculated directly from the untreated signd of channd one
Thesignd given by channd two was 1Hz high -pass filtered leaving, therefore, only the fluctuating vel ocity.
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Figure 1. Figure of the test section.
5
() SN
T e ___ _L QRN
(b} \&mmm
Figure 2. Geometry of the roughness elements and coordinate system.
Table 1. Geometry of the roughness elements
| Surface Type Surface Typell Surface Type 1l
K [mm] 477 AT77 6.35
W [mm] 15.88 31.76 15.88
S[mm] 15.88 15.88 4.76
| [mm] 31.76 47.64 20.64
W/K 333 6.66 25

3. Theory

Before conddering the experimentd data, let us first introduce a short review of the theory of turbulent flow over
rough surfaces. For this type of flow, Moore(1951) has shown that a universd expresson can be written for the wall
region by setting the origin for measuring the velocity profile some distance below the crest of the roughness dements.
The displacement in origin is dso refered to in literature as error in origin, 1. A detailed method to determine the
displacement in origin can be found origindly in Perry and Joubert(1963), and Perry et a.(1987). Thus, for any kind of
rough surface, it is possible to write

i:i|nM+ A- ﬂ
u Kk n Uy
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where,
E: i|n|_q+c (2)
1
w ok n

andk =04, A =50, and C, i=K,D; isa parameter characteristic of the roughness (see, e.g., Parry and Joubert(1963)).

Equations (1) and (2), dthough of universd character, have the inconvenience of needing two unknown parameters
for ther definition, namdy the skinfriction velocity, up, and the displacement in origin, 1. A man concern of many
works on the subject is, therefore, to characterize these two parameters. In fact, the fundamental concepts and ideas on
the prablem of a fluid flowing over a rough surface were firg established by Nikuradse(1933), who invegtigated the
flow in sand-roughened pipes. Even at that early age, Nikuradse was capable to edtablish that, a high Reynolds number,
the near wdl flow becomes independent of viscosity, being a function of the roughness scde, the pipe diameter and
Reynolds number. He aso found out tha, for the defect layer, the universal laws apply to the bulk of the flow
irrespective of the condition at the wall. The roughness effects are, therefore, restricted to athin layer.

To extend Egs. (1) and (2) to the temperature turbulent boundary layer, the theory of Silva Freire and Hirata(1990)
is adopted. 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, andogies between the trandfer of
momentum and the transfer of heat can be constructed.

For flows over rough surfaces, the characteristic length scae for the near wal region mugt be the displacement in
origin. Indeed, in the dtuation, the viscosity becomes irrdevant for the determination of the inner wal scae because the
sress is transmitted by pressure forces in the wakes formed by the crest of the roughness dements. It is dso 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 dways be located in the buffer layer. The smilarity in transfer processes for turbulent
flows then suggests that, Avelino(2000),

TW- t :i]n%{mlﬁu. B- E (3)
t k¢ n t;

where,
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and D, i=K,D; is a parameter characteristic of the roughness. Equations (3) and (4) are the law of the wal formulation
for flows over rough surfaces with heat trandfer. In the above equations dl symbols have their classicd meaning; G,
i=K, D is a congtant characteristic of the type of roughness; the coordinate y is the distance measured from the crest of
the roughness dements (y=y:+ );1 isthe displacement in origin.

4, Experimental Results and Discussion
4.1. Velocity Profile Data

The measured veocity profiles for the three different flow configurations are shown in Figs(3) to (5), in
comparison with measured profiles for flow developing over smooth surface, which is adopted as the reference flow
cae. In Figs(3) to (5), the dashed line is the classica law of the wall, with k=0.4, and A=5.0, or the particular case of
the Eq.(1) when Duu=0. It is seen that the experimental data agree with this anaytica result for the smooth surface.
The comparison between the profiles developed over the rough surfaces and the reference case furnishes the
mathematical value of the velocity roughness functions, Dufu.

It is known that for turbulent boundary layers developing over rough surfaces the logarithmic regions of the flow
auffer a dight deformation to the left side In fact, as we shdl see, a very popular method to find 1 is based on a
procedure to restore the lower portion of the velocity profileto alogarithmic profile.

The displacement in origin, 1, was estimated by four different procedures. In fact, the procedures of Perry and
Joubert(1963) and Perry et d.(1987) are the most rigorous that can be found in literature so that the data resulting from
them must be seen as relidble. The procedures of Thompson(1978) and Bandyopadhyay(1987) are more simplified so
that the values of T obtained through them must be seen just as afirst approximation.

In Pery and Joubert(1963) method, arbitrary values of T are added to the wall distance measured from the top of
the roughness elements and a straight line is fitted to the log-law region. The vaue of T tha furnishes the logarithmic
region is then conddered to be the correct vadue for the digplacement in origin. The method of Perry et a.(1987) is more
sophisticated, resorting to acrossplot of T vs. 20k, where O stands for Cole's wake profile.
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Therefore, to determine the displacement in origin, the veocity profiles were plotted in semi-log form, in
dimensond coordinates. Next, the norma distance from the wal was incremented by 0.1mm and a straight line fit was
applied to the resulting points. Searching for the maximum coefficient of determination, the best fit was determined.
Other detidtical parameters were also observed, asthe resdua sum of squares and the resdua mean square.
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Figure 3. Ve ocity profilesfor the flows over smooth and Type | rough surfaces.
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Figure 4. Veocity profilesfor the flows over smooth and Type I rough surfaces.
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Figure 5. Velocity profilesfor the flows over smooth and Type |11 rough surfaces.
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Having found T, the gradient of the loglaw is used to determine w. Another method to determine w is the
momentum-integral equation. The latter method, however, is very sensitive to any three-dimensiondity of the flow and
the determination of the derivatives of the various mean flow paramders is less accurate. The difficulty with the cited
methods is that they depend on the evauation of the derivetives. For flows subjected to step changes in surface
roughness, the momenturmrintegral method further suffers from the ill definition of the boundary layer origin. The
process of finding adequate parameters for the curvefitting is, therefore, increased.

The results for T in the rough surfaces types I, 1l and Ill, are presented in Figs. 8 to 10. Consdering the high degree
of difficulty involved in finding these results, and the good agreement between the predictions based on the two
dternative procedures, the results of T and consequently for C; are expected to be representative of the flow.

Figures 8 to 10 clearly show that T represents a relatively quick streamwise evolution for surfaces Types | and 11, a
fact that has been previoudy observed in ‘K’ type rough surfaces. The evolution of T on surface type 111 is observed to
be rather dower and representative of a ‘D’ type surface. In Fig. 9, tre vaue of T caculated through procedure
suggested in Thompson(1978) furnishes 1 =2.44.

4.2. Temperature Profile Data

Convective trandfer of heat aways involves transfer of momentum; therefore it is convenient to anayze
temperature distributions on tre basis of velocity distributions. Initidly the temperature profiles were measured over a
smooth surface in order to obtain a reference case, and to determine the temperature digtributions in the law of the wall
region. These results were then used to separady determine the displacement in origin and the temperature roughness
function were investigated. Data from the origind measurements of temperature profiles for the three different flow
configurations are shown in Figs.(6) to (8).
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Figure 6. Temperature profilesfor the flows over smooth and Type | rough surfaces.
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Figure 7. Temperature profiles for the flows over smooth and Type |1 rough surfaces.
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Figure 8. Tamperature profiles for the flows over smooth and Type |11 rough surfaces.

According to smilarity condderations with the velocity profiles, the temperature profiles are dso observed to
exhibit a shift to the left when compared with data for flows over smooth surface, Avelino and Silva Freire(2002). Since
close to the point of change in surface nature the thermd boundary layer is ill in its initid state of development, a
logarithmic region cannot be clearly identified in the first stations. Concerning the shape of the temperature piofiles a
he edge of the boundary layer, in the mgority of the messurements the thickness of the veocity and the therma
boundary layers coincide. Indeed, at low turbulence intensity this effect may be insignificant.

Figures (6) to (8) suggest that &l the procedures advanced for the evauation of T can be extended to the
temperature  profiles for the evauation of T, Thus a sraightforward extenson of the method of Pery and
Joubert(1963) to the temperature profiles can be made to evauate T, In the same way as for the velocity profiles, in
Figs.(6) to (8), the dashed line is the temperature law of the wall according to Persius and Slanciauskas(1990).

It is seen the experimentd data agree with this anayticd result for the smooth surface. The comparison between the
profiles developed over the rough surfaces and the reference case furnishes the mathematicd vaue of temperaure
roughness functions, Dt/t;. Figures (12) to (14) present the evaluated temperature error in origin for al types of surfeces
oonsidered.
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Figure 9. Displacement in origin for velocity profiles - Type | rough surface.

According to smilarity considerations with the velocity profiles, the temperature profiles are dso observed to
exhibit a shift to the left when compared with data for flows over smooth surface. Since close to the point of change in
aurface nature the thermd boundary layer is ill in its initid sate of development, a logarithmic region cannot be
clearly identified in the first stations. Concerning the shape of the temperature profiles at he edge of the boundary layer,
in the mgjority of the measurements the thickness of the velocity and the therma boundary layers coincide. Indeed, at
low turbulence intensity this effect may be insignificant.



[mm]

1.5

1.0

Proceedings of the ENCIT 2002, Caxambu - MG, Brazil - Paper CIT02-0382

— B
|+ Bandyopadhyay, 1987
- = Perry e Joubert, 1963
: &= Peny et al., 1987
| ThOmpSOn, 1978

1 1 1 1 | 1 | 1 | 1 1 1 |

110 130 150 170 190 210 230 250 270 290
X [cm]

Figure 10. Displacement in origin for velocity profiles- Type Il rough surface.

25
e

[mm]

2.0

1.5

1.0

Figure 11. Displacement in origin for velocity profiles- Type 11 rough surface.

[mm]

1.5

1.0

0.0

—_ Bandyopadhyay, 1987
- @ Perry e Joubert, 1963
Z + Perry et al., 1987
__ ........................... Thompson’ 1978
C ® e
— [ ] B L
— +
— B L J
- s ®
— &
Coob b by | | |
110 130 150 170 190 210 230 250 270 290
X [em]
- + L ]
— L ] a
— L + a a
— = A A
— -~
— L4 L]
A
B b4
- +
— a
__ + Perry e Joubert, 1963
B A Perry et al., 1987
B | | | | | | | | | | | | | | | |
110 130 150 170 190 210 230 250 270 290
x[cm]

Figure 12. Displacement in origin for temperature profiles- Type | rough surface.



Proceedings of the ENCIT 2002, Caxambu

- MG, Brazil - Paper CIT02-0382

2.0
& T
[mm] [
1.5 p— + +
- & A L A &
- Y /3
- -~ L)
— : +
1.0 —
- Y
- &
—
0.5 |—
- a Perry e Joubert, 1963
N = Perry et al., 1987
0.0 B | | | | | | | | | | | | | | | |
110 130 150 170 190 210 230 250 270 290
X [cm]

Figure 13. Displacement in origin for temperature profiles- Type |l rough surfece.

N
o

g
a
[mm] Perry e Joubert, 1963
20 —] + Perry et al., 1987
15 —
: A A
i a a *
10 — * +
- +
- *
- &
05 — &
— +
- a
— L )
- a
00 T T T T T T T T T T
110 130 150 = 170 190 210 = 230 = 250 = 270 = 290
X [em]

Figure 14. Displacement in origin for temperature profiles- Type 11 rough surface.

Figures (6) to (8) suggest that al the procedures advanced for the eveluation of T can be extended to the
temperature profiles for the evaluation of T. Thus a straightforward extenson of the method of Pery and
Joubert(1963) to the temperature profiles can be made to evauate 1 For temperature profiles, in the same way as for
the velocity profiles, in Figs(6) to (8), the dashed line is the temperature law of the wal accarding to Persius and
Sanciauskas(1990).

It is seen the experimental data agree with this analytical result for the smooth surface. The comparison between the
profiles developed over the rough surfaces and the reference case furnishes the mathematicd vaue of temperature
roughness functions, Dt/t;. Figures (12) to (14) present the evaluated temperature error in origin for al types of surfaces
congidered.

Table 2. Behavior of displacement in origin and the roughness functions.

Typeof Surface T (mm) T (mm) Dulu, Di/t,
| 12 15 74 75

1 14 14 6.7 6.8

11 08 12 79 84
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3. Concluding Remarks

It should be pointed out that a condstency between the wideness and highness ratio of the roughness dement and
the behavior of the roughness functions both for velocity and temperature distributions was found. The numerica values
of DUy, and Di/t, are summarized in TABLE 2 for the three types of roughness. Thus, as expected, the closer the rough
dements ae, lager is the numericd vadue of the roughness functions. Temperature roughness functions reached larger
values a the temperature profiles.

For surfaces of type | and Ill, the displacement in origin for the temperature profiles were systematically found to
attain much higher values than the displacement in origin for the velocity profiles. In fact, for the tota length of the
heated surface considered in this work, T and T, approached different limiting values a the end of the test section. This
isillustrated in TABLE 2.

For surface type I, however, where rdation W/K>>3.0 holds, the caculated T and ; are seen to approach
asymptotically a same valug; T »1, » 1.4. Moreover, the experiments show that T, grows at about the same rate of T .
Thus, the error in origin for the velocity and the temperature profiles follow a different behavior with 1T growing much
faster rate. It must be pointed out that the velocity boundary layer is in a more advanced state of development then the
therma boundary layer in the firg fetches of the rough-hot surface, which strongly influences the growth of the
thermally developing flow, as observed in Ligrani(1985) and Avelino(2000).

The nature of the variation of the temperature profile that is a function of Pr is quite important. The effect of
property variations on the velocity profiles for opposte directions of heat flux is different. This is aso reated to the
neture of variation in the temperature profile. If ar is heated by the plate, its viscosity and thus the Pr at the wall will
increase. This results is a temperature variation that is more didtributed over the entire boundary layer, more
specificaly, when Prin thewall incresses, the velocity profile, which isafunction of Pr, extends...

The cdculated values of T and ; were obtained through the methods of Perry and Joubert(1963) and Perry et
al.(1987). In the first method, by systematicdly adding an arbitrary value to the distance from the top of the roughness
dements, a least square procedure was built to furnish the best-discriminated straight-line fit. The second method uses
the universal wake profile of Colesand to acrossplot of I Cvs. 2P/&.

In previous works, some authors (see, eg., Guimaraes et a.(1999)) have expected, on asymptotic grounds, that the
vaues of T and ; would be very close. Here, we have shown that this appears to be the case for surfaces where
WI/K>>3.0, surfaces of type ‘K’; for surfaces of type ‘D’ theresults differ appreciably.

Determining of the displacement in origin has adways been a difficult problem that has been focused by many
autthors. Here we have made a comparison between 1 and ¢ for three different types of surfaces Since the main
objective of the work has been to assess the usefulness of equations 1 to 6, we have presented only mean velocity and
temperature data

In completion to the work of Guimaraes et a.(1999), this work has shown that a working relationship between the
rates of growth for the displacement in origin for the velocity and the temperature profiles can be established. Evidence
suggests that for surfaces of type ‘K’ both T and T growth at the same rate. For surfaces of type ‘D’ this does not seem
to bethe case.
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4. Nomenclature

A Parameter in velocity law of thewall W Gap of the roughness dement
B  Parameter intemperaturelaw of thewall
C  Parameter in velocity law of thewall
D; Parameter in temperature law of the wall Greek Letters
G Skinfriction coefficient T displacement in origin for the velocity profiles
Pr Prandtl number 1. displacement in origin for the temperature profiles
Re Reynolds number r  Fluid density
S Lenght of the roughness element | Disance between leading edge of roughness
u Axid veocity dements
4  Frictionvelocity n  Kinematic viscosity
t  Temperature m  Dynamic viscosity
t,  Frictiontemperature k  vonKéamén constant used in Egs.
Tw Wa_il tempe_rature ki vonKéaman constant used in Egs.
X Axid coordinete t . Wall shear stress
yr Transverse coordinate with origin at the top of the "
roughness eement.

10
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