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Abstract-The parameters which control the momentum- and heat-transfer performance of a rough surface 
in a uniform channel flow are presented in a novel way. A new efficiency parameter is defined fnr optimisin 
this performance. Using a recently developed analysis a wide range of rough surfaces are investigated an ! 

design charts presented. 
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NOMENCLATURE 

effective width of roughness element; 
Stanton number roughness parameter 
defined by equation (9); 
characteristic separation length, = cs + cd; 
efficiency roughness parameter defined by 
equation (13); 
form drag coefficient ; 
hydraulic diameter; 
heat-transfer roughness function; 
height of roughness element; 
roughness Reynolds number; 
laminar sub-layer thickness, x 11.0; 
new efficiency parameter defined by 
equation (16); 
Prandtl number; 
turbulent Prandtl number, x09; 
momentum-transfer roughness function; 

Re(D), channel Reynolds number; 

St, Stanton number. 

Greek symbols 

I, friction factor; 

E, efficiency parameter defined by equation (10). 

Subscript 

s, refers to hydraulically smooth surface. 

1. INTRODUCTION 

THE PURPOSE of this paper is to present a method and 
design charts for evaluating and optimising the thermo- 
hydraulic performance of rough surfaces in channels 
where the concept of an equivalent hydraulic diameter 
is valid. Rough surfaces play an important role in many 
engineering heat-transfer problems [l] because they 
can make a particular heat-transfer device more 
efficient [2]. The fundamental parameters which 
control the momentum- and heat-transfer performance 
of a rough surface are the roughness functions [3] R 

and g, respectively. Until recently these were deter- 
mined solely by experiment and, because of the large 
number of independent variables which govern the 
performance problem, this has led to an enormous 
quantity of published, often inconsistent [4], empirical 
information. This makes it almost impossible to 
optimize or generalize this information. 

We attempt a more unified approach by making use 
of an analysis [5] which is based upon an approximate 
model of the separated flow over each roughness 
element. We use this to investigate the performance of 
a wide range of rough surfaces in a range of channel 
flows. The engineer or designer can use the results as a 
first approximation to find the surface which appears 
most suitable for his purposes. Then only a small 
number of fundamental experiments need be carried 
out to confirm or modify the predicted performance. 

2. BASIC ASSUMPTIONS AND LIMITATIONS 
OF THE ANALYSIS 

The analysis [5] applies strictly to the following 
situation: (i) the steady, fully-developed, turbulent flow 
of an incompressible, constant property, single-phase, 
Newtonian fluid; (ii) axial flow in a channel of constant 
cross-section with uniformly roughened walls and with 
anequivalent hydraulicdiameter D; (iii) a characteristic 
roughness height h very much less than D; (iv) a 
constant, uniform wall heat flux; (v) a Prandtl number 
of order unity or greater; and (vi) two-dimensional 
transverse roughness. The theoretical model was 
originally developed for a roughness having the form of 
equally-spaced, rectangular ribs, Fig. 1. The ribs were 
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FIG. 1. The physical flow over 
roughness elements and the ap- 

proximate models. 
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characterized by their geometry--pitch p, width b and 
height h-and a form drag coefficient CD. Separated 
flow regions at the front and rear of each element were 

characterized by a separation length c = cs+c4. The 

model was extended to other shapes, including three 
dimensional elements, by means of form drag co- 

efficients [6] for these elements and by invoking the 
concept of “equivalent-rectangular-rib-geometry”, Fig. 

2. This is estimated from the separated flow regions for 

the non-rectangular shapes. The concept becomes 
progressively more invalid for shapes which differ 
markedly from rectangular ribs, such as elements with 
very low values of CD. With these elements the 
separated flow regions are almost certainly no longer 
similar to those formed on rectangular ribs. 

Actual Eqwalent 

FIG. 2. Equivalent geometries and drag 
coefficients, after Hoerner [6]. 

Here, rather than taking specific shapes in the 
parameter study, we choose a range of representative 
form drag coefficients and a separation length together 

with a wide range of values for p, h and b. Resides the 
uncertainty in the theoretical prediction [S] this is the 
main weakness of the present approach; even though 

we can mathematically specify a value for CD and c/h 
it may be impossible to achieve these in practice. To 
reduce the number of independent variables involved a 
Prandtl number Pr = 0.66 is assumed throughout. 
Other values of Pr could have been investigated. 

3. THE INTEGRAL-PERFORMANCE EQUATIONS 
AND THEIR DEPENDENCE ON THE ROUGHNESS 

PARAMETERS 

The engineer or designer wishes to know by how 
much the integral parameters-friction factor i, 
Stanton number St and Reynolds number Re(D)-are 
affected by the surface roughness. We use the Prandtl 
two-layer integral model [7] for a turbulent pipe flow 

and the modified Reynolds analogy to obtain 
representative equations. 

For a smooth wall, 

(8/I,)“’ = 2.5{ln Re(D)(&/8)‘!‘/2) + 1.75 (1) 

and 

& = (8/~,)1~2{Pr,(8/~,)1~2+1~(Pr2’3-Pr,)} (2) 
s 

where Pr, (assumed = 0.9) is the turbulent Prandtl 
number and 1: (assumed = 11.63) is the laminar sub- 
layer thickness and subscript s refers to smooth wall 

parameters. 

For a rough wall, 

@/,I)‘/’ = 2.5 In D/2h + R - 3.75 (3) 

= 2.5 ln{Re(D)(1/8)“2/2h+} + R-3.75 (4) 

where h+ is the roughness Reynolds number and 

Re(D) = (8/~)“2h+D/h. (5) 

Finally, 

d = (8/A)“‘{Pr,(8/A)“2 + g -Pr, R} . (6) 

Once R and g are determined as a function of h+ the 
equations may be solved for the integral parameters. 
The roughness functions are given by 

R = R(h+, plh, h/b, clh, CD) (7) 

and 

g = g(h+, plh, 0, 0, CD, Pr) (8) 

these may be evaluated theoretically [S] or experi- 
mentally [3]. A major difficulty is the large number of 

variables involved. To present these in a clear manner 
and to bring out the important parameters the 
following novel approach is adopted. 

The parameter common to equations (lH6) is 1 and 
we choose this as our main independent variable. The 
equations are plotted in Fig. 3 with D/h, h+D/h and 
the Owen and Thomson [8] function B-r as secondary 

independent variables. B- 1 is defined as 

B-’ = g-Pr,R (9) 

and R, St and Re(D) are treated as dependent variables. 
The smooth wall equations and the laminar Hagen- 
Poiseuille equation are also shown on the graphs. 

4. THE EFFICIENCY OF A ROUGH SURFACE 

An important efficiency parameter [2] for rough 
surfaces is E defined by 

& E [st/st;l’/[n/n,] (LO) 

where St, and 1, are determined at the same channel 
Reynolds number as St and 1. It is often desirable to 
optimize E but, to do this, we need to know the 
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FIG. 3. Design chart for integral parameters 
I, St, Re(D) in terms of roughness parameters 

and D/h. 

independent variables for E. Eliminating Re(D) from 
equations (1) and (4) gives 

(8/#‘2 -(8/&)1/2 = 25 In (L/L,)1’2 

-(2.5lnh++5.5-R) (11) 

= 25 ln(l/l,)1’2 -C- l (12) 

where C-’ is defined by 

C-’ = 2.5lnh++5.5-R. (13) 

Hence, 

&=&(~,B-‘,C1) (14) 

and to optimize E we must solve equations (2), (6) and 
(12) to see how E varies with B- ’ and C- ‘. This was 
done for a wide range of representative values, and it 
was found, Fig. 4, that to a good approximation 

E = &(a, L- ‘) (15) 

where L- ’ , a unique optimization parameter, is defined 

by 

C’ z C-‘-B-’ = 2.5Inh+ +5.5-g-R(l-Pr,). (16) 

Very simply then, to maximize E we need a maximum 

FIG. 4. Efficiency of a rough surface as a function 
of I and roughness parameters. 

L- I. Furthermore, to compare different rough surfaces 
in different channels we need only compare values of 
L- ’ at the same 1. This is a rigorous method of 
comparison. Comparing values of E for different 
roughnesses at the same channel Reynolds number, the 
usual method, is conceptually not a valid comparison. 

5. PREDlCTlONS OF THE ROUGH-SURFACE 
PARAMETERS R, g, B-‘, C-l, AND C’ 

For a range of representative geometry parameters 
h+, p/h, h/b, for some representative values of c/h and 
Cr, and for Pr = 0.66, values of R and g were 
calculated [5]. B- ‘, C-r and L-’ were given from 
equations (9), (13) and (16). The results are presented 
in Figs. 510, where the chosen geometry parameters 
are specified. To avoid confusion some curves have been 
omitted. 

Values of R and B-’ presented in Figs. 5 and 6 
may be used to obtain St, I and Re(D), for a particular 
D/h, from Fig. 3. The value of R at h+ = 400 may 
be considered representative within the range 
100 < h+ < 1000. B-’ and values of R outside this 
range may be interpolated. 

The analysis indicated that maximum values of E 
occurred at h+ E 20, over the complete range of 
geometry parameters. This has also been suggested by 
experiment [2]. In Figs. 7-9 B-’ and C-’ are given. 
These may be used in conjunction with Fig. 4 or with 
equations (2), (6) and (12) to determine E accurately. 
Alternatively, values of L-’ presented in Fig. 10 may 
be employed, together with Fig. 4, as a guide to E and 
an optimum roughness. 

6. CONCLUDING REMARKS 

Performing experiments to determine the thermo- 
hydraulic performance of a rough surface is a difficult 
and expensive procedure, further complicated by the 
wide range of different correlating procedures that may 
be employed. Here, by means of an analysis based upon 
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FIG. 5. Roughness parameters R and B-’ 
as a function of roughness shape and 

distribution. 

FIG. d Roughness parameters R and 
B-’ as a ftinction of rou~bn~§ shape 

and d~tribution. 

FIG. 7, ~oughness~~ameters K” and 
C-” as a function of roughness shape? 

and distribution. 

FTO. 8. ROU&BSS parameters B- ’ and 
C-’ as a fun~ion of roughness &ape 

and distribution, 

an approximate model of the separated flow over each for choosing future experiments; eitkr to improve the 
roughness element, we have tried ta unify the approach theoretical model or to modify the present predictions. 
to rough surfaces. A new optimization parameter L- ’ We may use the results presented here to extrapolate 
has been defined and design charts for a wide range of experimental information and to investigate c&design 
representative surfaces have been presented. These situations. Also, we can draw some tentative 
charts should be considered as a guide and as a basis conclusions. 
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FIG. 9. Roughness parameters B-’ and 
Cm1 as a function of roughness shape 

and distribution. 

For an optimum efficiency the situation changes. A 
value of h+ x 20 appears to be an optimum condition, 
and sharp edged ribs are not the most efficient. It seems 
that L- ’ and hence E increases with decreasing CD. Not 
too much emphasis is placed on this trend at CD values 
much lower than about 0.9 because the separated flow 
regions for streamlined bodies are not similar to 
those found on rectangular ribs. A CD around 0.9 is 
probably the most efficient with, again, p-b z c. As 
the roughness is more closely packed, or p/h is reduced, 
a tendency is evident for J!- ’ to increase above its value 
at p - b x c. Again not too much emphasis is placed on 
this trend because L-’ is formed from a difference 
between two numbers of similar magnitude, both of 
which are very sensitive to the geometry of the closely 
packed elements. These trends can only be established 
by careful experiments. 

h 

It appears that stagnation regions play the most 
important role as far as augmenting the heat transfer 
from a rough surface [5]. However, the number of 
stagnation regions which can be incorporated per unit 
area of surface is limited by the re-attachment of the 
separated flows; if elements are too closely spaced the 
preceding element shields the next element down- 
stream. As a suggestion for a possible hybrid, efficient 
roughness form Fig. 11 is presented. For an efficient 

Shear flow 
. 

Aerofal 

Separated flow 

FIG. 11. A hybrid roughness form. 

FIG. 10. The efficiency parameter L-’ as 
a function of roughness shape and dis- 

tribution. 

To achieve high Stanton numbers, irrespective of the 
friction factor, low values of R coupled with a small 
D/h are required. This is best achieved with a rough- 
ness having a high &---sharp edged ribs, say-with 
a cavity width p - 6 z c. Then operate at as low a value 
of h+, to give a small B- ‘, consistent with the require- 
ments of a hydraulically rough surface. 

surface we need to turn the flow towards the surface to 
form stagnation regions without paying for the loss of 
momentum or form drag caused by entrainment. The 
entrainment could be replaced by an efficient aerofoil 
which turns the flow as shown. 
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OPTIMISATION DU REGIME THERMOHYDRAULIQUE DES SURFACES RUGUEUSES 

RCumd-Les paramttres qui dtterminent le regime des transferts de quantite de mouvement et de chaleur 
entre un fluide et une paroi rugueuse dans un canal a section constante sont prbentb dune facon 
originale. On definit un nouveau parametre cl’efficacitt pour optimiser ce regime. En utilisant une nouvelle 
methode d’analyse, rtcemment developpke, on examine une large gamme de surfaces rugueuses et on 

prbente les rbultats sous forme graphique. 

OPTIMIERUNG DER THERMOHYDRAULISCHEN AUSBILDUNG 
RAUHER OBERFLACHEN 

Zusammenfassung-Die Parameter, welche das Stromungs- und Wtirmetibergangsverhalten einer rauhen 
Oberfllche in einem gleichfijrmigen Kanal beschreiben, werden auf eine neue Art dargestellt. Fur die 
Optimierung rauher Oberfllchen wird eine neue Wirkungsgrad-KenngrGDe definiert. Ein groDer Bereich 
von rauhen Oberfllchen wird mit Hilfe einer neu entwickelten analytischen Methode untersucht, und die 

ftir die Berechnung notwendigen KenngrijBen werden grafisch dargestellt. 

OTITMMM3AUMR TEPMOI-M~PABJIWYECKMX XAPAKTEPEICTHK IIIEPOXOBATbIX 
IIOBEPXHOCTE8 

AlnlOTaqHR - IIO-H~B~M~ npenCTaBneHbI napaMeTpb1, OnHCbIBaromWe XapaKTepHCTAKA nepeHoca 
KOnHHeCTBa ABH)KeHHII H Tenna mepOXOBaTbIX nOBepXH0CTer-k lTpH OnHOpOAHblX TeYeHHIIX B KaHanaX. 
GnpenenBeTCB HOBbIii lTapaMeTp 3~~eKTABHOCTW npH OnTHMH3aWiH 3THX XapaKTepHCTHK. G no- 
MOmbtO HenaBHO pa3pa60TaHHOk MeTOAHKH HCCnenyeTCR uenblfi pRn YlepOXOBaTblX nOBepXHOCTeti 

A npRBOjVtTCff paCHeTHble rpa@HKSi. 


