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FOREWORD

The research reported here was initiated to analyze, by finite difference schemes, the effects
of surface roughness on friction and heat transfer. Such need becomes particularly acute in gas
turbine applications where the gas streams are at very high temperatures and may carry particulate
matters. For turbine components exposed to this type of environment, the surface finich guicidy
beccmls croded, resulting in a roughened appearance. Past experience indicates that rough surface
compressor blades produce reduced performance, and rough turbine airfoils are susceptible to
damage by higher heat transfer, necessitating more cooling requirements.

In previous research sponsored by the Aero Propulsion Laboratory, AFWAL, a basic
formulation of analyzing the roughness effects on friction was completed. In this continuing
effort, the fricuonal aspect is extended to include the effect of density of the roughness elements.
More significantly, analysis was undertaken to address the heat transfer effect, with a particular
emphasis on gas flows (Pr=0.7).

Support for the research program was provided by the Turbine Engine Division, Aero
Propuision Laboratory, U.S. Air Force, with Charles D. MacArthur monitoring. His assistance

during the course of investigation is appreciated.
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NOMENCLATURE

Ap Projected area of roughness in the flow direction, Eq (9)

Ag Windward surface area of roughness, Eq (19)

Bh Intercept constant in thermal wall-law, Eq (37)

Bin Intercept constant in modified thermal wall-law, Eq (39)

Bm Intercept constant in momentum wall-law, Eq (43)

c specific heat at constant pressure

Ci Friction Coefficient, (21/pU2)

Cm Intercept constant, Eq (38)

Ch Intercept constant, Eq (37)

Cih Intercept constant, Eq (39)
Pipe diameter

D Inverse of square of number of roughness elements per unit area, Eq 9

Em Coefficient of momentum mixing length, Eq (5)

En Coefficient of thermal mixing length, Eq (34)
Intermittancy factor, Eq (30)

G Intercept constant, Eqs (4), (4a)

g Dippery and Sabersky's function, Eq (22)

H Shape factor (8/51)

n Heai transfer coefficient

k Roughness height, or molecular thermal conductivity

k* Roughness Reynolds number (kuyV)

kq Turbulent thermal conductivity

Km von Karman's constant, momentum wall-law, Eq (38)

Kn von Karman's constant, thermal wall-law, Eq (37)

fm Momentum mixing length

viii



fh

~
o+

z

Nug, Nu
Pl't

Pr

Rm
Rp

Rey
Rey
Reg
Rey

St

T+
Tu

Tue

Uy

#

1}

Thermal mixing length
Dimensionless momentum mixing length, (gmuy/V)

Dimensionless thermal mixing length, (gpuy/V)
Plate length; or roughness element spacing, Fig 1
Na and Habib's function, Eq (24)

Nusselt Number (hd/k) or (hx/k)

Turbulent Prandtl number, (€m/€h)

Fluid Prandtl number (cp/k)
Wall heat flux
Momentum mixing length amplification factor, Eq (5)

Thermal mixing length amplification factor, Eq (34)
Local Reynolds number (xU/v)

Laboratory roughness parameter (kU/v)

Pipe Reynolds number (dU/V)

Displacement Reynolds Number (8,UNV)

Stanton Number, h/(pcU)
Roughness element width, Fig. 1

Temperature

Dimensionless temperature, Eq (33) Tq/(pcU)
Turbulence intensity, percent

Freestream turbulence intensity, percent
Velocity component in the x-direction

Turbulent velocity in the x-direction

Friction velocity, \/ (t/p)



Dimensionless velocity (uw/up

Freestream velocity

Velocity component in the y-direction

Turbulent velocity in the y-direction

Function, defined in Eq (53)

Streamwise distance from leading edge or trailing edge

Normal to surface

Dimensionless normal distance, yuy/v
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GREEK SYMBOLS

Bm,™ = slope of Ry and Ry vs. k*, Eqs (7) and (59)

) =  Boundary layer thickness where u=0.99 of U
o1 = Displacement thickness

Aut = Rough-surface velocity shift from wall-law
AT+ = Rough-surface temperature shift from wall-law
oT+ = Temperature difference across roughness elements, Eq (50)
£ = Turbulent viscosity ratio (Ly/u)

eh = Eddy conductivity ratio (ky/cpL)

0 = Momentum thickness

6o = Momentum thickness on smooth surface

Ah = Roughness density function, Fig. 1

Ae = Roughness density correlation function, Eq (9)
v =  Dynamic viscosity

Ky = Turbulent viscosity

\Y = Kinematic Viscosity (u/p)

p = Density

T = Shear stress

] =  Function, Eq (55)

SUBSCRIPTS

h Refers to thermal

m Refers to momentum




Refers to maximum

Refers to smooth surface or centerline of wake (y=0)
Refers to roughness

Refers to Nikuradse' sandgrain

Refers to turbulence

Refers to wall value
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L. INTRODUCTION

The condition of a solid surface as manufactured or as a result of its service life usually
exhibits surface asperities varying in magnitude and texture from one surface to another. A change
in the surface appearance may be caused by erosion when turbomachines are operating with high-
temperature gas streams containing impurities, dust, ¢~ unburnt fuel residues. As service time
progresses, the surface finish deteriorates and the rovghness increases. For the high-temperature
part of gas turbines, the process is self-cascading, as increased roughness increases heat transfer
which causes increased rates of heat transfer and so on.

From a basic fluid dynamic viewpoint, [24] the critical Reynolds number of transition to
turbulent flow is controlled by the roughness size. It is not surprising then that more recent
ablation tests indicated higher recession rates on rough surfaces. In fluid-handling machinery such
as compressors, roughening of the surfaces by corrosion and erosion is known to have caused
losses in their performance. Bammert and Woelk [1] examined the influence of surface quality on
the efficiency, flow rate, and pressure ratio of an axial compressor. In their measurements, data
were taken to determine the effects of increasing roughness on the pressure distribution around a
blade profile, the development of the boundary layers, and the velocity distributions. Their results
indicated an increase in the boundary layer thickness with subsequent flow separation and the
disruption of pressure recovery. This phenomenon caused a substantial drop in the compressor
flow rates and the achievable pressure ratios. Another instance of significant relevancy is the effect
of surface roughness on the wake flow characteristics, which have a first-tier effect on the heat
transfer taking place at the stagnation region of the downstream moving turbine blades. The
structure of flow wakes is a direct consequence of the surface roughness on, say, the flow nozzle
walls. For smooth surfaces, the wake features have been studied experimentally by Chevray and
Kovasznay {4]. They showed that in the wake region, the location of maximum turbulence
intensity moves away from the center line of symmetry as the main flow proceeds downstream.
The introduction of surface roughnesses would no doubt alter the rate of velocity recovery in the

wake, among other factors.




The present investigation addresses two related aspects: the flow and heat transfer effects.
The first is an extension of the work in a previous program supported by the Aero Propulsion
Laboratory and is directed to the effect of the roughness density and other flow factors. The
second aspect deals with heat transfer modeling from the viewpoint of the eddy conductivity, as
contrasted from viewpoints of correlation of available heat transfer measurements with roughness
sizes. The objective is to be able to implement a fundamental model applicable 10 a variety of
heating conditions. This research constitutes a second phase of investigation into the role of the
surface roughness in affecting the analysis of flow resistance and augmented heat transfer. These

effects become greatly magnified as the flight speed increases.
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II. SURFACE ROUGHNESS EFFECTS ON BOUNDARY LAYER FLOWS

II.1  Correlation of Roughness Density: Asymptotic Case

An important parameter in describing surface roughnesses is the pattern or type of the
roughness elements and their surface density of distribution. If the individual roughness
protrusions are spaced widely apart, the aggregate effect on the boundary layer is small and
vanishes as the space ratio becomes large compared to the roughness height. At the other extreme,
if the elements are closely situated, the vortex flow developed in the inter-element cavity is reduced
in intensity, again resulting in a diminished influence on the wall flow. The spatial density has
long been recognized in the experimental fluid mechanics community, and it was due primarily to
the work of Dvorak [9] that a more rational approach was developed. His consideration was based
on the spatial density, sketched in Figure 1, with the density ratio Ay, defined as the pitch-over-
width ratio. This definition is essentially a two-dimensional one. His results of correlation of a
large number of surface roughnesses are focused on the roughness effects in the fully rough
regime.

Starting from the equation that describes the law of the wall,

u* = 5.6 Logip y* + 5.5 - Au*, 9]

the effect of surface roughness is to have a lower intercept in Eq. (1) expressed by Au*, which is
in turn governed by a surface roughness Reynolds number k+ = (kuy/v). For large values of k+,
the fully rough regime, the relation between k+ and Au* is a logarithmic expression, as has been

deduced theoretically and verified experimentally. For example, the asymptotic downshift for

Nikuradse's sandgrain roughness is given by

Au* = 5.6 Log k* - 2.9, @)
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(b) Closely-Spaced Roughness Elements, A, = L/S ~ 1.

Figure 1. Schematics of Roughness Distribution



and for roughnesses formed by wirescreens measured by Hama [11], the equation becomes

Au* = 5.6 Logyp k* - 1.3. (3)

Dvorak in his overall presentation cast Egs. (2) and (3) into a generic expression,

Au* = 5.6 Logg k+ + G, (4)

or,

Aut = (I/Km) Loge k* + G, (43)

and considered that G is a function of spatial density A,. His correlation is shown in Figure 2,

which indicates a maximum value for G at A, = 4.86.

Considering his analysis in light of the exponential mixing length formulation developed in

[12], the relation between Au* and the momentum amplification, Ry, is reviewed here for clarity.
The previously mentioned program has demonstrated that a mixing length of the exponential type

can accommodate the surface roughness by an amplification (momentum) factor, Ry,

f'm = Rm (Ki/Em)exp (Kpu*) - exp (-Kmu)), )

and that the law of the wall with a velocity downshift Au* is recovered, with a relationship

between Au* and Ry, given by

Au* = (1/Km) Loge (Rm). ©6)
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The momentum amplification, Ry, in Eq. (5) is considered a parameter that characterizes only a
particular type of surface roughness. The variations of Ry, with k* have been established by Han
[12], but only for four types of surface roughnesses. Irrespective of the kind of roughnesses,
however, the asymptotic relation of Ry, to k* is always linear, in keeping with theoretical

considerations and experimental findings. This relation may be put as

Rm = Bmk*. (7)
For the four types of roughnesses analyzed in [12], the values of the coefficients, B, are as
follows:

Roughness Type Bm Range

Nikuradse (sandgrain) 0.3036 k+> 100

Hama (wirescreens) 0.586 k+> 30

Moody (random) 0.295 k+ > 600

Colebrook-White (mixed grains) 0.327 kt> 40
Inserting Eq. (7) into (6) gives

Au* = (1/Km)[Loge k* + Logefm]. t))

Inspecting Eqgs. (4) and (8), the connection between the linearity coefficient By, and the intercept
constant G is evident. The correlation of Dvorak in Figure 2 can be interpreted as that of the
asymptotic coefficient, B, with the density factor Ay vs. G.

Extending Dvorak's work, a more general and useful correlation was developed recently by

Dirling (8], who has included in his analysis more experimental data from ablation tests. There are

two significant points: one is a more general density factor defined by




Ar = (D/K)[AJ/ApI*A, )
where: D = inverse of the square of the number of roughness elements per unit surface area.
k = surface roughness height.
As = windward side area of the roughness element.

projection area of the roughness element in the flow direction.

<
]

The definition of Ar by Eq. (9) encompasses some three-dimensionality effects of the surface
roughnesses. A second improvement is that the concept of an equivalent sandgrain roughness is
used as the new dependent parameter. It is defined as the sandgrain roughness that produces the
same friction as the given surface roughness. Denoting the ratio as (k/ks), its relation with the

intercept constant G can be readily established through Eq. (4a) as
(kg/k) = exp [Km(G-Gy)]. (10

The essential difference between Dvorak's correlation and that of Dirling lies in the correlated
parameters—the former is on the intercept constant G and the latter is on the equivalent sandgrain
roughness ratio. In Eq. (10) it is understood that G = -2.9. By virtue of Eq. (7), the equivalent

sandgrain roughness ratio is equal to the ratio of the linearity coefficients, i.e.,
(ks/k) = (Bm/Bm-s) (1)

where B is equal 10 0.3036 for Nikuradse's sandgrain.
Dirling’s correlation curve is reproduced in Figure 3, in which his two correlation

equations for the two sides of the maximum point are, as a result of the present work, replaced by

a single equation,




—
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e m ks 180)\%
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Eqg. (12)
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0.1 | Ll | Lo 1t

1 2 4 6 10 20 40 60 100
Roughness Density, A= (D/k) [AS/Ap]“/a

Figure 3. Roughness Effect on the Law of the Wall, Dirling's Correlation.



kyk = 180 (A)*/[12000 + (An)°]. (12)

From an analytical viewpoint, this equation is much simpler to use. The correlation in Figure 3
includes much recently reported data. It also contains Schlichting's rough surface data [21],
which, as they appear in Dirling's original correlation, were, most likely, not yet of a corrected

version, according to the work of Coleman, et al. [6).

1.2 Correlation of Roughness Density: Transition-Region Relation

For intermediate values of k*, the downshift Au* should be given by Eq. (6), in which an
analytical representation of Rpy, in terms of k+ is desirable. The starting point is the numerical
tabulations of Ry, vs. k* available in [12] for the four roughnesses previously mentioned. Of
these, those of Hama and Nikuradse are more typical of aerospace applications. The following

expression was found to be a fair representation of the Ryy-k* relation in general:
Rm = Bm (k*)3/[105 + (k+)4]12. (13)

Eq. (13) has only one free parameter, By, which is the characteristic slope for a particular type of
roughness. The usefulness of Eq. (13) lies in its ability to reproduce the numerical values of Au*
on which values of Rp's are based. To test the compatibility, Egs. (6) and (13) are merged to
calculate Au*, using two values for Bpy,: those of Hama's wirescreens and Nikuradse's sandgrain.
For the former, the computed Au* and the experimental input data are shown together in Figure 4
in which satisfactory agreement is observed. A similar conclusion can be said of Nikuradse's data

(not shown in Figure 4).

10
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III. AN EXPERIMENTAL IN VESTIGATION OF THE SURFACE ROUGHNESS

EFFECTS ON TURBINE AIRFOIL WAKES

Several experimental programs have measured the compressor efficiencies with compressor
blade surfaces artificially roughened. Evidence of the reduced performance justified the conclusion
that it is the surface roughness that leads to an increased momentum thickness. which eventually
deteriorates the compressor efficiencies with lowered flow rates and less pressure ratios than
otherwise. For turbine applications, a direct fluid dynamic consequence is the altered wake
velocity profiles experienced by first-stage turbine airfoils. The altered wake profiles may be the
result of surface erosion of the upstream nozzles. Thus, an experimental demonstration of this
effect is of value in assessing the wake-cutting phenomenon in turbine performance analysis. We
should note that this part of the present work is only concerned with the wake flow phenomenon as
influenced by surface roughness and does not address the effect of heat transfer augmentation due

to surface roughness.

IMI.1  Test Facility and Instrumentation

An open circuit wind tunnel with a test section of 61 ¢cm vertical and 46 cm horizontal was
used to conduct the experiment. Two damping screens were installed at the entrance and at the end
of the contraction section of the tunnel to reduce the turbulence level in the test section. Reduction
of the turbulence level in the tunnel was particularly important since the disturbances contributed by
the rough elements are easier to identity at the lower freestream turbulence. The velocity pattern
was ascertained to be uniform with 1% overshoot near the center of the tunnel. A total Pitot tube
made of a hypodermic needle of 0.30 mm inside diameter and 0.60 mm outside diameter was used
to measure the mean velocities in the wake. The freestream turbulence level of the test section was
measured by a hot wire anemometer and was found to be about 1%. The hot wire was a constant
temperature, single wire, with a tungsten sensor wire of 1.27 mm in length and 0.0038 mm in
diameter. A linearizer circuit was used to obtain a linear output for the hot wire to achieve

maximum accuracy in turbulence measurements. Signals from the anemometer were fed into a

12




cross channel spectrum analyzer. An averaging process was used to obtain the frequency spectra
and total turbulence intensity for each location in the flow.

A symmetrical airfoil of NACAQ015, scaled to a chord length of 178 mm and a camber of
27 mm, was positioned in the center of the test section. The air speed was kept at 20.7 m/sec at
one atmosphere and room temperature. The airfoil chord Reynolds number was therefore 233,000
for all runs. Surface roughness was provided by gluing sandpapers of commercial grades over the
entire surface of the airfoil. In this way, symmetry of the roughness pattern was achieved. In
surface roughnesses, the largest particles usually have a more significant effect on destabilizing the
boundary layers; therefore, the designation representing a roughness must give some indication on
the maximum size of the particles. To evaluate the corresponding roughness sizes of the
sandpapers, American National Standard Institute (ANSI) specifications for the grading of abrasive
grains was consulted. The roughness values expressed in terms of the ratio of the average
protrusion size to the airfoil chord and roughness Reynolds number based on 20.7 m/sec

freestream velocity are summarized in the following table.

Roughnesses Used in the Experiment

Grit No. k, mm (k/L)103 Reg
150 0.133 0.748 174
80 0.336 1.889 440
50 0.551 3.099 722
36 0.780 4.387 1022

I11.2  Experimental Results

Overall Characteristics of the Wake

Velocity profiles in the wake were obtained at three different distances downstream of the
airfoil for the five different surface conditions. Symmetry of the wake was checked and found to
be acceptable. Therefore, the velocity profiles are only plotted for one half of the wake and are
shown in Figures 5 through 9. Each one of these figures shows the wake velocity profiles at three

13
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different downstream locations for a specific surface roughness. Figure 5 is for the smooth airfoil,
and the succeeding figures are for progressively rougher surface conditions. Comparison between
these figures indicated that the width of the wake at a given streamwise location increases with
increasing surface roughness. One observation is that for the three rougher cases for which the
profiles are in Figures 7, 8, and 9, the wake widths decrease with the distance from the trailing
edge. In the case of the other two wake profiles, Figures 5 and 6, for less rough surfaces, the
trend of decreasing wake width is not apparent. The effect of surface roughness is to produce a
boundary layer with a greater thickness on a rough airfoil compared to that of a smooth airfoil.
With the trailing edge boundary layer profiles as the starting profile in the developing wake region,
there would be a greater entrainment from the outer stream to the wake of a rough wall compared to
that of a smooth wall. This may be responsible for the trend of decreasing wake width in the near
wake region. Farther away from the trailing edge, where the wake is independent of the
aerodynamic loading of the airfoil, the wake width is expected to resume its increase in the
streamwise direction.

The momentum thicknesses for each roughness condition were measured at three
streamwise locations inside the wake and are plotted in Figure 10. This figure shows that the
momentum thickness, which is an indication of the loss of fluid momentum, is increasing with
roughness. Theoretically, the momentum thickness should remain constant throughout the wake.
Higher values of the momentum thickness close to the trailing edge are due to the lack of static
pressure recovery in that region. Downstream from the trailing edge, constancy of the momentum
tnickness is an indication of the self-preservation of the flow and static pressure recovery. Figure
11 shows the momentum thickness variation with roughness Reynolds number and compares the
measured values with those calculated at the trailing of a flat plate at the same Reynolds number.
The measured momentum thicknesses in Figure 11 are those at a sufficient distance (X/L=0.43)
away from the trailing edge of the airfoil where momentum constancy is established. Figure 11
can be divided into three sections. Zone one shows a near equality in the values of the measured

and calculated momentum thickness. This range of low roughnesses could be defined as the limit
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of tolerable roughness (or hydraulically smooth) in which the size of the roughness clements has
no significant effect on the wake characteristics. Further increase in the average height of the
rough elements results in a sharp increase in the momentum thickness, as shown in zone two of
Figure 11. The third zone of the curves indicates a much slower increase in the momentum
thickness as a consequence of an increase in the roughness. Unfortunately, theoretical predictions
are not in accord with measured values. Therefore, it appears that a smaller increase in the average
height of the roughness elements, beyond a tolerable roughness, has a more significant effect on
the increase in the drag of the body. Bammert [1] studied the influence of the blade surface
roughness on the efficiency of gas turbines. Their observations indicated that the rate of drop in
turbine efficiency decreased with the increase of surface roughness. This is in line with the
conclusion of this study.

Figure 12 shows the variation of the shape factor in the streamwise direction. The shape
factor increases with the surface roughness. Further downstream, where the wake becomes self-
preserved and independent of the airfoil, the shape factor should approach unity, and this seems to
be the trend in Figure 12.

An important characteristic of the flow in a symmetrical wake is the centerline velocity
variation with the distance from the trailing edge. For the five roughnesses investigated, the
variations of the centerline velocity with X/L are shown in Figure 13.

Most significant is that for the smoother airfoils, the centcrline velocity recovery is much
faster than for the rougher airfoils. Since the wake deficit or the displacement thickness is an
indication of the needed flow entrainment, it follows that for smooth walls producing smaller
displacement thicknesses, the centerline velocity can recover much more rapidly than for rough
walls. As these different recovery processes continue, the wake profiles for the five cases
gradually merge into a single shape, indicating vanishing effects of upstream conditions. The
measured centerline velocities in Figure 13 do not match the calculated velocities, though the trend
is correct. To cairelate the effcct of the roughness size on the centerline velocity recovery, the

streamwise distance is normalized by the momentum thickness measured for cach corresponding
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roughness. Figure 14 shows the calculated wake centerline velocity variations with the normalized
streamwise distance (x0o/L8), where 6, is the starting momentum thickness. The values of 6
used in the construction of Figure 14 were those measured in this series of experiments. From this
figure, it appears that the surface roughness effects are well represented by the nondimensional
distance (x/8), since all calculated points are merged into a single curve. To further validate the
correlation, a parallel construction was shown in Figure 15, where the measured velocities were
used. The resulting pattern of distribution is not consistent with that in Figure 14. Only in the far
wake region, i.e., at large values of x, do different data points gradually converge towards a single
curve. This is where the flow becomes self-similar, as is well established experimentally and

theoretically.

Turbulence Properties

Flow over a single roughness element is known to result in separation bubbles that at high
Reynolds numbers are transformed into continuous vortex shedding. The frequency and scale of
the generated vortices are therefore a function of the roughness size and the flow Reynolds
number. It follows that turbulent wakes behind a rough airfoil are comprised of eddies of different
sizes and traveling with various frequencies.

In this work, a detailed analysis of the frequency spectra in the wakes was carried by a hot
wire anamometer and wave analyzer. In all cases, no peak components at a selected frequency
were found in the wake. Because of the random nature of the roughness elements in size and
distribution, flow disturbances in the boundary layer with a particular frequency will have its
energy spread across the entire frequency spectrum. This is partially confirmed by the measured
data of the sreamwise turbulent fluctuations. At the wake symmetry line and for three roughness
Reynolds numbers of 174, 722, and 1022, the rms-amplitude frequency spectra are shown in
Figures 16, 17, and 18. Of significance is that the amplitude of the low-frequency disturbances
decreases along the streamwise direction, while some of the high-frequency ones show an opposite

effect, e.g., at 1,500 Hz and above.
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Figure 19 displays the maximum turbulence intensity at each wake cross section as a

function of the roughness Reynolds number for five wake stations. At each axial distance

. characterized by the symbol, the maximum intensity increases with increasing surface
roughnesses—at high rates for low roughnesses. It appears that the data pointed towards a plateau
value at high roughnesses. Of particular interest is that, at low roughnesses, the maximum
intensity decays in the stream direction at higher rates for low roughnesses than for higher
roughnesses. For the later case, turbuicnt flow prediction models based on a constant viscosity
model appear conceptually justified.

On a finer scale, the turbulence intensity distributions in the normal direction are shown in
Figures 19 and 20 for two wake positions. Data in Figure 19 indicate that the maximum intensity
occurred at the wake center line, except that for a smooth surface for which the turbulence is zero
on the wall at the trailing edge. The convected profile at a small distance of x/L = 0.38 still retains
the general shape convected from the trailing edge. However, for rough surfaces, the initial shape
emanating from the trailing edge has a maximum at the surface which becomes the wake symmetry
line. That a maximum intensity occurs at the surface—provided the roughness is above a critical
value—produces the distribution curves as indicated. Progressing into the wake, the symmetry
line becomes a region of zero shear, and the peak intensity point moves away from the center, as
Figure 21 testifies. In both figures, the intensity decays to the freestream value at large transverse
positions. In this outer region, the intensity distribution shapes follow a scaling rule shown in
Figure 22, where the intensity is normalized by the maximum intensity with the freestream value as
the base. The data points, although not merged into a single curve, appeared to form a narrow
band, indicating a self-preserved structure. That this should appear so is readily explained based
on a one-dimensional (transverse) diffusion of the intensity while the advection effects are of
negligible consequence.

The implications of the experimental results as applied to turbine airfoil heat transfer are
self-cvident. If the stationary vanes have rough surfaces, their wakes would contain a higher

velocity deficit and high turbulence intensities. For the first-stage turbine blades cutting across
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these wakes, the stagnation heat transfer would be greatly increased by these two factors, even if

the blade surfaces were to remain smooth.
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IV. HEAT TRANSFER ON ROUGH SURFACES

IV.1  The Current State of Rough-Wall Heat Transfer Analysis

The effect of wall roughness in enhancing heat transfer has long been recognized by the
hea: wansfer community. More organized approaches have been undeitaken by rhe energy industry
in order to promote heat transfer in nuclear reactors, domestic and industrial heat exchanging
devices, etc. Only in the last decade or so has the topic begun to receive increasing attention from
the aerospace engineers. It has been the general conclusion that the rules of extrapolation based on
empiricisms, while useful in approximate evaluation, do not yield the more refined degree of
confidence needed in aerospace applications where the relative speed between a gas stream and the
adjacent surface is high. For low subsonic flights or in turbine engines with low shaft speeds, the
rules of extrapolation serve the needs adequately. Partly because of the low speeds, surface
roughness effects are predictable within the scope of the correlation equations derived from non-
aerospace sources of data. With increasing speeds, however, two factors compound one another:
one is that high speeds magnify the influence of the physical size of surface roughness, as
numerous investigations have shown that surface protrusions exert their fluid dynamic effects
through the parameter (k uy/v), where u, is the surface shear stress. In other words, higher speeds
are equivalent to larger surface roughnesses. Secondly, at higher speeds, more interacting
parameters make the simpler correlation equations less likely to produce reliable results. The type
of correlation equations are typified by that recommended by Norris [19], who has analyzed 13
sets of data sources and was led to a simple equation to relate heat transfer augmentation ratio with

friction factor ratio due to surface roughness:
SUSts = [Cy/Cr.s)™, (14)
where the exponent is dependent on the fluid Prandtl number by

n = 0.68 Pr0-215, (15)
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The recommended range of the friction ratio is approximately 3, beyond which the Stanton number
ratio remains constant. For Pr=0.7, the author of [19] indicated that the correlation is compatible
with the experimental data of Dippery and Sabersky [7]. Correlation equations such as Eq. (14)
are indeed useful, especially where the streamwise variations of friction and the Stanton number
are not large or remain constant—a condition certainly fulfilled in fully established duct flows. For
flow configurations where streamwise variations are not insignificant, this type of correlation is not
suitable because upstream "history" is important. The theoretical base in Eq. (14) can be traced
back to the concept of kinetic energy of turbulence and dissipation. Indeed, such an approach was

used by Kadar [13] in 1965, whose results may be expressed, for equilibrium flows, by

h -~y (16)

This reduces to Eq. (14) with n=0.5 and is in reélity the basic relation used by subsequent authors
in formulating their rules of predicting heat transfer from friction data or analysis. Without
downgrading their merits, predictive schemes based on the 1/2-power relation, such as those of
Finston [10] and others, is but an expedient step. Their analysis is focused on external flows with
ablation heat transfer. Similarly, the work of Dirling [8] followed the same correlation principle.
Voisinet [27], in his experimental work on mass transfer over rough surfaces, confirmed the
general power law relation for low mass transfer rates.

A more fundamental approach is used, however, in an investigation by Christoph and
Pletcher [5], who numerically integrated boundary layer equations for flow over rough surfaces in
which the mixing length is modified by Cebeci's recommendation of a normal distance shift. For
the eddy thermal conductivity, however, a fixed turbulent Prandt! number is used. Bamerian and
NcKillop {2] in their work had used an essentially similar approach.

Not to be overlooked are the more elaborate correlation equations developed by Kadar and

Yaglom [13], who deduced a useful relation based on an extensive analysis of heat transfer data in
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ducts with rough surfaces, with reactor cooling as a beneficiary. By a combination of wall-law

analysis and extensive data (mainly Soviet sources), their recommended relations are:

Nug = Req VCi/[4.3 Loge (Reg VCp) - 2.] (17
for pipe flows, and

Nu = Re, VCy/[4.3 Loge (Rex VC) + 3.8) (18)
for external flows over a flat plate.

A more fundamental—but less convenient from a engineering viewpoint—relation was
given by a most recent work uf Vilemas and Adomaitis [26], whose formulations are:

Cr = 0.021 Re;0-2 + 0.0032 [1-exp (-0.05 k¥)], (19)

S = 0.0146 Re-0-24 + 0.0025 [1-exp (-0.07 k*)]. (20)
Both equations are intended for external flow applications.

Another relation, which is in reality a similarity rule, is derived by Dippery and Sabersky
(7] in the form of

Ci/(2Sp = 1 + [g(k*) - 8.48) VC, @n
where g(k*) is a function of Prandtl number of k*.

The function g(k*) was obtained by Dippery and Sabersky from their data of heat transfer

on rough-walled circular tubes and has the following asymptotic form:
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g(k*) = 0.19 (k+)0.8 pr0.44, (22)

for large values of k+. For intermediate values of k+, they are given in Fig. 23 for the Prandu
numbers of the fluids tested in their work. As Pr=(0.7 is of interest to the present work, an
extrapolated curve for Pr=0.7 has been added to the figure.

The previously mentioned correlation equations will be compared with the predicted results
based on a finite-difference marching method developed subsequently in the present work.

On the experimental side, there is an extensive list of investigations on various aspects of
flow and/or heat transfer over rough-surface boundary layers. Experimental data that can be
directly linked to the surface roughness are, however, scanty. To highlight the difficulty that arises
in making a direct comparison, the work of Moffat, Heazler, and Kays (16}, for example, has
made extensive measurements of heat transfer on a rough surface formed by tightly packed
spheres. Experimental data were collected with a principal purpose to study the effect of blowing
in such a configuration. Their iesults, though significant, are expressed in terms of the internal
parameters of the flow field such as the enthalpy thickness. On a laboratory scale, quantities such
as the enthaly thickness are not known a priori. And, of course, blowing makes the situation more
involved. On a more fundamental level, however, there exist a number of investigations from
which some basic information can be extracted to form a conceptual model to be developed in the
following sections. First, a method proposed by Cebeci [3] for calculating turbulent heat transfer
on smooth surfaces is discussed, followed by a review of a method proposed by Han [12] to
calculate the development of turbulent boundary layers on rough surfaces. By Joining these two
together, and with information from other sources, an amplification factor, R, for thermal mixing
length is evolved. Finally, calculations by finite-difference marching are performed for flow over a

rough flat plate to obtain the Stanton numbers.
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IV.2 The Thermal Mixing Length Model: Smooth Surface
With the turbulent Prand:l number, Pr,, defined as the ratio of turbulent momentum

diffusivity to turbulent eddy conductivity,

Pr; = em/en. (23)

Cebeci [3] showed that a model for calculating the turbulent Prandtl number,

Pri = (Km [1-exp (-y*/26)1}/(Kn [1-exp (-y*/N)1}, (24)

can be used in conjunction with the van Driest's modification [25] of Prandtl's mixing length in
calculating heat transfer on various types of smooth-surface configurations. Pipe flows and
external boundary layer flows are included. It was further specified that in Eq. (24), Kq, being
the von Karmr's constant, takes on the commonly accepted value of 0.4 and that 0.44 is the value
for Kp, the latter being a thermal equivalent to Ky, Without the exponentials in Eq. (24), the
expression reverts back to Prt=.9, a popularly used value in heat transfer analyses.

In Eq. (24), N is a parameter depending on the fluid Prandtl number and was earlier
obtained by Na and Habib [18] in their analysis of heat transfer in pipe flows. The values for N
recommended by Na and Habib are:

Na and Habib's N-values [18]
Pr 04 0.5 0.6 0.7 1.0 2.0 3.0
N 4400 4128 38.95 37.40 34.96 33.14 3294

Even though their tabulated values covered a range of Pr up to 100, such a wide span is not needed

in this work.
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To summarize, Cebeci's method consists in first calculating a mixing length, then the

momentum eddy diffusivity, and finally the thermal eddy diffusivity by the following equations in

dimensionless notations:
f'm =Kmn y* [1-exp (-y*/26)], 25)
€m = (fm)? [du*/dy*], (26)
€m =(Kmy* [1-exp (-y*/26)]}2 (dut/dy*), Q@n
&h = (Kmy*](Kny*)[1-exp (-y*/26)][1-exp (-y*/N)]. (28)

The turbulent viscosity obtained from Eq. (27) is limited to the maximum value (Clauser) given by

€', =0.0168 Re;

(29)
and is further modified by an intermittency factor of
F = 1/[1+5.5 (y/8)8), (30
where: Re; = displacement thickness Reynolds number
s =

boundary layer thickness defined as where the velocity of 0.99 of the free

stream.

In the case of the thermal eddy diffusivity £}, of Eq. (28), not enough is known about its

appropriate upper limit. However, by an extension of the Reynolds analogy, the same upper

43




- —_—— .

bound as given by Eq. (29) is used here, as is elsewhere. And, of course, the intermittency
function F in Eq. (30) is also part of the boundary layer analysis model.

The preceding set of equations due to Cebeci [3] represents the only existing physical
model suitable for finite difference computation of the flow and temperature fields.

The turbulent Prandtl number in Eq. (24) varies in the space coordinate y*, as contrasted
with a fixed turbulent Prandtl number of 0.9 across the entire boundary layer—a commonly used
procedure. The validity of Eq. (24) has been substantiated by Cebeci [3] for flows over smooth
surfaces. In addition, turbulent Prandtl number data from measurements by Simpson [23]
compared favorably with the calculated distributions from Eq. (24). Furthermore, from the
viewpoint of end results, the calculated heat transfer data for pipe flows are in good agreement with
measurements. Despite these favorable observations, the question remains as to how to extend Eq.

(24) to rough-wall heat transfer analysis. This is taken up next.

IV.3  The Thermal Mixing Length Model: Rough Surfaces

It has been shown in [12] that the Cebeci-Smith model with mixing length given by the
usual van Driest's formula can only be extended to rough surfaces analysis by introducing an
additive mixing length in the van Driest's damping formula. Also in [12], an alternative with no
loss of accuracy is to use an exponential expression, Eq. (5), for the mixing length. With this
form, it is then possible to account for the wall roughness by an amplication factor, Ry, as a
multiplier to Eq. (5), thus resulting in a wall-law velocity profile with a downshift of the
dimensionless velocity, u*. This is a common element of the exponential model to be developed.
Hence for smooth surfaces, i.e., Ryp=1, Egs. (5) and (25) are not different from each other, as has
been demonstrated before. With Eq. (5) multiplied by Ry, as a basic modification, there evolve

two candidate mathematical forms of thermal models:
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@) The first model for the thermal mixing length for rough surfaces is the replacement
of Eq. (25) by Eq. (5). In the momentum mixing length expression, Eq. (5), an amplification
factor, Rp, for surface roughness effect is used as a multiplier, resulting in increased turbulence.

The entire assembly of equations therefore consists of Egs. (5), (26), (31), and (32). For
clarity, they are grouped together:

f'n = Rm (Kn/Em)lexp (Kmu*) - exp (-Kmu*)], )
€' = (Fm)? [du*/dy*], (26)
€m = (Rm (Kn/Em)[exp (Kmu*) - exp (-Kmu*)])2 [dut/dy*], 31)
eh =€en/Pr, (32)

where Pry is that defined by Eq. (24).
The first test of this model is, of course, whether the wall law thermal profile obtained by
setting Rpm=1 in Eq. (5) in the preceding set is in agreement with that from Cebeci's thermal model

described in the previous section. This shall be done in the final evaluation.

(i) A second for the thermal eddy conductivity departs from the preceding one in that a
thermal mixing length is defined in an exponential form dependent on T+, instead of u*. The
resulting expression for the turbulent eddy conductivity is the product of the momentum mixing
length, thermal mixing length, and the local normal gradient of the velocity. The momentum
mixing length is that defined by Eq. (5). The thermal mixing length raodel is developed as
follows:

By defining a nondimensional temperature in the wall-coordinates as
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T+ = peuy [T-Twl/q, (33)

the thermal mixing length is proposed to be

¢'h = R (Ki/En)[exp(KyT+) - exp (-KpT+)), (34)

where R}, is the thermal mixing length amplification due to surface roughness. In this model, the

eddy conductivity is embedded in the following:

€h= (FmXghldu*/dy*), (35)
in which p*m is that of Eq. (5) and ﬂ, that of Eq. (34). The complete form for e+h is then
€h = {Rm (KnvEm){exp (Kmu*) - exp (-Kmu*)])
{Rn (Kn/Ep)exp (KnT*) - exp (-KpT+)]} (dut/dy*). (35a)

Note that in the second model, the turbulent Prandtl number defined by Eq (24) is bypassed. Of
course, the auxiliary equations (29) and (30) still apply in this model.

The principal features in this model are, in addition to the thermal mixing length
amplification, Ry, the thermal wall-law slope, Ky, and the thermal wall-law intercept Ey,. Although
Ep and Ry, appear in a product, each is dependent on separate parameters. In the case of Ey, it is
governed by the fluid Prandtl number, and in the case of Ry, by the roaghness parameter, k*.

Their variations with their respective parameters are to be determined separately.

Beginning with smooth surface for which thermal profiles in the boundary layers have been

measured or calculated to the extent that heat transfer results were in good agreement with data, the

task begins by setting Ry, at 1, i.e., for smooth surface, with the sole purpose of establishing how
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Ep, varies with Pr. To this end, it is first recalled that a Couette flow analysis (constant shear)

implies the following heat transfer relation,

[(1/Pr) + e}] (dT*/dy*) = 1.

(36)

In the asymptotic region with large values of y*, €}, dominates the first term and is effectively the

first term of Eq. (34) for ﬁ,. Thus, the result of integration yields the wall-law for T+ as,
T+ = (1/Kp) Loge (y*) + Cy,
and the corresponding equation for u+ of which Eq. (1) is a special case becomes
u* = (1/Km) Loge (y*) + Cp.
Some investigators [15] prefer another form:
T* = Pr [(1/Km) Loge (y*) + Cpl,
which is a variant of Eq. (37). By comparing terms, it follows that
Pry=Kn/Kp and Ch = Pr{ Cyp,.

The integration constant Cy, and C, are related to Ej, in Eq. (34) and to Ey, in Eq. (5) by the

following:

Em = exp (KnCp),
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Ep = exp (KnCp)- 41)

Having established the connection between Cy, and Ej, the next step is to determine how Ej, varies
with the fluid Prandtl number. First, the question of what Ky, value to use is to be settled. The
thermal wall-law slope Ky, has a number of variances. There are at least three sources which give
the thermal wall-laws that use slightly different values for Ky, and the thermal law intercept constant
Ch. Each pair of Cy, and Ky, for a fixed Prandtl number results in a value for Ey. The following

shows their variances for Pr=0.72 (air):

Kp Ch . Ep Source
0.44 4.363 6.82 Cebeci 3]
0.456 3.375 5.482 Kays et al. [14]
0.47 4.340 7.690 Kadar et al. [13]

Of the three sets of numbers, Cebeci's is based on a physical model (Ky=0.4) that results in heat
transfer in good agreement with data. For this reason, the values of Cebeci's recommendation data
for Pr=0.72 were taken. His value for Cy was obtained by using Eq. (28) with an appropriate
value for N from Na and Habib's tabulation. Eq. (28) was put into Eq. (36) to calculate a thermal
profile of T* from y*+=0 to where the thermal wall-law can be recognized at which Cp, can be
determined. Thus, there exists a value of Ej, for each Prandtl number. This procedure just
described produced a list of Ey's for Prandt! numbers from 0.72 to 5.7 shown below:

Ej, vs. Pr-variation with N, from [18]

Pr 0.72 1. 3. 5.7
En 6.82 215 0.21x105 0.827x107
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With Ey—intended for Eq. (34)—extracted from Cebeci's smooth model, thus ensuring that their
respective wall-laws for T+ would coincidc, it is of interest to examine their profiles in the buffer
region. Integration of Eq. (36) for the two models for e*i., i.e.. Eq. (28) and Eq (35a), produces
various distributions for Pr from 0.72 to 5.7. For low values, these two methods give almost
identical profiles shown in Figure 24. Since the present work is concerned with gas flows, i.e.,

Pr=0.7, discrepancies at larger Prandtl numbers are not a major concem.

IV.4 The Thermal Mixing Length Amplification, Rp.

There are two ways to quantify the thermal amplification Rp. One is to compare heat
transfer data on smooth surfaces and that on surfaces whose roughnesses have been characterized.
Heat transfer predictions are then made, based on the eddy conductivity model of Eq. (35a) with an
amplification factor Ry, so determined that the predicted heat transfer is in accord with measured
data. The method is an ideal but tedious approach, not to mention the lack of heat transfer data
meeting the stated criteria. A second way is to rely on a few of measured temperature -pmﬁles in
rough-wall boundary layers. From the data, Ry, can be calculated.

Ideally speaking, both methods should agree; but, in reality, it will hardly be the case. Itis
the second approach that is used in the present work. The model so constructed will be checked by

reference to a few data bases for which the surfaces can be quantitatively characterized.

Review of the Momentum Amplification, R,

Since the development of Ry, parallels that of Ry, the momentum amplification, it is
pertinent to retrace a few steps for the latter to lead into the development of the thermal
amplification.

In the wall-law region, the velocity distribution for a rough surface is found to follow

u* = (1/Km) Loge y* + C - Au* (42)
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which differs from Eq (38) in the Aut+-term only. Nikuradse used, however, a function, By,

which varies with k+, as follows

u* = (1/Km) [Loge y* - Loge k*] + B 43)

Connecting the equations (42) and (43), Au* is related to By by

Bm = Cm + (1/Kp) Loge k* - Aut 44)

For small values of k*, Au* vanishes. Hence the functional dependence of By, on k+ is of the

form

Bm = Cm + (1/Km) Loge k* (45)
as k* approaches zero. Nikuradse's data for a wide range of sandgrain roughnesses confirmed the
treiid in Eq. (45) and established a plateau value of 8.48 for k* greater than 90.

Using the exponential model for the momentum mixing length, Eq. (5a), the resulting wall-
law can be put as

u* = (1/Km) [Loge y* + Loge Em - Loge R (46)
Its comparison with Eq. (4) establishes the relations between Au*, Ry, and By:

Aut = (1/Km) Loge Rm 47)

Rm = k* exp (Km (Crn-Bm)] (48)
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At large values of k+, B, is 8.4 and Eq. (48) becomes a linear relation between Ry, and k*, with a
slope of By, as indicated in Eq. (7). Values of R for Nikuradse's sandgrain roughness as well as
three other types of roughnesses—Hama's wirescreens, Moody's random, and Cole-Brook-White
mixed sandgrain—have been determined and reported in an earlier work [12].

Analogous to Nikuradse's roughness data, Ligrani and Moffat [15] have performed
measurements of the temperature profiles over rough surfaces formed by tightly packed spheres.
Their treatment of the data is as follows: First, Eq. (39) is extended to include two roughness
effects. One is a temperature gap between the roughness elements and the ﬁuid in the immediate
vicinity of the surface protrusions and the other is a spatial-dependent temperature shift. Itis the
latter temperature shift that increases heat transfer over rough surfaces. Eq. (39) thus extended

becomes
T+ =Pr [(1/Km) Loge y* + Ci] - AT+ + 8T+, 49)

where AT* is the spatially dependent temperature shift and 8T+ is the surface temperature gap,

whose magnitude is given by Dippery and Sabersky [7] as
ST+ = ¢p,0.4 (k+)0.2 (50)

It must be mentioned that 8T+, as demonstrated to be a temperature gap in the near vicinity of
surface roughness elements, is not part of the model considered. Its role in affecting heat transfer
predictions is greatly outweighed by the uncertainty of the predictive process itself, though its
significance in experimental work only begins to be recognized. Another significant experimental
finding in rough-wall boundary layers is the correct origin for reckoning y in order to establish
wall-law plots; it was found to be about 0.7 of the roughness height from the bottom, according to

Voisine: [27) and Perry and Joubert [20].
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Similar to the By-function defined by Nikuradse, a corresponding function for the
temperature shift AT is defined by

T+ = Pr [1/Km) (Loge y* - Loge k*) + Bn] + 8T+ S
which, when connected with Eq. (49), provides a link between By, and AT+ in the form of
AT* = Pr; [Cih + (1/Km) Loge k* - Byy]. (52)

Values of By, at various roughness Reynolds numbers k+ were measured by Ligrani and Moffat
{15] on the sphere-formed surface. In their evaluation of By, Pry is set at 0.9 and Cyp, at 4.15,
consistent with the correlation by Kays and Crawford {14]. Three distinct regions of By, exist:
one for k* greater than 55, the fully turbulent region in which By, equals 8.48, the same asymptote
for Nikuradse's Bgy,; one for k; less than 2.2§, the hydraulically smooth region in which By, is
such that AT* = 0; and one between the two limits, the transitionally rough region in which
different types of roughnesses exert their individual characteristics. For the sphere-roughened
surface, Ligrani and Moffat's data can be represented, according to these authors'
recommendation, by the following:

Expressing the lower and upper demarcation values for k* as k'] and k%, which in the case

of sphere-roughened surfaces are 2.25, and 55 respectively, and using the functional notation, W,
W = Cy + (1/Km) Loge k*, (53)
the function By, can be separately represented by three segments given by the following:

(i)  Hydraulically Smooth Region, k* less than k.
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Bp=W (542)
(i)  Transitional Region—Kk* greater than k| but less than k%,
B = W - (W - 8.48) sin (¢7/2) (54b)
(i)  Fully Rough Region—k+* greater than k%
B, = 8.48 (54¢)
The function ¢ is a linear interpolation of the Log of k* between k' and k+2, ie.,
¢ = [Log (k*) - Log (k')V[Log (k%) - Log (k*1)] (55)

The Link Between By and Ry,

The discussion up to this point has led to the establishment of By, for an input value of k*.
The final step is to relate By, with Ry, needed to complete the thermal mixing length of the second
model. Since the eddy conductivity is modeled by Eq. (35a) and its asymptotic behavior at large
y* is the same as the thermal mixing length in Eq. (34),-use of the later in Eq. (36) results in a
thermal wall-law given by

T+ = (1/Kp) Loge y* + Cp, - (1/Kp) Loge Rpy (56)

wherein Cy, = (1/Kp) Loge En. By comparing Eq. (56) with the case of Rp=1, i.e., Eq. (37), the

temperature shift AT+ is therefore given by

AT* = (1/Kp) Loge R (57
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Rp = (k*) exp [Km (Cih - Bw)] (58)

There are two sets of numerical constants for air (Pr=0.7) in the literature. Ligrani's values and

their associated parameters in the exponential model are:

Cm =510 Km =0.41 Pr, =09 Ky =0.456
Ch=374 Cih =4.15 Ep =5.482

and another set of values from Cebeci [3] are:

Cn=55 Km =0.40 Pr, =09 Kh=0.44
Ch=4.36 Cwn =4.85 En =6.820

With the Byy-values defined by Eqgs. (53) through (55), the thermal amplification factor is
computed for a range of k*. At large values of k*, By, approaches 8.48, as does Bp, and Eq. (58)

becomes a linear relation expressed by

Rp = Bnk* (59)

This equation is a companion to Eq. (7) for Ry,. The slopes Bp are 0.1680 and 0.1620
respectively for the two sets of constants used; despite their substantial differences, the resulting
slopes are not much different. The values of Ry, thus deduced from the measured thermal
boundary layer profiles are tabulated in Table 1 and plotted in Figure 25 with their values close
together. We should note, however, that Ligrani's data are for surfaces formed by packed spheres

and for Pr=0.7. The difference in the surface textures is most likely unimportant, except in the
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TABLE 1

Thermal Mixing Length Amplification Factor: Pr=0.7
( For Sphere-Roughness)

k* R, (i) R, (ii)
0 1 1
1 1.001 1.001
4 1.025 1.023
6 1.029 1.073
8 1183 1.168
10 1.361 1.331
15 1.951 1.900
20 2.643 2.567
25 3.411 3.306
30 4.237 4.101
40 6.007 5.803
50 7.863 7.589
60 9.743 9.397
80 13.400 12,919
90 15.124 14.580
Slope 0.168 0.162

(i) Parametric Constants From Ref | 15 ]
(ii)) Parametric Constants From Ref [ 3 |
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transitionally rough region with k+ between 2.25 and 55; how influential the uncertainty is in

affecting the computed results is difficult to assess.

IV.5 Calculated Heat Transfer in Boundary Layer Flows

The differences between the two rough-surface eddy conductivity models are marked by
the feature that in Model-1, the eddy conductivity is independent of the temperature, while in
Model-2, it is an exponential form of the local temperature. In numerical computation, the first
model will admit an implicit marching algorithm while the second model requires an explicit
marching scheme in which the eddy conductivity profile is computed using that of a previous
station in the marching direction.

Unlike momentum boundary layer analysis, that of thermal boundary has less experience to
draw on. Questions such as what limiting eddy conductivity should be imposed in the outer layer
are not answerable as yet. Much needs to be explored. Here the aim is to demonstrate that the
models advanced do give results that are in accord with the limited data on surfaces with
roughnesses well characterized.

To test the thermal models developed for rough-wall analysis in this work, a simple
marching code was developed for flat-plate boundary layers. For Kp, the von Karman's constant,

0.4 is used; and for Ky, 0.44 is used. In the turbulent Prandtl expression of Cebeci, the constant N

-was taken as 37.15 for Pr=0.72, recommended by Na and Habib. In Eq. (35a), Ej, is set to 6.82,

as mentioned previously. All together, five surface roughnesses were analyzed; they ranged from
0 to 2000 for Reg. Calculations started from the leading edge where flow is assumed turbulent.
The calculated heat transfer is shown in Figure 26. The computed Stanton numbers are indicated
by dashed lines for results based on Cebeci's turbulent Prandtl number modification of the eddy
viscosity, and by solid lines based on the exponential model, in which a heat transfer amplification
factor is used. Calculated results show practically identical augmentations using either one of the

two models. Also shown is the simpler relation for smooth surfaces [22]. It is comparable to the
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Figure 27. Temperature Profiles in Boundary Layers, Re_= 10°
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predictions of the present analysis. It is, of course, understood that the simple correlation equation
shown is to demonstrate their magnitudes.

To further delineate the surface roughness influence on the boundary layers, computed
temperature profiles in the plus coordinates are shown in Figures 27, 28, and 29 for local
Reynolds numbers of 106, 5:106, and 107. In each figure, there are three sets of curves for three
roughness parameters, Rey, equal to 0, 1000, and 2000. The roughness parameter Rey describes
the absolute roughness protrusion. Since surface roughness exerts its influence through a
roughness Reynolds number, k*, which is comprised of the surface roughness and the
corresponding friction velocity, it is its numerical value that determines the downshift of the
dimensionless temperature in the wall-law region. The numerical values of the roughness
Reynolds numbers and other parameters of interest for Figures 27, 28, and 29 are listed in Table 2.

A point to be noted in Figure 26 is that in the leading edge region where the local shear
stress is high, moderate surface protrusions are magnified through the influence of k* to the extent
that small roughnesses in combination with large stresses produce significant heat transfer
augmcntador;s—thus demonstrating the importance of magnification. In fact, in the lower local-
Reynolds-number region, a small roughness brings its effects into the fully rough region. This
explains the trend in Figure 26 that different curves for different values of Re are, relatively
speaking, closer together in the leading edge portion than in the downstream region of low shear

stresses.

IV.6  Comparison with Correlations and Similarity Laws

Results were compared with those based on Eq. (20) due to Vilemas and Adomaitis [26],
Eq. (18) from Kadar and Yaglom [13), and Eq. (21) obtained from Dippery and Sabersky (7].
These equations are, strictly speaking, not predictive but correlation formulas, for they require
input parameters that are internal to the resulting flows: the required values for flows over rough
surfaces are a local friction coefficient Cpin Eq. (18), a displacement thickness 8; and a roughness
Reynolds number k* in Eq. (18), and Cf and k* in Eq. (21). These internal values are, of course,
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TABLE 2

Computed Parametric Values, Figures 27, 28, and 29

(k,UIv) 0 1000 2000
R =1 15.93 33.75
Figure 27 Au* = 0.0 6.92 8.80
Re_= 10¢ R, = 8.361 19.90
AT* =00 4.83 6.68
u/U =0.0415 0.0526 0.0562
R =1 13.48 28.99
Au* =0.0 6.50 - 8.42
Figure 28 R =1L 6.886 16.08
Re, = 5.10¢
AT* =0.0 4.39 6.31
u/U =0.0365 0.0448 0.0479
R,=1 12.53 27.04
o R Au’ =0.0 6.32 8.24
Tigu,c 22
Re, = 10 R,=1 6.362 15.05
AT* =00 421 6.16
u/U = 0.0347 0.0419 0.0447




not known in advance, hence they only serve the purpose of comparing with the heat transfer data
calculated by the present sclf-contained model.

Hence, the necessary input values are calculated from the rough-surface momentum model
[12] to obtain Cg, k* for use in the correlation equations. Results of comparison generally indicate
that Dippery and Sabersky's Eq. (21) in which the g-function was extrapolated to Pr=0.7 shows
best overall correspondence with the present model calculations. This is shown in Figure 30, for
three roughness conditions: Rey equal to 0 (smooth), 500 and 1000. In computing Stanton
numbers from Eq. (21), values for the friction coefficient, Cg, were obtained from the model based
on the momentum amplification factor developed in [12] and, for the conditions of the comparison,
are shown in Figure 31, which also shows an accepted empirical equation for smooth surface
(dash line). The Stanton numbers in Figure 30 indicate fair agreement between the two sources,
with the curves for Rex = 500 almost indistinguishable from each other.

Turning to the two other equations, the Stanton numbers obtained from Egs. (18) and (20)
are grouped together for Rex = 500 in Figure 32. In addition, the power law of Eq. (14) with
n=1/2 is also included. A wide range of the calculated values is apparent. It cannot escape the
conclusion that heat transfer relations, such as Egs. (18) and (20), that are derived from pipe flow
data over a wide range of surface roughness patterns, are not conducive to their confident
applications where localized streamwise distributions are needed. On the other hand, the
correlation equation due to Dippery and Sabersky, Eq. (21), though having its data base similar to
those of Egs. (18) and (20), was reached by processing the data to the level of the rough surface

activities and is hence comparatively more creditable.
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V. CONCLUSIONS AND RECOMMENDATIONS

.Essentially retaining the concept of Prandtl's mixing length theory, an earlier research has
successfully expressed the rough-wall mixing length by an exponential form in terms of a local
velocity in treating flows over rough surfaces. Extending this approach to thermal boundary layer
analysis, a thermal mixing length is similarly postulated so that experimental attributes in thermal
layers are properly modeled, especially the downshift of the temperature from the thermal wall-
law. The models thus formed are shown to predict heat transfer in good accord with the similarity
law of Dippery and Sabersky [7], based on their experimental data in rough-wall pipe flows. The
new formulations in the present work have the same constraints as does the mixing length for
smooth surfaces by Cebeci [3] in that the extension to flows with pressure gradients needs special
treatments.

Previous investigations by McDonald [17] and by Perry and Joubert [20] have shown that
for flows with moderate pressure gradients, the velocity shift concept is still valid. It appears
reasonable to assume that this applies equally to thermal boundary layers, pending further research
for substantation. Extensions into other parametric variations are, naturally, to be studied to
enlarge its range of applications. The operating parameters are pressure gradient, mass wransfer,
compressibility, and limiting eddy conductivity at the outer edge of the boundary layer. In
addition, the éffect of surface roughness variation in the streamwise direction and nonisothermal

surface are needed to render the model more useful.
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