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Three distinct approaches have been investigated for the calculation of heat, momentum, and mass transfer in
rough-wall turbulent boundary layers. Emphasis is placed on the high-speed flow regime. Of particular interest
is the turbulent kinetic energy model, which has been modified to incorporate a two-phase flow concept such
that the formulation allows explicit consideration of the effects of roughness shape, pattern, and density. The
assessment consists of comparisons between numerical results and experimental data. These preliminary results
suggest the following: 1) a local roughness-induced heating reduction is possible in high-speed flow; 2) the
specification of nominal roughness height alone is not sufficient to define the rough-wall geometry charac-
teristics; and 3) a strong Mach number effect on rough-wall heat transfer and shear stress distributions may
exist. More accurate and complete data are needed in the high-speed regime to verify advanced numerical models
of the type considered herein, which are required to adequately predict high-speed rough-wall boundary-layer
behavior.
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Nomenclature
roughness elements spacing (see Fig. 1)
Van Driest damping constant
constants defined in Eq. (1)
drag coefficient
smooth-wall drag coefficient

= roughness element local diameter
= turbulent kinetic energy
= heat-transfer coefficient
= roughness height
= kur/v
= thermal conductivity
= eddy conductivity
= spacing between two adjacent roughness elements
= mixing length
= &tT/v
= Mach number
= Nusselt number
= pressure
= radial distance in cylindrical coordinate

= Stanton number
= temperature
= recovery temperature
= wall temperature
= velocity components in the boundary-layer coordinate

= W / W T
= logarithmic velocity shift caused by roughness
= mass injection velocity at the surface
= boundary-layer surface coordinates

= roughness elements occupied area/total area
= specific heat ratio
= boundary-layer thickness
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= viscosity
= eddy viscosity
= v/p

. = density
= shear stress
= specific turbulent dissipation rate

Introduction

THE impact of wall roughness on the determination of
boundary-layer properties has long been recognized.

Although this specific topic has been the subject of extensive
research, emphasis has been placed on the low-speed flow.

In Nikuradse's pioneering work1 on turbulent in-
compressible flows through rough pipes, he introduced the
concepts of the 1) hydraulically smooth (i.e., k+ <5), 2)
transitionally rough (5<A:+<60), and 3) fully rough
(k + >60) surfaces. Nikuradse's experimental measurements
were devoted exclusively to commercial sand grain roughness.
Therefore, the applicability of his results to other types of
wall roughness is uncertain. Schlichting1 introduced the idea
of "equivalent sand grain roughness" such that Nikuradse's
data on rough-wall skin friction still can be used.

The important experimental observation concerning the
velocity profile is that the roughness effect is confined to the
inner region of the boundary layer. The velocity defect law is
still universally valid, even in the presence of surface
roughness. The influences of roughness on the law of the wall
are manifested by a shift in t{ie logarithmic profile, i.e.,

or
+ C-Aw

u+ = 2.5\og(y/k)+B(k+) (1)

where B = roughness functions and Aw = logarithmic velocity
shift caused by roughness. For a fully rough wall, Eq. (1)
assumes the form

u+ = 2.5\og(y/k)+8.5 (2)
Usually, B and Aw are deduced from experimental
measurements. Very little has been done to develop a physical
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model from which B can be derived. At the present time, it is
fair to state that our total knowledge of the effect of sand
grain roughness is contained in Eqs. (1) and (2). One subtle
difficulty in using Eq. (1) is the uncertainty of specifying the
origin of y such that a linear logarithmic relation can be
established. However, it is generally true that y = Q is located
between the top and the bottom of the roughness elements.

Lieppman and Goddard2 were the first to notice that the
skin friction of a fully rough wall can be evaluated from the
form drag of individual protuberances. This observation is
significant for many prediction schemes, including those of
the present formulation.

When experimental results are presented to demonstrate the
effects of roughness on heat transfer in low-speed flow, they
are often reported in terms of a sublayer Stanton number3

which, in a way, is analogous to the role played by the form
drag for momentum transfer on rough walls.

The influence of compressibility on the roughness effects
has been investigated by Goddard,4 who reached the
following conclusions: 1) for a fully rough and adiabatic wall,
the compressibility effects are accountable through a
reduction in the flow density at the wall with increasing Mach
number; 2) the skin friction enhancement Cf/CfQ is the same
function of roughness Reynolds number k+ as in an in-
compressible flow; and 3) the shift in the logarithmic velocity
profile Aw is a function of k+ and is again identical to the
incompressible case. The implication of Goddard's results is
that the effect of roughness for compressible flow can be
formulated in a fashion similar to that of the incompressible
case if the pertinent parameters are evaluated based on local
flow properties at the wall.

Holden5 has obtained rough-wall heat-transfer data in
hypersonic flow (M00 = 11.3). His measurements reveal that
the heat transfer on a slender cone at zero yaw is smaller on a
10 mil rough wall than on a smooth wall. These are unex-
pected results. Recently, another set of data taken at NSWC
Tunnel 96 (Mw = 10) indicated that the heat transfer is always
higher on rough walls. Obviously, these two sets of data lead
to a completely different conclusion and cannot be explained
based upon the previous knowledge of rough-wall boundary
layers just discussed.

Most of the existing analytical work7'12 is concentrated on
the empirical correlation of heating augmentation with
emphasis on the low-speed flow regime. Other more elaborate
mathematical models are found in Refs. 13-19. Usually, these
models were incorporated into a set of partial differential
equations comprising a boundary-layer description for which
finite-difference solutions were obtained. This made it
possible to monitor model effects on boundary-layer structure
via detailed boundary-layer profiles while making com-
parisons with skin friction or heating data. A certain degree of
success has been achieved with these predictive techniques.
However, one weakness in all these approaches is the neglect
of the roughness patterns and density in their formulation.

The implication of the above survey is clear. A com-
prehensive and systematic study is needed of the effects of
wall roughness on heat transfer for compressible turbulent
flows.

This paper documents the results and experience obtained
by using three different analytic models developed for the
rough-wall turbulent boundary layer. The following for-
mulations are considered: 1) the algebraic eddy viscosity
model,14 2) the modified turbulent kinetic energy (TKE)
equation, and 3) the Saffman-Wilcox model.16 Among these
three methods, the modified TKE model,20 which is derived
from the concept of two-phase flow, takes into account the
roughness pattern and density distribution. These methods
are assessed by comparing computed results with ex-
perimental data for high-speed flow. One of our goals is to
resolve the anomalies introduced by the data of Holden and
Hill. Furthermore, sample results for the roughness effects
upon the surface pressure on a wedge are presented.

Formulation
In this paper, attention is restricted to roughness heights

Which are small compared to the boundary-layer thickness. As
a consequence of this limitation, the boundary-layer
assumptions remain valid, and calculation methods can be
based on the boundary-layer equations. In terms of the mass-
averaged mean quantities, the coupled set of equations
describing compressible boundary-layer flow over axisym-
metric bodies are as follows

(pur)x + (pvr)y = 0
I dpuux+pvuy=—px + — —

(3)

The corresponding boundary and initial conditions are

y±0, u = v = 0, T=TworTy = 0

y-+oor u-+ue, T-~Te

andx='x0, u = u(y), T= T(y).
Three different methods shall be used to evaluate the eddy

viscosity and eddy conductivity (i.e., /z/ and Kt).
Algebraic Model

The Reynolds stress is assumed to be proportional to the
mean shear with the eddy viscosity as the proportionality
factor, i.e.,

where e=(2uy and £= mixing length. Over a smooth wall, the
inner region of the boundary layer £ can be specified as

(5)
where A = Van Driest damping constant, y+ =yur/v, and
UT=\!T/P. While in the outer region of the boundary layer, £is
assumed to be equal to 0.096. On a transitionally rough
surface (i.e., k + = kuT/vw<60), Healzer et al. 14 have
proposed that the mixing length £ remains the same in Eq. (5),
except A is modified by

A=26(4.007-enk+)/f, k+ >2

where /is a surface material-dependent constant. For a fully
rough wall, i.e., k+ >60, £is further modified as

=faT/vw = [ (0.4y + -46) /39] 2 -0.05325]

In the Healzer et al. model, the effects of mass injection and
pressure gradient are implicitly influenced by the evaluation

Recently, Dahm 13 suggested a unified mixing length model
for both smooth and rough walls with mass injection. His
relation is derived from a large set of accurate data and
assumes the following form

d£+ /dy + = [0.4y + - ( f + - f + ]

x [ l + ( V w / u T ) ( u / u T ) ] » / 11.83

where £w is a constant that depends on k + only.
The eddy conductivity is calculated from the definition of

turbulent Prandtl number, i.e.,

Prt=»tCp/Kt
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Both Prt = const and Pft =Pr,(y) are examined in the present
formulation. In particular, Dahm's correlation for rough-
wall turbulent Prandtl number is employed in the numerical
computations.

Both the Healzer et al. formulation14 and Dahm's model13

assume the eddy viscosity is nonzero at the fully rough wall.
Also, the location at which y = Q is somewhat uncertain.
Dahm suggested setting u = 0 at a distance of two-thirds the
roughness height above the base of the roughness element.
Finally, it should be pointed out that this simple algebraic
model does not explicitly take into account the roughness
shape, density, and pattern.
Saffman-Wilcox Model

In the Saffman and Wilcox16 formulation, the eddy
viscosity is evaluated from

2 = specific turbulent
determined by the

where E- turbulent kinetic energy and
dissipation rate. Here, E and Q are
following differential equations, i.e.,

where

a. = solid-phase area ratio = roughness area/total area
£ = average center-to-center spacing of roughness elements
d = roughness element cross-sectional diameter
h = heat -transfer coefficient
T* = adiabatic wall temperature
CD = form drag coefficient

The eddy viscosity and eddy conductivity are expressed in
terms of the TKE, e, and the turbulent Prandtl number Prt,
i.e.,

(11)C^=0.2383

where e is calculated from the following equation:

(l-a)puex+(l-a)pvey=(l-a)pe**eCl;U2
y.

(6)

and
= [C4 \ uy

where C,=0.3, C2 = 0.09, { = 2.5, C5=0.5, C4= 0.333, and
C5=0.15. Roughness effects arise through the specification
of the boundary conditions, i.e.,

= 0, E=0

SR = (36/k+ (8/k (7)

The physical interpretation of these surface boundary con-
ditions is that the presence of wall roughness results in a
vortical layer near the surface. However, as j>—0, n( ap-
proaches zero as well. Note that in this model there is no need
to specify the length scale L Herein, the specification of I is
replaced by the calculation of 0 and the specification of
several constants in its governing equations.

Modified TKE Equation Model—A Two-Phase Flow Model
This method employs the concept of two-phase flows to

evaluate the flow properties over the rough wall. In terms of
the mass-averaged mean quantities, the basic equations
describing the compressible boundary-layer flow are

(pur(l-a)]x+[pvr(l-a)]y =

(I-a)puux + (l-a)pvuy + (l~a)px

(8)

Py=0

and

(l-<x)puCvTx+(l-a)pvCvTy + (l-oc)p[ux

r dy

, d
S7 (10)

(7-a) [3.93p(e/t2)+pC]0(e3'2/D

— —

vy + v/r)(C1]M2/y-2/3)(l-a)

+ qupu3(d/£2) (12)

where C10 = 0.3777, Cn = 8/1 1 , M is the local Mach number,
7 the specific heat ratio, £ the characteristic turbulence length
scale, qu= 0.04, and

JouteT = 0.20695

where ^inner and £outer are used for Hn their respective regions
of validity. The term qupu3(d/£2) represents the TKE
generation which occurs due to the wakes of the roughness
elements. A dissipation term could also be included; however,
Finson and Wu15 found that it had little effect upon the
turbulent flow properties.

The boundary conditions for e are estimated from the one-
dimensional Couette flow approximation which yields

x [7-

Here, tw is estimated from Dahm's correlation which was
deduced from the data of Nikuradse and Healzer et al.
Equations (9) and (10) are essentially the basic system for two-
phase flows. Herein, the solid phase is always stationary (i.e.,
us = Q, TS = TJ. The extra terms, underlined in Eqs. (9) and
(10), represent the form drag and heat sink due to the
existence of the roughness elements. In general, the local drag
coefficient CD and heat-transfer coefficient h depend on the
local flow Mach number, Reynolds number, wall tem-
perature, roughness dimension, and roughness density. In this
formulation, the effects of roughness pattern and density are
modeled through a, d, £, CD, and h.

Lieppman and Goddard were the first to recognize that the
skin friction of a fully rough wall can be estimated from the
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SIDE VIEW

Fig. 1 Drag coefficient vs Red for staggered banks of tubes.

V
TOP VIEW (cross-section at C-C)
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Fig. 3a Schematics of two-phase flow model for rough-wall
boundary layers.

a l y l

Fig. 2 Drag coefficient vs Red for in-line banks of tubes.
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Fig. 3b Simple coefficients for various roughness characteristics.

drag of individual roughness elements. Finson and Wu, as
well as Adams and Hodge, have incorporated this idea into
their formulation. However, the convective heat-transfer
term, i.e., h(T* - Tw), was not included. Also, their model is
asymptotic to ours only in the limit of the void ratio a-*0. An
analytical model similar to Eqs. (9) and (10) has been used by
Chen et al.21 to study the phenomena of transition from
laminar to turbulent flow. But they too neglected the con-
vective heat transfer between the roughness element and the
gas.

The two-phase flow model employed in the turbulent
kinetic energy equation model also can be incorporated into
the other two formulations (i.e., Saffman's model and the
algebraic eddy viscosity model). However, it is not clear how
the existing empirical correlations [i.e., Eq. (7)], developed
for the rough-wall Saffman and Wilcox model, would be
modified in the two-phase flow approach. A deeper con-
sideration appears necessary before those models are com-
bined with the two-phase flow concept. On the other hand,
the modified TKE formulation is considered to possess
the potential for exploring problems with turbulent
nonequilibrium effects. Also, the Mach number effects are
explicitly included in the equation of the TKE model. Based
on this reasoning, the TKE model in the two-phase flow
approach was adopted for this study.

Definitions of Cy, St, h and CD

Before the numerical results are discussed, definitions of
rough-wall shear stress and Stanton number shall be defined.
For the algebraic eddy viscosity and Saffman-Wilcox models,
Cf and St are calculated from the following relation

In the Saffman-Wilcox formulation, ^,=#,=0 at .y = 0. In
the modified TKE model, these definitions become

St=[(l-a)(K+Kt)Ty

-TJdy [pu(CpT*-CpTw)]

The form drag coefficients CD, used in Eq. (9), are depicted in
Figs. 1 and 2 which are obtained from Zukauskas' ex-
perimental results22 for flows through banks of tubes. The
corresponding heat-transfer coefficient h is evaluated from
the Nusselt number, i.e.,

Nu = hd/K
and the values of Nu are determined from the measurements
of Ref . 22 which are summarized below

St=[(K+Kt)Ty]w/pu(CpT*-CTw)

Nu = 0.8Re°/Pr0-36

2)102<Re<103

a/b<2, Nu =

a/b>2, Nu = 0.4Re°d-6Pr0-36

Here, alb represents the effects of roughness spacing (see
Figs, land 2).

3)103<Re<2xl06

Nu = 0.27Re°/3Pr°-36
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NUMERICAL RESULTS
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— ALGEBRAIC EDDY VISCOSITY
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Fig. 4 Comparison of three methods in predicting surface heat
transfer (Keel's data).
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Fig. 6 Prediction of boundary-layer thickness by modified TKE
model.
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Fig. 5 Comparison of three methods in predicting surface heat
transfer (Holden's data).
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Fig. 7 Computed pitot pressure profiles by modified TKE model.

The gas properties in the above expressions are evaluated at
the Eckert reference temperature.

The definition of roughness void ratio 1 - a is illustrated in
Fig. 3. For simplicity, two types of roughness elements are
considered: the hemispherical and conical shapes (see Fig. 3).

Results and Discussion
Numerical Solution of the Governing Equations

The governing compressible, time-averaged boundary-layer
equations are discretized into linearized finite-difference
forms. These are solved by an iterative, implicit marching
integration scheme based on tridiagonal matrices. Full details
of the numerical approach may be found in Ref. 23.

Figure 4 depicts the Stanton number on a 5 deg sharp cone
with a freestream Mach number of 5 as predicted by the three
methods. Both smooth- and rough-wall results are presented
and compared with Keel's experimental results.24 The three
methods predict the smooth-wall heat transfer within 15% of
the data, with the algebraic model giving the best estimate of
the heating. When the numerical models are extended to the
rough-wall case (k = 23 mil), the predictions are within 20% of
the data. It is interesting to observe that Keel's measurements
indicate no significant difference in heat transfer and shear
stress between k = 23 and 43 mil (where 1 mil = 0.0000254 m).

0.04

0.04

0.02

NUMERICAL RESULTS
(0.-0.2)

——— AD1ABATIC WALL
— — COLD WALL

10

x * 59.436 cm

O ADiABATIC WALL
• COLD WALL

Moo =2.5,

O.T2

0.06 *»

0.04

4 0

Fig. 8 Momentum thickness distribution for Keel's case.
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M =2.5, Tw=0.35T*

k = 43 mil = 1,0922 mm

' C,

Table 1 Roughness characterization25

Fig. 9 Predictions of surface heat transfer and shear stress by
modified TKE model.

0.05

0.04 -

0.03 —

0.02

35.0

a)

b)
Fig. 10 a) Variation of shear stress with roughness density; b)
variation of surface heat transfer with roughness density.

A comparison of numerical results with Holden's ex-
perimental measurements is illustrated in Fig. 5. One of the
models in Ref. 5 is a 6 deg sharp cone, and the freestream
conditions correspond to Mw = 11.3 and Re/cm = 3.6l x 105.
The algebraic and Saffman-Wilcox models predict a heating
augmentation on the rough wall. Only the modified TKE
model predicts a slight decrease (20%) in heat transfer when
the roughness elements are 10 mil high. This is an interesting
result since flolden's data also suggest the trend, i.e., surface
heating is lower on the 10 mil rough wall than on the smooth
surface. Based on this observation, further studies were
conducted with the modified TKE model and are reported
below.

Parameters ,
IfKmm
^maxif
^meanif̂
rms

°k
^mino
"^maxr>
^mean
^rms
a£

Grit-blasted
surface, mm

2.286 x 10 -3

0.1486
0.41326
0.05649
0.03881
0.03114
0.4745
0.19479
0.2292
0.1227

Bonded-grit
surface, mm

2.286 x 10 ~3

0.15088
0.05085
0.063
0.03736
0.01676
0.2659
0.0984
0.1095
0.04841

M = 2.5, Re/cm = 0.6562 x 1 (T
k°°= 43 mil =0 .109 mm
Tw/To = 0 . 3 5

0.18

r total

0 0.2 0.4 ' 0.6
ao

Fig. 11 Distribution of surface shear stress and heat transfer.

Determination of a
In the modified TKE model, it is necessary to specify the

roughness density which is defined as a = roughness occupied
area/total area. The value of a can be determined from the
profilometer measurements (e.g., Ref. 25). When this in-
formation is not available, a can be determined by comparing
the numerical results with experimentally measured bound-
ary-layer thicknesses or pitot profiles. For instance, Holden5

has measured the boundary-layer thickness on the cone
surface (see Fig. 6). A series of numerical computations was
made with a. as a parameter. Figure 6 depicts the d distribution
for several values of ot. It is found that a. = 0.2 and 0.6 will fit
Holden's 4 and 10 mil data, respectively. These a values were
used in estimating the heat transfer and shear stress for .
Holden's tests.

In the case of Keel's data, no measurement was made of
boundary-layer thickness. However, Keel has presented the
pitot profiles (& = 43 mil) and the inferred momentum
thickness distribution. Figure 7 illustrates the predicted pitot
profiles for different values of a. The data in Ref. 24 is also
shown. Here, the modified TKE model gives the best
agreement with data for a = 0.2. With a = 0.2, the
correspondingly predicted momentum thicknesses are shown
in Fig. 8, and it compares reasonably well with Keel's inferred
d values. Unfortunately, Keel did not present any pitot profile
data for the k = 23 mil case. As a result of this exercise, o; = 0.2
is assumed to correspond to k = 23 mil.

Experimental Information on the or Distribution
Although Holden's and Hill's data are similar in freestream

conditions and model geometry, differing conclusions



MARCH 1982 MODELS FOR HIGH-SPEED, ROUGH-WALL BOUNDARY LAYERS 331

regarding roughness effects (i.e., heating augmentation or
reduction) can be deduced from their measurements. Certain
subtle differences exist between these two sets of data. For
instance, Holden applied the thin-film technique to measure
the heat transfer, while Hill used thermocouples. Also, the
methods of inserting the roughness elements on the model
surfaces differed somewhat. In Ref. 25 an extensive in-
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Fig. 12 Prediction of surface heat transfer by modified TKE model
(HilPsdata).

vestigation was conducted on the characteristics of grit-
blasted and bonded-grit surfaces.

Foster, Read, and Murray25 measured the roughness
height, spacing, shape, and density. Statistical analyses were
used to find the mean and standard deviations. Table 1
(obtained from Ref. 25) suggests an interesting result. Note
that the roughness density can be significantly different as
reported by the two methods, even for similar roughness
heights. For example, the bonded-grit surface gives

a=(ir/4)d2/£2 =0.677

while the grit-blasted surface yields a = 0.191. In this specific
example, we find that the a for the bonded-grit surface is
significantly larger than that for the grit-blasted surface, even
though their &rms are about the same.

Variation of Cj- and St with a
Figures 9 and 10 depict the variation of surface heat

transfer and drag with respect to a for the Holden and Keel
cases, respectively. In the low Mach number case (Mw =2.5),
note that rough-wall shear stress is always larger than smooth-
wall values, no matter what the magnitude of a is. The rough-
wall Stanton number can be lower than the smooth-wall when
a>0.6. For hypersonic flow the smooth-wall surface drag
and heating can be larger than their rough-wall counterpart
when a assumes certain values (see Fig. 10). This trend
suggests a Mach number effect.

There are several contributors to the surface drag and heat
transfer. This is demonstrated in Fig. 11 which indicates that
the form drag term [i.e., \l/ipu2CD(d/£2)dy] is the im-
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Fig. 13 a) Prediction of surface heat transfer by modified TKE model (Keel's data, M^ =2.5). b) Prediction of surface drag by modified TKE
model (Keel's data, M^ = 2.5). c) Prediction of surface heat transfer by modified TKE model (Keel's data, M^ = 5). d) Prediction of surface drag
by modified TKE model (Keel's data, M^ = 5).
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Fig. 14b Prediction of surface drag by modified TKE model
(Holden's data).

portant contributor to the drag when a>0.2. This conclusion
is consistent with Lieppman's experimental observations. On
the other hand, the convective heat-transfer term for the
roughness elements [i.e., K = \h(T* - Tw)(d/£2)dy] is not
dominant as is the momentum sink term. However, it should
not be ignored completely, because A still contributes to 20%
of the total heat transfer at a =0.5.

Predictions for Hill's Data
The freestream conditions for Hill's data resemble

Holden's test environments. His test model consists of a 7 deg
cone more than 1.5 m (5 ft) long. Hill did not measure the
pitot profiles or the boundary-layer thickness; therefore,
under the present formulation, we could not determine the
value of roughness density a. Since Hill's rough-wall cones
presumably were made similar to Keel's model, it is
reasonable to use the same value of a = 0.2 in the prediction of
Hill's data.

Figure 12 depicts the comparison between the NSWC
Tunnel 9 results and the prediction of the modified TKE
model. The predictions of heating augmentation agree
reasonably well with experimental measurements at k = 65 and
37 mil. The modified TKE model overpredicts the smooth-
wall heat transfer by 10%, and it also suggests that a heating
reduction would occur for a 11 mil rough wall with a = 0.2.
Hill's data indicate a heating augmentation of k= 11 mil (see
Fig. 13).

It should be noted that the roughness density a is unknown.
For example, if a = 0.1 is assumed in the case of k= 10 mil, a
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Fig. 15 Flap surface pressure distribution.

slight heating augmentation is predicted by the modified TKE
model (see Fig. 12).

Predictions for Keel's Data
Keel's model consists of a 5 deg sharp cone upon whose

surface is distributed uniform sand grain roughness. Tests
were conducted at freestream Mach numbers of 2.5 and 5,
and length Reynolds numbers of 1-25X106. Experimental
data include the q, T, and pitot pressure profiles. The heat-
transfer measurements were obtained with a slug calorimeter-
type gage, and the skin friction data were made with internally
mounted, floating element skin friction balances.

The modified TKE model's predictions on pitot pressure
profiles and the momentum thickness distributions for the

> & = 43 mil case are presented in Figs. 7 and 8. The predicted St
and Cj- are depicted in Fig. 13 which includes the cases of
M^ = 5 and 2.5. From these figures, note that the variations
of rough-wall St (or Cf) with respect to Ree are weak. The
numerical results agree reasonably well with Keel's data. It is
interesting to observe there is no discernible difference in
heat-transfer and shear stress data between the k = 43 and 23
mil cases. The analytical predictions suggest the St for k = 43
mil (a = 0.2) would be 10% larger than the case for k = 23 mil
(a = 0.2). As mentioned earlier, the roughness density is not
known for the £ = 23 mil case (since there is no pitot pressure
measurement). The agreement between the experimental data
and the theoretical prediction is improved if ex = 0.15 is used
for the A: = 23 mil case (see Fig. 13b).

Predictions for Holden's Data
The test model is a 6 deg cone with uniformly distributed

roughness. The freestream conditions are M00 = 11.3 and
Re/cm = 3.6l x 105. The heat-transfer measurements were
obtained by the Calspan thin-film technique, and the drag
measurements were made by floating strain gage balances.

Holden has measured the boundary-layer thickness
distribution which is illustrated in Fig. 6. The modified TKE
model predictions on d are also shown in Fig. 6 as a com-
parison. The surface heat-transfer and drag measurements are
depicted in Fig. 14. This set of data is unique and con-
troversial, since it indicates that roughness would decrease
both the heat transfer and skin friction relative to that on a
smooth wall. The present theoretical model does predict the
roughness-induced heating and drag reductions. The
agreement between the experimental data and the numerical
results on heat transfer is encouraging. Our theoretical results
on wall shear stress overpredicts the data by 15-20%. Some of
Holden's measurements are not in the fully rough regime (i.e.,
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k + <70). This implies the need for further investigation, since
transitionally rough phenomena may have significant in-
fluence on the type of heat-transfer reduction being observed.

Roughness Effects on Flap Pressure
One technology issue for missiles using flap controls is the

effect of boundary-layer characteristics on flap performance.
Inviscid flow finite-difference calculations have been per-
formed with the initial profiles ahead of the ramp consisting
of a composite solution of the inviscid flow and the super-
sonic portion of the turbulent shear flow. Sample results are
demonstrated in Fig. 15 for a flap of 20 deg. Note that the
wall roughness significantly decreases the flap surface
pressure initially. Holden's data are also shown in Fig. 15.
The present numerical model predicts the flap wall pressure
distribution reasonably well, demonstrating an important
applications area in this type of modeling effort. With local
surface pressure reductions approaching 35%, the present
model could prove a valuable design tool.

Summary
Three distinct methods were used to study the rough-wall

boundary-layer properties, with emphasis on the high-speed
flow regime. Attention is focused on a turbulent kinetic
energy model which has been modified to include the two-
phase flow formulation. It allows explicit consideration of the
effects of roughness shape, pattern, and density. The
preliminary results suggest the following: 1) a local roughness
heating reduction is possible in high-speed flow; 2) the
specification of the nominal height of roughness alone is not
sufficient to define the rough-wall characteristics; 3) the
roughness element form drag is the major contributor to the
rough-wall shear stress; 4) there may be a strong Mach
number effect on rough-wall heat-transfer and shear stress
distributions; and 5) surface roughness may significantly
reduce the surface pressure on the initial portion of a high-
speed flap. ^

Our numerical results also imply that more accurate and
complete data are needed in the high-speed flow regime to test
advanced numerical models of the type considered herein
which are required for more reliable predictions. The ex-
perimental measurement should include surface pressure, heat
transfer, wall shear stress, pitot pressure profiles, and total
temperature distributions.

In summary, the present modeling effort has provided an
explanation for anomalous heat-transfer phenomena. The
present approach has demonstrated the capacity for
discerning some rather subtle roughness pattern associated
phenomena in the high-speed flow regime. In addition, it has
been illustrated how the added flexibility and detail of the
present approach can be used to define test regimes critical to
the understanding of roughness effects.
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