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Abstract-Artificial roughness is often used in nuclear reactors to improve the thermal performance of 
the fuel elements. Although these are made up of clusters of rods, the experiments to measure the 
heat-transfer and friction coefficients of roughnesses are performed with single rods contained in smooth 
tubes. The paper illustrates a new transformation method to obtain data applicable to reactor fuel 
elements from these annulus experiments. New experimental friction data are presented for ten rods, 
each with a different artificial roughness made up of two-dimensional rectangular ribs. For each rod 
four tests have been performed, each in a different outer smooth tube. For two of these rods, each for 
two different outer tubes, heat-transfer data are also given. The friction and heat-transfer data, trans- 
formed with the present method, are correlated by simple equations. In the paper, these equations are 

applied to a case typical for a Gas Cooled Fast Reactor fuel element. 

NOMENCLATURE 

Geometrical parameters 

A, 

b, 
a, 
Q 
4, 

D2, 

Dht 

PI> 
p, 
r, 

r0, 

r1, 

12, 

4 

S Ir 

s2, 

cross section area of the coolant channel 
(of a tube, of an annulus, and of the unit cell 
or subchannel of a rod bundle) [cm2]; 
width of the roughness rib [cm]; 
diameter of the rod in a rod bundle [cm]; 
diameter of the tube [cm]; 
diameter of the inner cylinder of the annulus 

Cf=l; 
diameter of the outer cylinder of the annulus 

EmI; 

= T, hydraulic diameter of the coolant 
channel [cm] ; 

height of the roughness ribs [cm]; 
height of the Nikuradse sand roughness 

[ml; 
axial pitch of the repeated roughness ribs 

Cali 
pitch of the rods in a rod bundle [cm]; 
wetted perimeter of a coolant channel [cm]; 
radial distance of considered cylindrical 
surface from the axis of symmetry [cm]; 
radius of the zero-shear-stress line in an 
annulus cross section [cm] ; 
mean volumetric radius of the inner rod 
averaged over total length of the rough 
surface [cm] ; 
radius of the outer cylinder of the annulus 

Cali 
tube radius [cm]; 
outer surface of 10 cm length of the inner 
tube of the annulus [cm2]; 
inner surface of 10 cm length of the outer 
tube of the annulus [cm’]; 
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=rdr2; 

= r0ir2; 
axial distance parallel to the flow [cm]; 
radial distance from the wall of the 
considered point [cm]; 
radial distance between the wall and the 
surface of zero shear [cm]; 

Gas properties 

CP, specific heat at constant pressure [cal/g”C]; 

k, thermal conductivity [&/cm s “Cl; 

YT specific heat ratio [dimensionless]; 

v, kinematic viscosity [cm2/s]; 

P, density [g/cm’]. 

Temperatures 

T 

L 

T E, 

T T, 

Tw, 

T Wm 

Th/z, 

7-2, 

temperature of the gas at the considered 
circumference [K]; 
TT -(u6/2. 107Jcp) = absolute static bulk 
temperature of the gas [K]; 
absolute total gas temperature at the test 
section entrance = absolute static gas 
temperature at the entrance (because the gas 
velocity is very small there) [K]; 
TE + (Q,/Mc,) = absolute total bulk 
temperature of the gas [K]; 
absolute temperature of the wall of the inner 
tube [K]; 
absolute temperature of the wall of the outer 
tube [K]; 
arithmetic average between the temperature 
of the rough surface TW and the temperature 
for y = h, as defined by the logarithmic 
temperature profile [K] ; 
gas bulk temperature of the inner region of 
the annulus [K] ; 
gas bulk temperature of the outer region of 
the annulus [K]. 
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Other physical parameters 

k 

J, 

M, 
P? 

Q#3 

43 
4 e, 

qs* 

4#13 

4#Z? 

41, 

4 I’ 

4blT 

4b2, 

u, 
UB, 

%ll,X 

Ul, 

u2, 

Y 

u*, 

El, 

62, 

El29 

6, 

7, 

Elf, 

&MM, 

convective heat-transfer coefficient between 
inner tube surface and gas bulk 
[cal/cm’ s “C] ; 
conversion factor from heat units to work 
units = 4.187 [W s/Cal]; 
mass flow rate of gas [g/s]; 
absolute static pressure of the gas 
[dyne/cm2]; 
quantity of heat given to gas from entrance 
to the considered cross section of the annulus 

[Cal/s] ; 
heat flux [cal/cm2s]; 
heat produced by Joule effect in a segment 
equal to 10 cm in length of the inner tube 

[Cal/s] ; 
heat given to gas in 1Ocm length of the test 
section [Cal/s]; 
heat given to gas directly by the inner tube 
in 10 cm length of the test section [cat/s]; 
heat given to gas by the outer tube in 10cm 
length of the test section [Cal/s]; 
heat lost radially by conduction through 
insulation for 10 cm length of test section 

[calis] ; 
heat transmitted radially by radiation from 
inner tube to outer tube for 1Ocm length of 
test section [Cal/s]; 
heat given to gas directly by inner tube per 
unit surface [cal/cm2 s]; 
heat given to gas directly by outer tube per 
unit surface [cal/cm2s]; 
velocity of the gas [cm/sJ; 
= M/APB, velocity of the bulk of the gas 
[cm/s]; for constant cp : uB = u; 
velocity for r = r. [cm/s]; 
velocity of the bulk of the gas in the inner 
region of annulus [cm/s] ; 
velocity of the bulk of the gas in the outer 
region of annulus [cm/s]; 
average velocity of the gas in a section 

[cn-dsl; 
(z/p)+, friction velocity [cm/s] ; 
total emissivity of the outer surface of inner 
tube [dimensionless]; 
total emissivity of the inner surface of the 
outer tube [dimensionless]; 

1 

= l/El fS1/&(1/&2 - 1) 
[dimensionless]; 

Stefan-Boltzmann constant [cal/cm’ s K4]; 
shear stress at the wall [dyne/cm’]; 
average heat eddy diffusivity of the gas in 
turbulent Row [cm’/s]; 
average monumentum eddy diffusivity of the 
gas in turbulent flow [cm2/s]. 

Dimensionless groups 

A H, slope of the logarithmic temperature profile 
relative to a rough surface; 

slope of the logarithmic velocity profile 
relative to a rough surface; 
slope of the logarithmic velocity profile 
relative to a smooth surface; 
= 2r/pB& friction coefficient (or friction 
factor) evaluated at the gas bulk temperature 
T,; 
friction factor for circular smooth pipes 
(from Prandtl-Nikuradse universal law of 
friction for smooth pipes); 

G(h+, Pr), = G(h+) for gases, function of Dipprey 
and Sabersky inversely proportional to 
the roughness cavity Stanton number; 

G(h+)*, value of G(h$) defined by equation (58): 

dimensionless height of roughness ribs, 
roughness cavity Reynolds number; 

h;, 

dimensionless height of roughness ribs 
evaluated at the wall temperature Tw, 

roughness cavity Reynolds number 
evaluated at the wall temperature Tw; 

Ma, = &&‘p/p~)~, Mach number evaluated at the 
gas bulk temperature TB ; 

Nut = h&/kB, Nusselt number evaluated at the 
gas bulk temperature TB; 

Pr, 

Re, 

= I_, Prandtl number evaluate: at 
vB PB ‘$B 

kB the gas bulk temperature TB; 

= UBDh/VB, Reynolds number evaluated at 
the gas bulk temperature TB; 

Pr,, = s, turbulent Prandtl number; 
eH 

Rew, = UB&/Vw, Reynolds number evaluated at 
the wall temperature Tw; 

R(h+), constant in the turbulent velocity distribution 
of Nikuradse, equal to the gas velocity at the 
tip of the roughness ribs divided the friction 
velocity; 

R’(h+), asymptotic R(h+) value for small h/j 

values, not affected any more by h/j; 

R(h+)m> R(h+) value for h/f = 0.01; 

R(h+)l, 

R(c~h 

R(co)ol, 

St, 

=‘R(h+),, reduced to the value Tw/Ts = 1, 
i.e. to the isothermal value; 
value of R(h+) in the region of “fully rough 
flow”, where R(h+) is quasi constant; in 
Table 2 it has been calculated as an 
average of the values for h$ > 70; 
R(co) value reduced to Tw/TB = 1 and 
h/j = 0.01; 

= h/pBcpBUB, Stanton number evaluated at 
the gas bulk temperature T, ; 

t + , = (‘, - ‘)p’ cpBu* , dimensionless gas 
4s temperature; 
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+ u , = u/u*, dimensionless gas velocity; 
+ 

Y ) = yu*/vB, dimensionless radial distance from 
the wall. 

Subscripts 

No subscripts means generally that the gas 
physical properties have evaluated at the gas bulk 
temperature Ts; 

W, gas properties evaluated at the wall 
temperature T,; 

1,2, it refers to the inner and outer regions 
respectively of an annulus; 

max, maximum; 
is, isothermal; 
R rough; 

S, smooth; 
h/2, evaluated at the temperature Thll. 

1. INTRODUCTION 

GASES are not good heat-transfer media, due to their 
very low density. However, they have been extensively 
used as coolants in reactors due to their low neutron 
absorption and low chemical activity. Much effort and 
ingenuity has been devoted to the improvement of the 
heat transfer in gas cooled reactors to increase the 
core power density and thus reduce the electrical power 
generating costs. 

In the commercial gas cooled reactors this improve- 
ment has been achieved by means of extended heat- 
transfer surfaces (Magnok reactors) or by the so-called 
“artificial roughness” on the surface of the fuel element 
rods (advanced gas-cooled reactors). 

In the high temperature reactors even higher power 
densities are achieved by means of higher coolant 
pressures (up to 40-50atm) and much higher fuel 
surface temperatures (up to 1OOOC) made possible by 
the adoption of graphite as cladding and structural 
material. 

Gas cooled fast reactors should have power densities 
in the core two orders of magnitude greater than those 
present in high temperature reactors [l]. Although a 
considerable part of this increase is due to the lack of 
moderator in the reactor, much higher heat-transfer 
coefficients are still required, especially because the 
fuel surface temperatures are considerably lower than 
in HTR’s due to the use of metal, and not ceramic, 
cladding. This is achieved in part with higher gas 
pressures (pressures up to 80-130atm have been pro- 
posed), in part again by the use of the artificial rough- 
ness. This artificial roughness is made up of small ribs 
at regular intervals on the heat-transfer surface, which 
act as turbulence promoters breaking up the viscous 
sublayer in the fluid region nearest to the wall. Both 
the heat-transfer and the friction losses are increased, 
but an appropriate figure of merit, Sti/fR-where the 
Stanton number St, is a dimensionless number pro- 
portional to the heat-transfer coefficient and fR is the 
friction factor, proportional to the pressure drop-is 
generally greater for a “rough” surface than for a 
smooth one. The ratio St%/fR is generally called the 
“thermal performance” of the roughness [2,3]. 

2. PREVIOUS WORK: HEAT TRANSFER AND FRICTION 
FOR FLOW INSIDE ROUGH TUBES 

2.1. Friction forpow inside rough tubes: the Nikuradse 
sand roughness 

Although quite a few works had appeared previously 
[4-9, 111 the first important work on roughness was 
published by Nikuradse in 1933 [12]. This and the 
subsequent work of Schlichting [13] were essentially 
performed to investigate the problem of the drag 
exerted by water on the hull of ships. The approach 
of Nikuradse in his early work is, in our opinion, still 
the best today. 

Nikuradse had found in an earlier work on smooth 
surfaces [lo] that the velocity profile in fluids flowing 
in turbulent flow in smooth tubes could be described, 
at a certain distance from the wall of the tube, by a 
law of the wall based on the Prandtl hypothesis on 
mixing length and shear stress distribution in turbulent 
flow. Nikuradse’s law of the wall is : 

u+ = 2.5 lny+ + 5.5 for y+ > 70. (1) 

For flow inside tubes having a certain sand roughness 
on the surface, Nikuradse found that the dimensionless 
velocity distribution normal to the wall is given by: 

u+ = 2.5 In (y/h) + R(h+) (2) 

which can also be written as : 

u+ = 2.5 In (y+/h+) + R(h+) 

=2.51nyf-2.5lnh++R(h+) (3) 

i.e. the fluid velocity in presence of rough walls differs 
from the velocity in presence of smooth walls only 
by an additive factor, which becomes more important 
near the wall and is characteristic of the “microscopic 
geometry” of the roughness. With microscopic 
geometry of the roughness, we mean the geometrical 
parameters which define a particular roughness, such 
as for instance height, width, pitch and form of a 
transversal-rib-type of roughness, in contrast to macro- 
scopic geometry which is meant to be the general shape 
of the surface in contact with the fluid (tube, flat plate, 
annulus, rod bundle, rectangular channel etc.). 

The physical meaning of h+ and R(h+) is quite clear. 
h+ is the Reynolds number based on the height of the 
roughness and on the friction velocity [u* = (t/p)*] 
and R(h+) is the dimensionless flow velocity (related 
to the friction velocity) at the tip of the roughness. 

Nikuradse showed also that : 

for 0 < h+ < 5 R(h+) -2.5lnh+ = 5.5 (4) 

and equation (2) reduces to equation (1) valid for an 
hydraulically smooth regime; 

for h+ > 70 R(h+) = 8.5 (completely rough regime) (5) 

and for 5 < hC < 70 R(h+) varies with h+ (transition 
regime between the completely rough regime and the 
hydraulically smooth regime). 

By integrating equation (2) over y in the cross section 
of a tube, one has : 

ii+ =u+ ,,-3.75 (6) 
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and noting that 

and 

u&, = 2.5 In z + R(h+) (8) 

one obtains the friction factor for the fiow in a rough 
tube, i.e. the so called friction similarity law of 
Nikuradse: 

2 + 0 fR 
= 2Sln;+R(h+)-3.75. (9) 

Nikuradse’s roughness was geometrically defined by 
the height of the roughness grain only, because the 
grains of sand were glued to the wall as closely to 
each other as possible. Other types of roughness are 
defined by a greater number of geometrical parameters. 

Schlichting [I31 measured the friction factors of 
various roughnesses in rectangular ducts. To charao 
terize the roughness he used the equivalent sand 
roughness, that is the ratio h,/R of the Nikuradse sand 
roughness which gives a friction factor equal to that 
of the considered roughness. In a completely rough 
regime, one has from equations (5) and (9): 

2.~ln~+R(~‘~=2.5In~+8.5. (IO) 
s 

In present treatment we will use the parameter R(h+) 
to characterize a roughness, rather than the equivalent 
sand roughness h,/R, because from R(h+) one can 
obtain velocity distribution and friction comment, 
while the relationship between R(h+) and hs/R is not 
always so simple as indicated in equation (10). (For 
instance in the transition regime.) 

The method of Nikuradse to correlate its experi- 
mental data implied that the parameter R(h+) of 
equation (2) is independent of the macroscopic 
geometry and it is only dependent on type of rough- 
ness present on the surface (microscopic geometry). 

Schlichting (see chapters 20 and 21 of [14]) showed 
that equations (1) and (2) are valid with good approxi- 
mation for other macroscopic geometries besides the 
pipes, such as rectangular ducts or flat plates, at least 
not very far from the wall in this second case. This 
method therefore has the advantage, against the mere 
use of the friction factor, to separate the effects of the 
roughness itself from the effects of the geometry of the 
surface which delimits the flow of the fluid. Thus for 
instance measurements in pipes can be extended to 
flat plates and vice versa by simple inte~ation of 
equation (2). We shall see later on, that R(h+) is not 
really completely independent of macroscopic geometry 
but we can regard this as a second order effect for 
now. 

2.2. Neat trumfer forjlow inside rough tubes: the 
Dipprey-Sahersky method 

Among the first experimental investigations on heat 
transfer for fIow inside arti~~iaIly rough tubes we 
should like to mention those of Chu and Streeter in 
1949 [15], of Sams [16] and of Nunner [17]. These 
data were given in terms of friction factors and Nusselt 
or Stanton numbers. 

In 1963 Dipprey and Sabersky published experi- 
mental friction and heat-transfer data, which they 
obtained for flow inside a tube with sand roughness 
surface [18]. Their method of correlating the heat- 
transfer results was similar to that used by Nikuradse 
to correlate the friction data. Although they do not 
state so explicitly, the main hypothesis of Dipprey and 
Sabersky is to assume that the dimensionI~s tem- 
perature distribution normal to the rough wall of the 
tube is given by: 

tS = 2.5 In (y/h) + G(h+, Pr) 

whereby by definition : 

(11) 

and Tw is the temperature of the rough surface; T is 
the temperature of the gas at the point distant y from 
the wall; cps is the average specific heat at constant 
pressure of the gas; pi is average gas density; 
u* = (7/~~)~ = friction velocity; and d$ is the heat flux 
from the rough surface to the gas. That is, the tem- 
perature profile in a cross section of a rough tube is 
assumed to be similar to the dimensionless velocity 
distribution of Nikuradse for a rough tube [equation 

@)I. 
The integration of equation (11) over y in the cross 

section of the tubes yields: 

i+ =2Sln~+G(h’,Pr)-3.75 (13) 

and where one considers that in analogy to the velocity 
[see equation (7)] : 

i+ _ ud21+ 
St, 

(14) 

one obtains : 

(f&2)+ 
~ = 2.5 In :+ G(h+, Pr) - 3.75 

Sts 
(15) 

analogous to friction similarity law of Nikuradse 
[equation (9)]. From equation (9) and (15) one obtains 
the Dipprey and Sabersky equation : 

fR __- 

2StR 
1 

G(h+,Pr) = R(h+)+-. 
URi2F 

The data of Dipprey and Sabersky for various Prandtl 
numbers and three different sand roughnesses were 
correlated quite well by the parameter G(h+, Pr). 
Accordingly, the experimental task of determining the 
heat-transfer coefficient, i.e. the Stanton number St,, 
is now reduced to that of obtaining the Function 
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G(h+,Pr), which depends on the two variables, h’, 
d~ensionless height of the roughness, and the Frandtl 
number of the fluid. Without this analysis SIR had to 
be regarded, for geometrically similar roughnesses, as 
a function of the three parameters h/D, Pr, Re. This 
simplification is analogous to the one which was made 
possible by the friction law in connection with the 
dete~ination off. Also implicit in this approach is 
that G(h+, Prfis a function of the microscopic geometry 
of the roughness only and that integration of equation 
(11) can yield Stanton numbers for other macroscopic 
geometries as well. 

Dipprey and Sabersky speculated that “the rough 
wall can be canny to consist of a series of small 
cavities of depth h and that the time-mean flow in 
and about these cavities consists of a pattern of one 
or more standing vortices”. For the fully rough flow 
regime they neglected the viscosity dependent shear 
stress acting on the wall, which is much smaller than 
the integrated axial component of the pressure forces 
on the roughness cavity walls, and showed that the 
function G(h+, Pr) is inversely proportional to the 
cavity Stanton number. They assumed that the Aow 
between the roughness elements consisted of small 
vortices and that the Stanton number for any of the 
short boundary layers in the cavity between the rough- 
ness elements could be expressed approximately by a 
relation of the type : 

St,i = k,iReaPPr-’ (17) 

where the subscript vi refers to the ith vortex in the 
cavity. By combining the effects of the different 
boundary-layer segments they finatly arrived at the 
relation: 

G(h+, Pr) = KII+~P~ (18) 

where K should have the same value for all the rough- 
nesses geometrically similar (same form, equal p/h and 
~/~) and p and q should be universal constants. From 
their own experiments with sand roughness K was 
found to be equal to 5.19, p and q to 0.20 and 0.44 
respectively. 

3. HEAT TRANSFER AND FRICTION FOR FLOW 
INSIDE ANNULI: THE TRANSFORMA~ON ~THDD 

The fuel elements of a gas cooled reactor, both 
thermal or fast are formed by clusters of rods, which 
are, in part or completely, provided with artificially 
rough surfaces. The walls of the subassembly shroud 
which contains the fuel pins are of course always 
smooth. 

Heat-transfer experiments with these fuel elements 
or fuel elements models, however, take a long time and 
arevery expensive. Furthermore, the experimental data 
for these complicated geometries are difficult to 
interpret and to generalize. The experiments are there- 
fore generally performed either with flow inside rough 
tubes, or with a single rough rod, where heat is 
generated electrically by Joule effect, contained in a 
smooth tube thermally insulated from the ambient. 

Mac~ning of roughnesses inside a long pipe is very 
difficult, therefore only a limited number of experi- 
ments with sand roughness or simple regular (or 
artificial) roughness has been performed. The most 
important of these have been examined in detail in the 
previous section. Much more frequent are experiments 
of the second type, called shortly experiments in annuli. 

The problem of transforming the friction and heat- 
transfer data obtained by annuli experiments to fuel 
element geometries, where the ratio between rough and 
smooth surface areas, and between areas of the sur- 
faces transmitting heat and adiabatic is quite different 
from that of an annulus, was originally tackled by Hall 
[19]. He assumed that the annular space of the cross 
section of the annulus could be divided into two 
regions, the inner affected by the inner rough rod, the 
outer by the smooth surface of the channel. The 
division line was given by the line of zero shear stress. 
Hall assumed that this line was coincident with the 
line of rn~~urn velocity, although this is not always 
true for turbulent flow, as we shall discuss later. Once 
the velocity distribution in the annulus cross section 
has been measured, the separation line of the two 
regions is defined and the friction coefficient of the 
inner region can be calculated, neglecting the outer 
surface of the inner region, because at this position the 
shear stress is assumed to be equal zero. Similarly the 
Reynolds number of the inner region can be calculated 
with the hydraulic diameter based on the surface of 
the inner rod only. Furthermore, assuming that the 
heat produced in the rod is going into the inner annulus 
region only-which is equivalent to assume that the 
line of zero shear stress and the adiabatic line are 
coincident-it is possible to calculate the hypothetical 
temperature distribution and the Stanton number of 
the inner region of the annulus from the measured 
temperature distribution in the Ruid. 

In such a way the boundary conditions of an infinite 
regular array of rough rods or of the flow inside a 
tube-where the coincidence of the adiabatic line with 
the line of zero shear stress is actually realized-are 
simulated. Thus it can be claimed that the experi- 
mental data so transformed can be applicable to an 
infinite regular array of rough rods, or to the central 
subch~nels of a real array, which are generally un- 
affected by the smooth walls of the shroud. containing 
the subassembly. For instance these transformed data 
can be used to calculate temperatures and pressures 
in the fuel subassembly of a gas cooled fast reactor 
which is formed by a large number of pins in a regular 
array, at least for the rods not directly adjacent to 
the subassembly wall. 

3.2. The Wilkie transformation 
The Hall transformation requires measurements of 

velocity and temperature profiles in the annulus cross 
sections. These me~urements are long and cumber- 
some and generally require much bigger test sections 
than those used for simple friction and heat-transfer 
measurements. Wilkie therefore proposed a simplified 
and empirical transformation method based on his 
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series of measurements of velocity and temperature 
profiles in annuli with a radius ratio equal to 0.5, with 
the inner surface roughened by transversal square ribs 
(in the range 5 < p/h d 15, 0.001 6 h/Dhl < 0.010, and 
8 x 10” < Rel < 1.3 x 106) [20]. Using the maximum 
velocity criterion for separation of the two regions of 
the annulus, Wilkie found that the ratio of the average 
flow velocities in the two regions of the annulus is a 
function of the ratio of the friction factor of the inner 
rough rod to the friction factor of a smooth pipe at 
the same Reynolds number (friction factor multiplier). 
When the friction factor multiplier is greater than five, 
the velocity ratio is constant and equal to 1.02. 
Similarly he produced graphs, correlating all his experi- 
mental results, giving the mean coolant temperatures 
on either side of the maximum velocity line as func- 
tion of the ratio of the temperature of the inner rough 
surface to the average gas temperature (C&/T,) and of 
the transformed Reynolds number of the inner region 
of the annulus (ReJ. Finally he obtained the friction 
factor of the outer smooth surface of the annulus as 
a function of the outer region Reynolds number and 
of the inner rough surface friction factor, and found 
a very strong influence of the inner surface on the 
velocity distribution in the outer region of the annulus. 
We will deal with this in more detail later in the paper. 

By the use of these graphs and empirical correlations, 
plus the conditions of continuity and of equal pressure 
in each cross section of the annulus, it is possible to 
transform the global data of the annulus to data 
referred to the inner rough region of the annulus only. 
The same procedure can be applied to use these data 
to predict friction and heat-transfer coefficients for 
clusters of rough rods contained in smooth shrouds 

WI. 

3.3. The Maubach transformation and the shift of the 
position of no shear 

The Hall and the Wilkie transformation methods 
are both assuming that in each cross section of the 
annulus the line of shear stress equal zero is coincident 
with the line of maximum velocity. Now, this is true 
with laminar flow and with turbulent velocity profiles 
symmetric in respect of the velocity maximum. These 
profiles occur with good approximation, for instance, 
with turbulent flow in annuli with relatively high radius 
ratios (r1/r2 > 0.3). But this is not true anymore for 
strongly asymmetric velocity profiles which occur in 
presence of an effective roughness at the inner surface 
of the annulus. Kjellstriim and Hedberg [22] explained 
theoretically and showed by experiment that indeed 
there was no coincidence between line of zero shear 
stress and line of maximum velocity in an annulus with 
a rough central rod, the position of no shear being 
shifted towards the outer smooth surface. In 1967 
Wilkie et al. [23] carried out friction factor measure- 
ments in rectangular channels with walls of identical 
and non-identical roughnesses. These experiments 
proved experimentally the breakdown of the Hall 
transformation. Wilkie attributed this breakdown to 
the shift in the position of no shear in respect to the 

position of maximum velocity and to the failure of the 
equivalent hydraulic diameter concept to correlate data 
from different shapes (in this context rectangular 
channel and annulus) exactly. 

In 1971 Maubach and Rehme [24] published col- 
lected experimental data of various authors which 
proved again the non-coincidence of the two lines in 
annular and rectangular channels with smooth and 
rough surfaces. Recently Rehme [25] has shown that 
this non-coincidence or shift exists also in smooth 
annuli with very low radius ratios. In this case however 
the shift of the position of no shear is in the direction 
of the inner smooth surface of the annulus. He explains 
this shift by the fact that in presence of non-symmetric 
velocity profiles there is a transport of turbulent 
kinetic energy from the more energetic outer region 
into the less energetic inner region of the annulus. The 
same reasoning, of course, explains the shift of the 
position of no shear towards the outer smooth surface 
of the annulus in presence .of an effective inner rough 
surface, because in this case the inner region of the 
annulus is the more energetic due to the enhanced 
friction at the rough inner surface. 

In 1969 Maubach [26,27] suggested for the annulus 
a transformation method which had already been 
implicitly used by Schlichting for rectangular channels 
[13]. Maubach assumes that the Nikuradse velocity 
profiles in tubes [equations (1) and (2)] are valid for 
the outer and inner regions respectively of an annulus 
with a central rough rod, and that the surface of no 
shear is given by the intersection of the two velocity 
profiles starting from the respective walls. Although 
mathematically at this intersection the velocity has a 
maximum, he shows that the agreement with the line 
r = 0 experimentally determined by Kjellstrlim and 
Hedberg is excellent. At the intersection of the two 
velocity profiles one has : 

%mx 
___ = 2.5 In 
(ZI/PIY 

(1% 

%n,x p= 
(W2Y 2s In 

(20) 

Integrating equations (2)and (1) one obtains the friction 
factors for the inner and outer regions of the annulus: 

($-- = 2.51n[T)+R(hi)-GI (21) 

where 

G1 = 
3.75 + t.25ro/rI 

1 + rO/rl 

G, = 
3.75Ko + 1.25ro/rz 

(241 
1+ f-o/r2 

\ , 

and K. = 1.0576 is an empirical factor which takes 
into account the viscous sublayer near the smooth 
surface in the integration. The conditions that at the 
intersection of the two velocity profiles the velocities 
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are equal [%aX of equation (19) equals h, of equation 
(20)], that the pressure is constant in an annulus cross 
section, the equation of continuity and equations (21), 
(22) result in the following relationship: 

+~(~~{A-G,) (25) 

with 

A= 2.5ln[~(~~Re(~~]+5.5 (26) 

and 

r1 r0 
-=a, -= 

B. (27) 
r2 r2 

Once ReJand a are known, equations ~23)-~27) allow 
to calculate /I (that is the position of the zero shear 
stress line) by numerical iteration. Re and S refer to 
the whole annulus and can be obtained by the measure- 
ments of mass flow and of pressure drop. Finally 
equations (19)-(22) allow the determination of fi, A 
and R(h+). 

The differences between the Maubach’s and the 
Wilkie’s methods are basically two. For Wilkie the 
friction characteristics of the inner rough surface are 
represented by the integral quantityfr, for Maubach 
they are, like for Nikuradse, by the parameter R(h+) 
supposedly inde~ndent of the shape of the channel 
delimiting the flow (macroscopic geometry). Secondly, 
for Maubach, the friction factor of the outer smooth 
surface, being derived from an integration of equation 
(i), is more or less equal to the friction factor of a 
smooth tube (in fact it is about 3-4% higher), while 
the Wilkie transformation method produces friction 
factors at the outer smooth surface which appear to 
be 1.5 times [20] and sometimes up to two times [28] 
higher than those of a smooth tube, a fact which is a 
bit difficult to underst~d. Because the total friction 
factor of the annulus must be the same, Wilkie predicts 
systematically smaller friction factors for the inner 
rough surface than Maubach does. Wilkie himself 
admits that the data transformed by his method may 
be too small, when he checks them with integral 
experiments on a bundle of rough rods contained in 
a smooth shroud 1291. 

3.4. The Dalle Donne-Meerwald transformation 
This method is essentially an extension of Maubach’s 

method, which is valid in isothermal conditions only, 
to the non-isothermal case with heat transfer [30]. 
Dalle Donne and Meerwald take into consideration 
the difference in physical properties of the gas in the 
two regions of the annulus by calculating them at two 
different mean temperatures, which they derive from 
the empirical graphs of Wilkie [20]. In reference [31] 
Meerwald shows that these empirical correlations give 
mean gas temperatures in fair agreement with those 
obtained from the temperature profile measurements 
of Nunner in circular channels with internal roughness 

[17], at least in the range of Reynolds number from 
which they were obtained by Wilkie (8 x 104 < Re Q 
1.3 x 106). Equations t/9)-(24) remain still valid, while 
equations (25) and (20) are replaced by: 

(29) 

And the gas physical properties are evaluated at the 
two average temperatures of the inner and outer region 
TI and Tz obtained by the following equations derived 
by the Wilkie empirical graphs 1201. For Rel = 2 x 10’ 
thecurves can be correlated by the following equations: 

T; - 
TB 

O.~2+0.~8(T~/T~) 
for Tw/TB -c 1.25 

I 
(30) 

Tj = 
r, 

~.88~+0.11173(T~/T~) 
for T~~TB 2 1.25 

T; = ~[1.~-0.235(T~/T~)~O.l75{T~/T~)‘] 
for TWIT, c 1.4 (31) 

Ti = Ti[O.731+ 0.245( Tw/TB)] for Tw/TB 2 1.4 

andforRel#2x105: 

T2 = 
T; f 

1.0484-0.009133logieRei 

Ti = T~(l.~58-0.018~6log~~Re~). 
(32) 

To characterize their heat-transfer data Dalie Donne 
and Meerwald used the Dipprey and Sabersky factor, 
supposed, like R(h+), invariant of the macroscopic 
geometry and defined for the annulus by : 

fl 1 __- 

2sti A 
G(h+)i = R(h+)+----. 

(f&9 
(33) 

The temperature difference between rough surface and 
gas used to obtain St, was Tw- Ti, where TW was 
measured and TI calculated from the empirical equa- 
tions (31) and (32). 

3.5. The ~ar~urto~pirie translation 
‘Ihis tr~fo~ation method was developed at the 

Central Electricity Generating Board, Berkeley Nuclear 
Laboratories in Engiand by Warbu~on and Pirie [32] 
and it is a refinement of the method of Wilkie. Like 

j-For gases the Prandtl number is more or less constant 
and equal to 0.7. We deal in our tr~tment with heat 
transfer with gases only, therefore we can assume 
G(h+, Pr) B G(h+). With gas experimental data only, it 
would be impossible to investigate the effect of the Prandtl 
number on G(h+)due to very small variations of the Prandtl 
number of gases. 
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Maubach, Warburton and Pirie tried to take into 
account the shift of the position of no shear. 

For the determination of the friction factor of the 
outer smooth annulus surface they assumed an em- 
pirical correction factor K3 = f2/fo(Re2) similar to that 
of Wilkie and produced an empirical expression which 
correlates K3 with data relative to the inner rough 
surface : 

fl K3 = 1.036+0.0057------- 
fo(Red 

That is: 

fi = K3[0.014+0.125Re;0.32] 

= [0.014+0.125Re;0.32] 

O.o057f, 

0.014+0.125Re~0~32 1 (35) 

where the expression f. = 0.014+0.125Re-0.32 is the 
Drew, Koo, McAdams explicit approximation [33] of 
the Prandtl-Nikuradse universal law of friction for 
smooth pipes : 

& = 410g,o[Re(h)f] -0.4 

which can be obtained by integration of equation (1) 
in a pipe. 

The factor K3, as given by equation (35), however, 
is much less dependent on the friction factorfi of the 
inner rough surface than in the case of the Wilkie 
correlation. In other words here it is implied that the 
velocity distribution in the outer region of the annulus 
is still influenced by the inner rough surface., but much 
less than in the Wilkie case. Figure 1 shows the factor 
K3 = fi/fo(Re2) as a function of fi/fo(Rel). For 
fi/fo = 10, K3 is equal to 1.625 with Wilkie, and only 
to 1.093 with Warburton-Pirie. The Maubach line in 
Fig. 1 is practically horizontal and illustrates the fact 
that he assumes that the velocity profile in the outer 
annulus region is unaffected by the inner rough surface. 
The Warburton-Pirie line represents an improvement 
on the Maubach line. Indeed while the Maubach 
method is merely based on the experimental data of 
Kjellstrom and Hedberg for the determination of the 
position of the line of no shear stress, the equation (35) 

I 2 3 4 5 6 7 6 9 IO II 12 13 14 I5 I6 

f, If, (Re,l 

FIG. 1. Friction factor of the outer smooth channel of the 
annulus as a function of the friction factor of the inner rough 

rod for the various transformation methods. 

of Warburton and Pirie is based on a much larger 
experimental evidence, for which care has been always 
taken to transform the data to the true line of zero 
shear [28,34-381. The differences among the Maubach, 
Warburton-Pirie and Warburton [39J lines in Fig.‘1 
are small in comparison with the Wilkie line, the 
Warburton line representing a small improvement on 
the Warburton-Pirie line based on a subsequent more 
accurate examination of even more experimental evi- 
dence. All three lines give values of K3 between 1.03 
and 1.06 when the abscissa is unity. This is realistic, 
as it has been experimentally verified that a smooth 
annulus will give a higher friction factor than a smooth 
pipe of the same equivalent diameter [40]. The Wilkie 
line gives the obviously wrong value K3 = 0.84 for 
abscissa unity and has a considerably higher slope, 
apportioning too high a friction factor to the outer 
smooth channel. This is the result of the incorrect 
assumption regarding the position of the true surface 
of zero shear. 

The second empirical factor K1, of the Warburton- 
Pirie transformation method equal to the ratio of 
absolute bulk temperature inside and outside the sur- 
face of zero shear, is taken from the Wilkie graphs and 
it is given by expressions similar to equations (30)(32). 

The third empirical factor K2, equal to the ratio of 
the mean velocities outside and inside the surface of 
zero shear, and which was taken by Wilkie as equal 
to 1.02 for a friction multiplier greater than five, is 
given by the expression 

K2 = 0.114~~0.97 (37) 
J-2 

which correlates the experimental data within +8-5x, 
while in the Wilkie correlation the data scattered up 
to * 11%. 

Finally, Warburton and Pirie transformed the heat- 
transfer data using an empirical expression derived by 
Nathan and Pirie [41] and based on Pirie’s results [38] 
using Hall’s method: 

o.5 (1.096- 1.896f,) 

x (1.255-0.043210glo Rel). (38) 

Like in the Wilkie method, the conditions of con- 
tinuity and equal pressure in the cross section of the 
annulus, plus the three empirical factors K,, Kz, K3 
and the Stanton number transformation [equation 
(38)] allow to transform the global data of the annulus 
to data referred to the inner region of the annulus only. 
The method is thus conceptually the same as Wilkie’s, 
but of course with more accurate correlations for the 
empirical factors and the Stanton number trans- 
formation. 

In a recently published paper [42] Warburton and 
Pirie compare their method with Maubach’s method of 
transformation of the friction factors. The friction 
factors transformed with Maubach lie about 4% above 
those transformed with Warburton-Pirie over the 
whole Reynolds number range investigated (4 x lo4 < 
Re < 1.3 x 106). 
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3.6. The transformation of the present paper yields : 

The review of the transformation methods above 
indicates that none of these methods is completely 
satisfactory. On one side the Wilkie’s and Warburton- 
Pirie’s methods are based on merely empirical cor- 
rection factors, on the other side the Maubach’s and 
Dalle Donne-Meerwald’s methods are based on the 
assumption that the surface of zero shear lies at the 
intersection of the logarithmic law velocity profiles 
applied at both walls of the annulus. Now the log- 
arithmic law cannot hold exactly at the intersection 
of the two profiles, because this would imply a dis- 
continuity of the first derivative of the velocity. The 
data of Nikuradse for tubes show quite clearly that the 
logarithmic law does not correlate exactly the velocities 
at the center of a pipe. Furthermore the high turbulence 
intensity caused by the rough inner surface should 
somewhat flatten the velocity profile in the smooth 
outer region. This would explain why the careful 
examination of the experimental data available per- 
formed by Warburton would suggest a slight increase 
of the friction factor of the outer smooth region as a 
function of the effectivity of the friction factor of the 
inner surface, while Maubach predicts practically no 
influence at all. The recent experimental investigations 
of Rehme for annuli with very low radius ratios [25], 
show that, while the velocity profile of the more 
energetic outer region follows quite well the Nikuradse 
law of the wall for smooth tubes [equation (l)], the 
velocity profiles of the less energetic inner smooth 
region tend to be flatter than the universal velocity 
profile, especially at lower Reynolds numbers. Rehme 
attributes this to the fact that the Reynolds numbers 
of the inner region are considerably smaller than those 
referred to the whole annulus, thus the flow regime in 
the inner region is not completely turbulent, but it is 
in a transition region between turbulent and laminar, 
and also to an effect of the flow in the outer region on 
the velocity profile of the inner region. 

where : 

When one considers that iii = ii21u* = (2/f2)f, Re2 = 
[2(r:-r$/rzv2]ii2 and jl = ro/r2, one can obtain the 
friction factor f2 of the outer smooth region. 

~~=&ln[&($~]+5.5-$$As (42) 

therefore: 

The calculation of As is performed by iteration. In the 
first step of the iteration As is set equal to 2.5, then 
j?,f,, Rel etc. are calculated with the Maubach method 
[equations (25), (26)] for the isothermal case and with 
the equations (28), (29) for the case with heat transfer. 

To obtaina new value off2 the Warburton empirical 
correlation [39] is used : 

h., = fo(Re2,n-~)[1.056+0.~5(f~/f2),-1] (44) 

where fo(Rei+l ) is derived from the Prandtl- 
Nikuradse universal law of friction for smooth pipes: 

All this suggested to the authors a modification of 
the Maubach method which would take into account 
the Warburton experimental data and the observations 
of Rehme for smooth annuli with very small radius 
ratios, and at the same time maintain the use of the 
parameters R(h+) and h+, which have a less empirical 
nature than fi and h/Dhlt used by Wilkie and 
Warburton-Pirie, and therefore probably allow a better 
extrapolation of the data to different channel shapes, 
such as for instance to rod clusters. The velocity 
profile of the outer smooth region of the annulus is 
not assumed to follow the universal law of Nikuradse 
for smooth tubes [equation (l)] but the slope of the 
curve As is assumed to be a function of the friction 
factor of the inner rough rod: 

and the suffix n indicates the nth iteration step. Then 
a new value of As is obtained from equation (43) and 
the calculation of /I can be repeated, until /I. and 
/In-i differ for less than a certain preset amount. Thus, 
the Warburton condition for the outer friction factor is 
taken into account and the velocity profile in the outer 
region becomes flatter (As less than 2.5). No Reynolds 
effect is considered in the Warburton empirical cor- 
rection factor, and the flattening of the profiles due to 
the decrease of Reynolds number observed by Rehme 
cannot be allowed for by this method, but only the 
effect of the higher turbulent intensity of the inner rough 
region, which would correspond to the effect of the 
large difference in the area of the two surfaces of the 
annulus in the Rehme experiments with annuli with 
very low radius ratios. 

U+ = As In y+ + 5.5. (39) 

Integration of (39) over y+ for the outer annulus region 

Figure 2 shows a comparison of friction factors 
transformed with the methods illustrated in this paper. 
The experimental data on the figure have been obtained 
by J. T. Wilson of Winscale, England, by directly 
measuring the shear stress on the inner roughened 
surface by weighing [43]. The present method corre- 
lates the experimental data almost perfectly and con- 
siderably better than all the other transformation 
methods. 

t h/&l is the ratio of the roughness ribs height to hydraulic 
diameter of the inner region of the annulus. 

The second important difference of the present 
method regards the transformation of the heat-transfer 
data, that is the determination of the average gas tem- 

ii: = Asln (4.0) 

G = 3+r0lr2 3+P 

’ 2(1 +r0/r2) As=2(1+P)As. (41) 

1 
(SO)) = 4loglo[Re2,,-1(fo)‘] -0.4 (45) 
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FIG. 2. Comparison of the experimental friction factors for 
a certain inner rough rod [43] with friction factors calculated 

with various transformation methods. 

peratures inside and outside the line of zero shear and 
the definition of the parameter G(h+). At the start of 
the present experiment the experimental heat-transfer 
data were being transformed with the Dalle Donne- 
Meerwald’s method illustrated in Section 3.4. This led 
to unexpected difficulties when we tried to transform 
the experimental data obtained at very low Reynolds 
numbers, where the inner rough surface of the annulus 
should “behave” like a smooth one. Although the 
values of R(h+) obtained were quite reasonable and 
presented a similar Reynolds number dependence as 
the Nikuradse sand-roughness values for tubes, the 
G(h+) values were much too low in comparison with 
those which Dipprey and Sabersky obtained for the 
flow in sand-rough tubes at low Reynolds numbers. 
This was obviously due to the choice of the average 
gas temperature T, for the calculation of the heat- 
transfer coefficient of the inner region. This tempera- 
ture T1 was obtained from equations (31), (32) derived 
by the Wilkie empirical graphs [20]. These, on the 
other side, hold for the range of Reynolds numbers 
8 x lo4 to 1.3 x 106, and it is quite clear that the 
extrapolation of this empirical correlation down to 
Reynolds numbers of the order of a few thousand is 
not legitimate. This difficulty led the authors to a 
basically different approach for the transformation of 
the heat-transfer data. 

With the Dalle Donne-Meerwald’s transformation 
the parameter G(h’) is determined using the average 
gas temperature of the inner region of the annulus, the 
separation of the two regions being given by the 
position ofno shear. In this, the transformation method 
is similar to all the previous ones, which are based on 
Hall’s original assumption: to try to transform the 
data from a geometry (the annulus) in which the 
boundary conditions for the velocity profile (z = 0) and 
for the temperature profile (4 = 0) are not coincident, 
to another geometry (central subchannels of a cluster 

of rough rods) where these boundary conditions are 
coincident, it is necessary to build a hypothetical 
temperature profile for the inner region, which respects 
the condition of coincidence of z = 0 and 4 = 0. For 
the determination of this hypothetical temperature dis- 
tribution according to Hall an integration constant is 
chosen so that “the new average gas temperature in 
the inner region is identical with the experimental 
value” [19]. That is, identical with the value T1 ob- 
tained, for instance from the empirical graphs of Wilkie. 
Once T1 is known, the actual shape of the hypothetical 
temperature profile does not affect at all the trans- 
formed values St, and G@‘). Seen in this light, the 
Hall’s transformation, and all the others for that matter, 
is only a nice way to disguise the fact that the data 
are being transformed correctly for the friction, but, 
as far as heat transfer is concerned, they are simply 
referred to the average gas temperature of a region of 
the annulus which is not delimited by a well defined 
boundary condition such as 4 = 0. In an annulus the 
heat flux in radial direction is not vanishing at the 
surface of zero shear. At this surface the heat flux is 
considerably smaller than that at the inner heated 
rough surface, but it is not negligible. In experiments 
with annuli the condition q = 0 is generally given at 
the outer wall of the annulus due to the presence of 
the thermal insulation at the outside annulus wall. The 
average gas temperature r1 of the inner region is higher 
than the mean gas bulk temperature Ts for the whole 
cross section of the annulus, and the transformed 
Stanton number St, is consequently higher than the 
Stanton number of the whole annulus (generally the 
difference is of the order of 5510%). 

In the light of these considerations let us consider 
the whole of the annulus cross section. We have seen 
that the Dipprey and Sabersky approach was successful 
in correlating the data of rough tubes. Let us assume, 
also for the annulus, that the temperature distribution 
in radial direction is given by : 

t+ = AH1na+G(ht), (46) 

valid in the whole cross section of the annulus, starting 
from the inner rough surface, across the line of zero 
shear, up to the outer wall of the annulus, which 
represents the adiabatic surface. In the following we 
shall try todetermine the two still unknown parameters 
AH and G(h+). 

While the value of the slope of the velocity profile 
AM is well established (= 2.5), the choice of a numerical 
value for the parameter AH requires careful exam- 
ination. Gowen and Smith found by experiment that 
for gases flowing in smooth tubes AH = 2.2 [44], which 
is in agreement with the theoretical predictions of 
Landau and Lifshitz [45] and of Spalding [46]. Gowen 
and Smith found, also experimentally, for gases flowing 
in rough tubes the value AH = 2.7 [47]. On the other 
hand the ratio AH/AM is equal, according to the above 
mentioned theoretical predictions, to the turbulent 
Prandtl number Pr, = E~/E”, making possible a pre- 
diction of AH knowing the values of AM and of Pr,. 
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Now, for gases the turbulent Prandtl number Pr, = 
E& averaged in a pipe section is always slightly less 
than 1. Schlichting for instance suggests an average 
value of 0.86 [14] based on data of Ludwieg [48] and 
Quarmby-Quirk an average value of 0.78 [49]. Thus 
a value for AH greater than AM seems to be too high. 
This consideration and the fact that the experimental 
determination of AH by temperature traverses is always 
subjected to considerable uncertainty lead us to assume, 
like Dipprey and Sabersky, AH = 2.5. In the present 
paper we shall confine ourselves to flow of gases and 
shall always assume AH = 2.5. 

This hypothesis simplifies considerably the calcu- 
lations. Indeed it can be shown that, for flows in 
channels confined by rough heat-transfer surfaces only, 
in general one has : 

-- 

G(h+)= R(h+)+& ‘:: l+($-l)~(h+)-(g)+] 
(47) 

which can be obtained from equations (2) and (11) 
with AM and AH in place of 2.5 respectively and 
which reduces to the Dipprey-Sabersky equation for 
AH/AM = 1. 

Contrary to the case of equations (16) and (47), which 
are valid for flows in channels confined by rough heat- 
transfer surfaces only, we determine the parameter 
G(h+) by measurements in annuli delimited by an 
inner rough heat-transfer surface and an outer adiabatic 
smooth surface. We have therefore to use other 
equations. 

Considering the definition of t+ (see Nomenclature) 
equation (46) becomes for an annulus: 

T= Tw- ~[2.5ln~~)+G(h’)] (48) 

where T, is the temperature of the inner rough wall, 
qrl is the heat flux to the gas from the inner surface, 
UT = (~,/p# is the friction velocity relative to the inner 
rough surface, pB and cPB are the relevant physical 
properties of the gas calculated at the mean gas bulk 
temperature TB for the whole annulus. We neglect the 
heat flux to the gas from the outer surface qL2, which 
is always much smaller than qb,, as well as the difference 
between the friction velocities relative to the outer 
surface and to the inner surface respectively, in the 
outer region of the annulus. In the course of the 
evaluation of the present experiment we tried to cal- 
culate a radius r, at which the two logarithmic tem- 
perature profiles starting from the two surfaces would 
intersect, as Dalle Donne-Meerwald did for the case 
of the smooth annulus [4O], but this radius r,,, was 
always very near to r2 indicating that our assumption 
is quite legitimate. 

At the outer wall of the annulus equation (48) 
becomes : 

Twa = Tw - pe c&4r 
-!&- [2.5 In [F)+ G(h’)] (49) 

T wII, Tw, qbi are measured during the experiment. 
PB, cPa are known because we measure the gas pressure 
along the tube and determine the mean gas bulk tem- 
perature from the heat quantity given to the gas and 
the mass gas flow. UT is known once fi has been cal- 
culated with the method illustrated above [equations 
(39) to (45)]. And G(h’) can be obtained from the 
following equation derived from equation (49): 

Gth+j = (Tw- TwJPBc~B~_~.~,~ rz-rl 

4bl 
(-) (50) 

h ’ 

With the Dalle Donne-Meerwald transformation 
method the average gas temperatures TI and T2 on 
each side of the line of zero shear used to determine /I 
were given by the Wilkie empirical correlations. Here 
we shall suggest a new method to determine TI and 
Tz. A method which is consistent with the assumption 
that the universal logarithmic temperature profile is 
valid over the whole of the annulus. 

The mean gas bulk temperatures of the two regions 
of the annulus are : 

2 

s 

10 
T, = 

c,iuipi(ra-r:) I, 
UPC, Tr dr (51) 

2 

s 

r2 
T2 = 

cp2u2P203-4 r. 

UPC, Tr dr. (52) 

Equations (51), (52) cannot yield the values of Ti and 
T2 because for gases p is directly proportional to l/T. 
The product UPC, under the integral operator can be 
well approximated with its average value: 

2 

s 

I0 
Tl =.z Tr dr 

TO--r1 ,, 

2 

s 

r2 
T2 =X-Y Trdr. 

r2-r0 r. 

(53) 

(54) 

Now, considering equation (48) we can perform the 
integration and obtain TI and T2: 

TI = Tw- *[2.5lntv) 

_25 1.5+0.5B/a 

l+BIa 
+ G(h+) 1 (55) 

r, = ,--!!!!Z- 
Ps C*B u: 

x {+[(I-a2)ln($+r2) 

-(/12-a2)ln yr2 
( > 

1+2a-/?z-2a~ - 
2 1 1 + G(h+) . (56) 

Applying the same approximated procedure to the 
whole of the annulus cross section, one would obtain 
the mean gas bulk temperature TB: 

_2 51.5+0.5(1/a) 

1+1/a 
+G(h+) . (57) 1 
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Equation (57) yields the approximated value of G(h’ ): In [51] Dalle Donne and Meerwald published some 
prelirn~~~r~ experimental data showing that for rough- 
ness ribs with rectangular profile the value of R(h*f 
for a certain roughness is not completely independe~lt 
of the size of the smooth channel where the rough 
rod is contained, thus a more accurate correlation of 

In [2] it is shown that the ~um~rica1 values of G(h+) 
R(P) values shouid contain a h/j parameter, equal to 

and G(h”)* do not differ appreciabIy, indicating that 
the ratio ofthe roughness height to the distance between 

the different approximations performed in obtaining 
the rough wall and the surface of zero shear, or, in 

both, and the vatues of 7” and T& are quite good. 
other words, to the Iength of the velocity profife. We 

The value of G(h+f from equation (50) is of course 
shall try to exptain the reason of this h/j effect during 

more exact than that of equation (58) because it is 
the discussion of the friction data of the present 

derived from two temperature measurements in the 
experiment. The Dalle Donne-Meerwald data could be 

annuhrs cross section, at both annulus surfaces, rather 
approximated for h/j > 0.07 by the expression: 

than one. Furthermore equation (50) does not derive R(h+f = R’(k’lr(h/~~/o.O7)]0,3. WI 

from an approximated i~ltegration like equation (58) 
does. 

With the help of this correction factor they produced 

With this method we obtain the parameter C(h*) of 
a general correlation for fully rough regime R(h’) 

a tem~rature profile with well defined boundary con- 
values and rectangular ribs, which they obtained with 

ditions (ql =) &, q2 = 0) which are the same as those 
the tr~sf~~ation method of Section 3.4 from friction 

of the central subchannels of clusters of rough rods. 
data measured by various authors in annuli, pipes and 

In Section 4.4 we will see that this improvement in the 
rod chtsters. For f < p/k < 8 the data were correlated 

transformatjon method. and the one in the calculation 
by: 

of p iilustrated above, lead to very good agreement for 2 < p2/hb < 4 R’(h’) = 10 

between our transformed experimental data and data for 4 < p2/hb d 75 R’(h’) = 20.6(p2/h6)-“~s2 (61) 

for flow in tubes. for 75 < pZihb < 1000 R’(h*) = 3.25~2/~~)-~,092 

and for ~$2 < S, 0.086 < Ii/b < 12.5 by: 
4. THE PRESENT ~XPERI~E~ 

4.1. ~~ckgr~u~ 
R’(h’) = l.13~/~)~,4s -(l ~O.~5~~b)log~~(~/b). (62) 

The results of the heat-transfer experiments in annuli The same extensive literature survey lead to the 

with an inner rough rod performed in the past at the conclusion that the exponent of h/j in equation (60) 

Heat Transfer Laboratory of the Institute of Neutron was a function of the roughness rib shape. Namely, it 

Physics and Reactor Engineering of the Karlsruhe was equal to 0.5 for circular profile ribs (wire roughness) 

N&ear Center have been published [30,31, SO, 5I]. and practicafly negligible for triangular and trapezoidal 

The tr~sformatjon of these experimental data was 
ribs. A11 the heat transfer data with gases (Pr x 0.7) from 

performed with the Dalfe Donn~Meerwa~d method 
the literature, independently of the rib shape, were 

(Section 3.4). 
correlated for hC 2 50 by: 

In [30] Dalle Donne and Meerwald published the G(h*) = iyr Pra~44h+K2(Tw,‘TE)D*2 (63) 

results of their experimental investigations with 1.5 rods with 
roughened with thread-type ribs of trapezoidal profile, 
and heated at surface temperatures up to 1200%‘. The 

ict = ~~0.46~(~~} 

R(h+) values for the fuliy rough regime could be cor- log,, Kz = -0.435-0.0336~(12’). 
(64) 

related in terms of the product pitch~e~ght times 
pitch/~?idt~ ~2/(bb) of the ribs oniy. Within the scatter 

To similar conclusions came a literatu~ survey 

of the experimental points no h/j (_$ = distance from 
mainly on roughnesses with rectangular rib profiles 

the rough wall to the fine of zero shear stress) or 
performed by Baumann and Rehme but restricted to 

temperature ratio effects could be observed. The trans- 
friction data only [S3-553. The data surveyed by their 

formed heat-transfer data were correlated by the 
investigation covered a considerably larger range of 

expression : 
geometry parameters, especially for h/j: 

G(h +) = 5.8h +o.2pra.44(,w/7-E)o.2 
(59) 

0.35 < p/h < 196 
0.02 ,< hjb 6 15.1 (65) 

very similar to the Dipprey-Sabersky relationship 0.08 g h/j < 0.997. 

[equation (lS)]. The new factor (~~~~~)*.z intr~u~ 
by Dalle Donne and Meerwald took into account of 

Their It/j effect was given by: 

large variations of the gas physical properties due to R(h+) - R’(h+) = 1.49O(h,‘j?) - I.972(1r/$‘)z (66) 

the large temperature differences present in the gas which for h/j > 0.08 gives a correction much smaller 
field. This factor is the same as that found by Dalie than that from equation (60), the scatter of the points 
Donne and Meerwald for turbulent flow of gases in being very large (see Fig. .5 of [SS]). 
smooth annuli [40]_ A theoretic& explanation of this One of the reasons for the present experiment was 
Cactilr can be found in [52]. to solve the discrepancy between equation (60) and 
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Table 1. Test section dim~~sions 
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r2 (mmf 
-- _.___ 
Outer smooth tube “40’ 20.23 
Outer smooth tube “50’ 24.89 
Outer smooth tube “70’ 35.00 
Outer smooth tube “85” 42.45 

1 
2 
3 
4 
5 
6 

;I 
1; 

16.76 1.80 0.288 
16.69 19.30 0.314 
16.58 2.00 0.493 
16.69 2.ao 0.41 I 
16.53 3.00 OS19 
16.29 3.20 0.784 
16.41 3.20 0.787 
16.26 4.80 0.785 
16.21 12.80 0.796 
16.20 24.00 0.809 

A... 

0.30 
0.30 
0.30 
0.50 
0.30 
0.30 
0.80 
0.30 
0.30 
0.30 

6.25 
61.5 
4.06 
4.86 
5.77 
4.08 
4.07 
6Si 

16.2 
29.7 

5.21 
60.5 

3.45 
3.65 
5.20 
3.70 
3.05 
5.73 

15.7 
29.3 

0.96 
1.05 
1.64 
0.82 
1.73 
2.61 
0.98 
2.62 
2.64 
2.70 

(65). We performed therefore very accurate isoth~~aI 
pressure drop me~ureme~ts on ten rods with different 
rectangular rib roughnesses. Each rod was tested in four 
outer smooth tubes of different diameters. Table 1 
shows the dimensions of the smooth tubes and of the 
rough rods. The second reason was, of course, to obtain 
reliable values of R(h’) in the fully rough Bow region 
and also in the tr~sit~on region between “fully rough” 
and uhydr~~lically smooth” flow regime. 

The third reason was to obtain reliable heat transfer 
data and further information on the tem~ratur~ differ- 
ena effects on G(h+) and on R(h+). Therefore we 
performed heat-transfer tests for two of the test sections 
of Table I: test section number 8, which gave the 
lowest R(h ’ f values in the isothermal tests (the highest 
pressure drop) and test section number 10, which gave 
typically high values of R(h’). Each of the heat transfer 
tests was performed with the two outer smooth tubes 
of 50 and 70 mm inner diameter, 

In Section 4.2 below we will describe the experi- 
mental apparatus and the procedure used to obtain the 
global heat transfer and friction data for the whole of 
the annulus. In Section 4.3 we will present the iso- 
thermal ex~rimental friction results, in Section 4.4 the 
experimental results with heat transfer. 

The e~~er~ental apparatus used in the present 
experiment is the same as that used for the experiments 
with smoath annuli reported in [40] and f%]. A 
detailed description of the apparatus and of the pro- 
cedure used to obtain the experimental data is given 
in those references. Here we will present only the main 
aspects of them. 

A tur~oblower driven by an electrical motor delivers 
air successively through an orifice pfate assembly to 
measure flow rate, an adiabatic entrance length, an 
an~ulus formed by astainless steef heater rod supported 
eon~ntri~~lly in a tube, and Anally to atmosphere. 

Electrical supply for the test section is obtained from 
a fixed ratio transformer (4OV, 2ODOA maximum), the 
primary winding of this t~~sformer being supplied by 
a voltage regulator, the output voltage of which may 
be varied from 0 to 22OV. The voltage regulator is 
connected to the supply net through a voltage stabilizer. 
Thus there is the possibility of varying continuously 
the power supply from 0 to 80 kW and to keep constant 
within &OS’% any value in this range. 

The temperature of the internal tube heated SUT- 

face is measured by means of 16 Platinel or CrNi/Ni 
thermocouples introduced in the center of the heater 
element and efectricaly insulated with twin bore 
alumina tubing and then inserted into the wall of the 
stainless steel tube where they are peened over (Platinel 
therma~oupIes) or welded (CrNi/~i), the hot junction 
of the thermo~uple being always on the surface of the 
inner tube wall. Four of the sixteen thermocouples are 
placed at the opposite side of the remaining to check 
for possible e~~ntr~~~ti~ in the annulus. The position 
of the the~ocouples in respect of the roughness ribs 
is so chosen that possible local temperature differences 
on the rod surfa= are eliminated by averaging the 
thermocouple readings. 

The outside tube of the annulus is insulated by a 
50mm thick calcium silicate slab contained between 
two layers of asbestos tape each about 7mm thick. 
Twenty-two CrNi/Ni thermocouples are welded to the 
outer surface of this tube. 

In eighteen sections each 1OOmm apart for the outer 
smooih channels of 40,50 and 70mm dia, and in nine 
sections each 2oOmm apart for the outer smooth 
channel of 85mm dia are placed static pressure 
measuring devices. In each section there are four 
pressure taps spaced at 90”. Thus one has the average 
static pressure in the section inde~ndently from local 
dissymmetries. In practice the four measured values in 
any section differed very little. 

The gas tem~ratur~ at the inlet and at the o&et 
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of the test section were measured respectively by means 
of two and five Cr/Ni shielded thermocouples, of which 
the four nearest to the test section outlet were extra 
shielded with perforated alumina tubing to reduce 
possible thermocouple reading errors caused by heat 
radiated from the hot inner rough rod. The gas tem- 
perature measurements were checked at every test by 
means of a comparison between the measured electrical 
power and the thermal power (heat to gas, plus heat 
losses through insulation). 

The distribution of the power produced by Joule 
effect in the heater rod is known by measuring the 
voltage distribution along the tube. One leg of each 
thermocouple fixed on the inner tube is used as a 
voltage tapping. 

The determination of the heat losses in radial direc- 
tion through the thermal insulation placed around the 
outer tube of the annulus was performed by means of 
the so called “static calibration”. The annulus is placed 
horizontally and the space between the inner rough 
rod and outer smooth tube kept under vacuum to 
reduce the effects of natural convection in the annulus 
section. The electrical current through the inner rod 
is adjusted to raise its temperature to a certain value. 
When steady temperature conditions are reached the 
temperature distributions along the inner and outer 
tubes and the electrical power are measured. The tem- 
peratures on the wall of the inner and outer tubes are 
constant in the central portion of the test section for 
a considerable length. Over this section all the heat 
produced in the inner tube is lost radially outwards 
by radiation from the inner tube to the outer one and 
by conduction through the tube insulation. This heat 
may be calculated from the electrical input to the 
section. By repeating this experiment at convenient 
temperature intervals it is possible to obtain an 
empirical relationship between the heat losses by con- 
duction through the thermal insulation and the outer 
tube wall temperature. 

The static calibration allowed also the measure- 
ment of the relative total emissivity si2 between the 
two concentric tubes as a function of temperature. For 
the central portion of the test section where the tem- 
peratures Tw and TV, are constant, one can assume 
with a good approximation that the heat is transmitted 
by radiation in radial direction only. Thus one can use 
the formula valid for infinitely long concentric tubes 

OS1 
(TR-T&J = &12aS,(T$-T&). 

(67) 

The emissivity coefficient depends on both tempera- 
tures Tw and Two but, in first approximation, .slZ 2 sr 
because S1/S2 < 1 and we can assume that &1Z depends 
only on Tw. With the static calibration and the use of 
equation (67) it is possible to give si2 as a function of 
Tw for any test section. 

During the tests the temperatures of inner and outer 
tubes, the voltage distribution along the inner tube and 
the pressure distribution along the annulus were 
measured. 

The bulk gas total temperature was calculated in the 
following way. The test section is divided into twenty 
equal parts along the length. For each part the heat 
produced in the inner tube by Joule effect (q,) is 
calculated, knowing the electrical current and the 
voltage drop in that particular section. From the 
average value of T,, of the section and the heat losses 
curve given by the static calibration one obtains the 
heat loss through the lagging (qJ. The difference 
between heat produced and heat lost gives the heat 
to the gas (qg). Dividing this by the gas mass flow one 
obtains the increment in enthalpy of the gas in this 
section. The gas enthalpy at the inlet of the annulus 
is obtained from the gas temperature and pressure 
which are known. From the gas enthalpy and pressure 
distribution along the test section, one can calculate 
the total gas bulk temperature along the annulus. The 
gas physical properties are from [57]. To calculate the 
heat which goes by convection from the inner tube 
directly to the gas, it was necessary to subtract from 
qg the heat which goes by radiation from the inner 
tube to the outer-tube and then by convection from 
the outer tube to the gas (qg2), qg2 is given by the 
difference between q,, which one can obtain knowing 
T,, T,,, cl2 (from the static calibration) and ql. Thus: 

4sl = qg-qg2 = qg-(qr-4l) = qe-qr-qr 

+41= qe-q,. (68) 

The friction coefficients were calculated from the 
equation : 

f=- (69) 

which requires the measurement of gas mass flow, 
pressure, and total gas temperature TT along the test 
section. This equation takes into account the pressure 
drop due to acceleration. Its derivation is shown in [56]. 
Using equation (69), it is not necessary to calculate 
directly the static gas bulk temperature TB, although 
the fluid properties are evaluated at TB, as they should, 
and not TT. The calculations of heat-transfer and 
friction coefficients were performed in twenty sections 
1Ocm apart. All the values given in the paper are 
averages of the nine sections between 80 and 16Ocm 
distant from the point where the heating starts. In this 
central portion of the test section the heat flux to the 
gas was always almost exactly constant and the effect 
of axial conduction of heat along the test section walls 
was negligible. 

In respect of the experiments of [30,50,51] the 
experimental equipment and the procedure to evaluate 
the data have been improved in many ways, namely: 
the four orifice (diameters 15.8, 36.2, 38.2, 64.3mm) 
plate assemblies to measure the flow rate have been 
anew calibrated against each other and against a 
reference orifice plate assembly. 

In the calculation of air flow due account is taken 
of the moisture content of the air. 

Due account is also taken of the dimensional changes 
in both tubes of the annulus with temperature during 
the calculations of the friction and heat-transfer coef- 
ficients. The number of sections. where calculations 
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h+ 

FIG. 3. Isothermal tests: R(h+) vs h+ for the rough rod 
number 1. 

h+ 

FIG. 4. Isothermal tests: R(h+) vs h+ for the rough rod 
number 2. 

have been performed, has been increased from 5 to 20. 
More accurate instruments have been used for the 

measurement of the electrical voltage along the test 
section and, for the experiments with test sections 
lo/SO, and 10/70, for the measurement of the gas 
pressure. 

The number of pressure measurements along the 
test sections has been increased from 5 to 18 (channels 
40, 50,70) and to 9 (channel 85) respectively. 

4.3. Isothermal experimental results 
Figures 3-12 show the R(h+) values, plotted vs h+, 

of the ten different rods tested during the present 
experiment. These values have been obtained by means 
of friction factor measurements and the transformation 
method presented in this paper in Section 3.6. Each 
of the ten rough rods was tested in four outer smooth 
channels of different inner diameters (40,50,70,85 mm), 
which correspond to annulus ratios of about 2.5, 2.0, 
1.4 and 1.2 respectively. 

In [2] detailed information is given on the experi- 
mental untransformed and transformed data both for 
the isothermal and thermal tests. Some of the points 
plotted in Fig. 3-12 are averages between two experi- 
mental results at the same gas flow, which were slightly 

15 20 30 40 60 80 100 150 200 300 400 

h+ 

FIG. 5. Isothermal tests: R(h+) vs h+ for the rough rod number 3. 
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FIG. 6. Isothermal tests: R(h+) vs h+ for the rough rod number 4 

+^ 
c 2.6 - 

G 
2.2 - 

t I I I I I,l,l I I 
20 30 40 60 60 100 150 200 300 400 

h+ 

FIG. 7. Isothermal tests: R(h+) vs h‘ for the rough rod number 5. 
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FIG. 8. Isothermal tests: R(h+) vs h+ for the rough rod number 6. 
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FIG. 9. Isothermal tests: R(h’) vs h+ for the rough rod number 7. 
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FIG. 10. Isothermal tests: R(h+) vs hi for the rough rod number 8. 
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FIG. 1 I. Isothermal tests: R(h+) vs h+ for the rough rod number 9. 
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h+ 

FIG. 12. Isothermal tests: R(h+) vs he for the rough rod number 10 

different due to the use of two different instruments 
used to measure the pressure drops along the test 
sections. The two instruments were a “Betz” manometer 
and avariable slope manometer, which for low pressure 
drop measurements gave slightly different readings. 
For the test sections lo/50 and 10/70, both during the 
isothermal and the heat-transfer tests, we used therefore 
a series of membrane manometers (Barathron) with 
electronic digital readings, which allowed a consider- 
ably higher precision in the pressure drop measure- 
ment down to very low gas flows, and excellent 

measurements of friction factors down to laminar flow 
regimes, as we will illustrate in the next section. 

The scatter of the points of Figs. 3-12 look much 
higher than the directly measured experimental data 
would indicate. For instance a variation in R(h+) of 
0.1 for test section l/70 would correspond to a change 
in the transformed value fi of 1.6% only and in the 
directly measured friction factor for the whole annulus 
of 0.95% only. 

Figures 3-12 show that the R(h+) values tend to 
increase, when the diameter of the outer channel 
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FIG. 13. R(h+) vs h/j for hi = 150. 

decreases, that is when the ratio between the roughness 
height h and the length of the velocity profile (distance 
between the rough surface and the surface of zero shear) 
j increases. This fact is illustrated even better by the 
Fig. 13 which shows the values of R(h+) at h+ = 150 
for the ten tested rough rods vs h/j in a semilogarithmic 
graph. The scatter of the points is one order of 
magnitude less than that obtained in the literature 
survey of Baumann and Rehme (see Fig. 5 of [SS]). 
This great improvement is probably due to the fact 
that in our case all the tests were performed at the 
same laboratory, and with great care, and the tests in 
various outer smooth channels were performed with 
exactly the same rough rods, thus eliminating possible 
effects due to not exact dimensions of the rods or of 
the roughness ribs, to rounding of the rib edges etc. 
Figure 13 shows quite clearly that the h/j effect on 
R(h+) is additive and not multiplicative as was 
wrongly assumed in [5 l-531, i.e. it is the same whatever 
the absolute value of R(h+) is, for a certain constant 
value of h/j? The data for h+ = 150 can be correlated 
for 0.015 c hf$ < 0.235 by the expression: 

. 
R(hC = 150) = R(h+ = 150, h/y^ = 0.01)+0.4ln $ . 

( > 

(70) 

With the Maubach transformation the h/y^ effect would 
have been about 25% higher (see [2]). 

Equation (70) agrees in the range up to h/j = 0.0235 

3 

reasonably well with equation (60) obtained by Dalle 
Donne and Meerwald [51], however, Fig. 13 shows 
that an extrapolation of equation (60) to h/j values of 
the order of 0.5 is not legitimate. Indeed for h/j > 0.235 
the R(h+) values decrease very rapidly as has been 
also noticed by Baumann and Rehme [55]. Equation 
(66) from [55] is more correct in its form that equation 
(60), but it underestimates the h/j effect in the range 
investigated in the present experiment (which is the 
interesting one for the practical purpose of increasing 
the thermal performance of the roughness) almost by 
an order of magnitude. 

In our opinion the h/j effect in the range ~0.235 
can be explained as follows. We have already men- 
tioned that the universal velocity distribution of 
Nikuradse, equation (2), cannot be valid in the region 
of zero shear for reasons of continuity in the velocity 
profile. Nikuradse, and many other experimenters 
after him, observed that in this region the velocity 
profile is higher than the profile given by equation (2). 
It can be seen from the experiments that the size of this 
region of discrepancy is always more or less the same, 
therefore its percentage effect is greater by shorter 
lengths of the velocity profiles, that is for higher values 
of h/j. Now, when we measure the friction factor, we 
actually measure the average value of the dimension- 
less velocity profile [U’ = (2/f)*] and by assuming that 
equation (2) is valid, we obtain R(h+). For instance 
for a tube: 

R(h+) = ii+ -2.5 In (R/h) + 3.75. (71) 

What we measure, however, is ii+ of the actual velocity 
profile and not the average value of a perfectly 
logarithmic profile. Therefore we obtain a higher value 
of R(h+), and this increase is more pronounced when 
the region of discrepancy from the logarithmic profile 
is larger relatively to the length of the velocity profile, 
i.e. for greater values of h/j. The h/j effect cannot, at 
least for this type of roughness ribs, be explained by 
the choice of the definition of the hydraulic diameter 
(volumetric, based on the tip or the root of the ribs) 
as postulated in [55]. Indeed it can be seen from the 
Fig. 13 that the h/j effect is the same for the rod 2 
as for the others. Now with test Section 2, which has 
p/h = 61.5, there is practically no “shift of the true 
origin of the averaged velocity profile in the direction 
of the flow” [55] if the height of the rib increases, but 
the h/y^ effect is exactly the same as for roughnesses 
with p/h = 4. The h/j effect is always the same whatever 
are the geometrical parameters of the rectangular ribs, 
therefore its explanation should be sought far from the 
ribs (region of zero shear) and not near the ribs. 

The explanation of the h/j given above is in contra- 
diction with the findings of the literature survey of 
Dalle Donne and Meerwald [Sl] which showed that 
the h/j effect is a function of the rib shape (circular, 
triangular, etc.). However, we have already seen that 
correlations of experimental data coming from a litera- 
ture survey of many different sources can be in con- 
siderable error when relatively moderate differential 
effects, like h/j’s, are investigated. To really have the 

HMT Vol. 20,No. 6-B 
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FIG. 14. R(h’) vs h+ for h/9 = 0.01 and rough rod numbers 5,6 and 7. 
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FIG. 15. R(h+) vs h+ for h/j = 0.01 and for rough rod number 10. 

h/y* effect for triangular or circular ribs, it should be 
necessary to make the same sort of experiment which 
we made for rectangular ribs and which we report in 
this paper. 

Figure 13 shows for h/j’ > 0.235 a rapid decrease of 
R(h”). In this range the height of the ribs is too large 
in comparison with the length of the velocity profile 
and it has no meaning any more to speak of artificial 
roughness or of logarithmic velocity profile, average 
of cross sections where there is the rib and cross 
sections where there is no rib, due to the considerable 
contraction of the flow vein over the ribs. Indeed we 
calculated for instance the friction factor of the test 
section 7140 (h/j = 0.26) considering it as an orifice 
plate and we obtained a very good agreement with 
the measured experimental data. 

Figures 14 and 15 show the parameter: 

R(h+)l% = R(h+) - 0.4 ln (72) 

vs h+ for the test rods 5, 6,7 and 10 investigated in the 
present experiment. They show that for h+ > 100 
(fully rough flow regime) the h/9 effect is more or less 
independent of ht. In this region of h+ the universal 
velocity of Nikuradse [equation (2)] can be therefore 
written as: 

+ R(h+)ol+ 1.84 (73) 

where R(h+)l% = R(h’)ol = value of R(h+) for 
h/j = 0.01. 
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FIG. 16. Thermal tests: R(h+) vs h” for test section S/50. 

Equation (73) couId have been also written as: 

u+ = 2.5 In +R(h+j/+t (74) 

but we prefer the form of (74) because R(k+)h,+j has 
no physical meaning. 

4.4. ~x~ri~entu~ results with heat tra~fer 
Figures 16-19 show the R(k+) values plotted vs hi 

of the four test sections 8/50,8/70,10/50,10/70, where 8 
for instance denotes the number of the inner rough 
rod and 50 the diameter of the outer smooth channel. 
For each of the test sections three series of runs were 
carried out with maximum wall temperatures on the 
rough rod surface of TWM = 160, 360, and 500~600°C 
respectively. Figures 20-23 show the same friction 
values, but this time plotted vs kg. In both cases it is 
evident that the velocity profile [values of R(kC)] is 
affected by the temperature level. This fact was not SO 

evident in the experimental results of Dalle Donne and 
Meerwald [30,50,5 l] probably due to the larger scatter 
of their experimental points, due to the considerably 
less accuracy of their experiments. 
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FIG. 17. Thermal tests: R(h+) vs h+ for test section S/70. 

Figure 19 shows also the R(k+) values obtained by 
Webb for flow inside tubes with rectangular ribs with 
p/k = 20 and 40 respectively [5X]. For the rod “lo”, 
p/k = 29.7, while the values of k/b and h/j for iO/70 
are slightly different from those of Webb (k/k = 1.94, 
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FIG. 18. Thermal tests: R(h+) vs h+ for test section 10/50. 
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h/j = 0.04 for Webb’s ribs, h/b = 2.70, h/j = 0.064 for 
test section 10/70). The h/b and h/j effects on R(h+) 

when evaluated with [51] and equation (70) respectively 
are about the same in absolute value but of different 
sign and cancel each other. Figure 19 shows that the 
isothermal R(h+) values for test section lo/70 lie 
between those of Webb as they should. The R(h+) 

values of lo/70 calculated with the Maubach trans- 
formation method would have been lower than those 
calculated with the present method. The data of Webb, 
being for flow through completely rough tubes, are 
of course not transformed and this better agreement 
of the R(h+) values shows again the improvement of 
the present transformation in respect of Maubach’s one. 

The Figs. 19 and 23 show that the R(h+) values 
increase considerably with decreasing h+, for h+ 

smaller than 30 (transition region between “fully rough 
flow” and “hydraulically smooth flow” regime), the 
transition region being affected quite considerably both 
by the temperature level and the h/j parameter. If the 
Reynolds number is sufficiently high (Rew > 3000) the 
points reach the line of the hydraulically smooth flow 
regime : 

h+ 

R(h+) = 2.5 In h+ +5.5 (75) 

obtained from equation (4) derived by Nikuradse, 
FIG. 19. Thermal tests: R(h+) vs hf for test section 10/5u. valid for small h+ values. 
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FIG. 20. Thermal tests: R(h$) vs h$ for test section 8/50. 
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FIG. 21. Thermal tests: R(h$) vs h$ for test section 8/70. 
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FIG. 22. Thermal tats: R(h&) vs h$ for test section 10/50. 

For Rew G 3000 the R(h”) values decrease rapidly 
inde~de~~y of the value of h+. These points lie 
obviously either in a region of transition between tur- 
bulent and laminar flow or they he in the laminar 
region. These points have been plotted for complete- 
ness, but they have not really a physical meaning 
because the log~it~~~ velocity pro6le with a constant 
slope equal to 2.5, which defines R(h+), does not hold 
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FIG. 23. Thermal tests: R(h&) vs h& for test section 10/70. 

in kminar flow, or in transitional flow between tur- 
bulent and laminar. The criterion Rew < 3000, where 
Rew is the Reynolds number for the whole of the 
annuhrs evaluated at the temperature Tw of the inner 
hot rough surface, has been suggested by the experi- 
ments of Dalle Donne and Bowditch for flow of gases 
inside tubes at high tem~ratur~ [59]. 

From Figs. 18, 19, 22 and 23 (and also from the 
Fig. 31) it appears that it is the Reynolds number h& 
based on the roughness rib height and on the gas 
properties evaluated at the t~~rature TW of the inner 
hot rough surface, rather than h+, which establishes 
if the fiow is in the fully rough region, in the turbulent 
smooth flow region (R(h+) = 2.5lnh+ +5.5] or in the 
transition region in-between. 

Figure 24 shows the product of the untransfo~~ 
valuesf x Re vs Tw/Ts for the experiments where the 
flow was clearly lam&r, the criterion of laminarity 
being that obtained by Dalle Donne and Bowditch 
for flow of gases inside tubes at high temperatures, 
that is Rew f 1800 [59]. For Tw/TB = 1 (isotherm 
tests) the product f x Re agrees very well with the 
theoretical value 24 ~lculat~ by Tiedt for concentric 
smooth annuli [a]. For Tw/TB >/ 1 the ex~riment~ 
data of Fig. 24 can be correlated by: 

(76) 

The temperature effect is thus in good ag~ement 
with that found by Dahe Donne and Bowditch for 
laminar fiow of gases inside tubes at high tem~rature~ 
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FIG. 24. The product f x Re vs Tw/Ts for the test runs in 
laminar flow. 

i.e. (Tw/TB)1.68 [59]. Figure 24 shows how good were 
our pressure drop measurements with the Barathron 
manometers, even at very low flows (test sections lo/50 
and 10/70). Indeed the data for the test section 8/50. 
obtained as an average between the readings of the 
Betz and the variable slope manometers, do not cor- 
relate as well as the previ0us.t 

Figure 25 shows the values of G(h+)/Pr0.44 for the 
test section lo/70 plotted vs h+ and Figs. 26-29 the 
same values vs h$ for the four test sections investigated. 
The Prandtl number effect on the heat transfer par- 
ameter G(h+) was not investigated in the present 
experiment, because we made experiments with air 
only, i.e. at a Prandtl number practically constant. 
Therefore we assume a Pro.44 effect like Dipprey and 
Sabersky. Also here, like for R(h+), a temperature 
level effect is evident from the graphs. However, the 
lines at different temperature levels are parallel in the 
graphs with abscissa h$ and they are not always 
parallel in the graphs with abscissa h+, (see also [2]), 
thus indicating that a correlation of the temperature 
effects is simpler with G(h$) function of h$ than with 
G(hf) function of h+. 

Figure 25 shows again the data of Webb for Aow 
inside rough tubes for p/h = 20 and p/h = 40 [58]. 

TSubsequently K. Rehme has pointed out to the authors 
the fact that, if the laminar friction data of test section 8/50 
would have been evaluated with a hydraulic diameter baaed 
on the tip of the roughness ribs, which is reasonable for a 
roughness with a relatively low value of (p - b)/h, also these 
friction data would have agreed much better with equation 
(76), the scatter of the points remaining higher than that for 
the friction data of the rod “10”. On the other hand it is 
not reasonable to use the tip hydraulic diameter for the rod 
10 because with a large value of (p- b)/h [in this case 
(p- b)/h = 29.31 the flow reattaches again to the wall and 
thus occupies the main portion of the channel section. Here 
the volumetric hydraulic diameter is obviously a better 
geometrical parameter. 

Webb’s data agree very well with our data at low 
temperatures. Also Webb’s data were obtained at low 
temperatures. This is, again, a confirmation of the 
present transformation method for heat transfer results. 
Indeed, if one would have used the T1 value calculated 
with the Wilkie empirical graphs for the transformation 
of the heat transfer data, our values of the ratio 
G(h+)/Pr0.44 at low temperature and for the smallest 
values of h+ would have lain up to 50% below Webb’s 
data. 

In [2] various methods are discussed to try to 
correlate the temperature effects both on the values of 
R(h+) and of G(h+), here we will report only the main 
results of these attempts. Figures 30 and 31 show the 
values of R(h+), that is the values corrected for the 
temperature effect (reduced to the temperature ratio 
equal one), for the test sections 8/50 and 8/70. Two 
correction factors have been tried. The first is for the 
correlation R(h+) vs h+: 

1.3 

(77) 

and the second relative to the correlation R(h$) vs h&: 

(78) 

Figures 32 and 33 show the values of R(h+), for the 
test sections lo/SO and lo/70 corrected with this second 
method. 

It is evident from the figures that this second par- 
ameter correlates the data better than the first, 
especially because, as we have already said, it is h& 
rather than h+, which decides if the R(h+) points are in 
the fully rough flow region [small variations of R(h+), 

high values of h&l, in the turbulent hydraulically 
smooth region [for Rew > 3000 and low values of h& 

the points fall on the line R(h+) = 2.5 In h+ + 5.51, or 
in the transition region in between the two previous, 
while the value of Rew decides if the flow is laminar 
(Rew < 1800 whatever is the value of h$), in the 
transition region between turbulent and laminar 
(1800 < Rew < 3000) or turbulent (Rew > 3OG0, what- 
ever the value of h$). For these flow regions (laminar 
and transitional between turbulent and laminar) the 
R(h+) values are considerably lower than the values 
for Rew > 3000. As we explained already, the R(h+) 

points have no real physical meaning for Rew < 3000. 
Neither of the correlations chosen is able to correct 

for the temperature effect in the transition region 
between fully rough ‘and hydraulically smooth flow. 
During the evaluation of the friction data of the present 
experiment we tried to use the Reynolds number h,& 
based on the rib height h and on gas properties 
evaluated at a temperature Th,z given by the arithmetic 
average between the temperature of the rough surface 
TW and the temperature at y = h, i.e.: 

Thlz = Tw-+p “I G(h+). 
PBCpBUT 

(79) 

The correlation R(h&) vs hk;z was no better than the 
correlation in terms of R(h$) vs h$, therefore we 
abandoned it, due to its additional complication. 
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FIG. 25. Thermal tests: G(h+)/Pr0.44 vs h+ for test section 10/70. 
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FIG. 26. Thermal tests: G(h&)/Pr”.44 vs h$ for test section 8/50. (Symbols of Fig. 20.) 
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FIG. 27. Thermal tests: G(h$)/Pr0.44 vs h& for test section 8/70. (Symbols of Fig. 21.) 
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FIG. 28. Thermal tests: G(Iz&)/Pr”~44 vs h$ for test section 10/50. (Symbols of Fig. 22.) 

25 

- f 20 
+, d 

3h 
I5 

IO 
4 6 6 IO I5 20 30 40 60 60 100 I50 200 

hw 

FIG. 29. Thermal tests: G(h$)/k’r0,44 vs h$ for test section 10/70. (Symbols of Fig. 23.) 
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FIG. 32. R(h$), = R(h;t) --?- a vs h$ for test section IO/XI. 
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0Isotherm 

’ vs h$ for test section 10/70. 

Figures 34 and 35 show the parameter vs h$ for the rods 8 and 10 respectively. As explained 
in more detail in [2] the parameters (TW/Ts)o~5 and 

GPROl = G(h$) ~~~.Ol(r* - r 1)]o.o53 are correction factors which take 
account of the temperature effect and of the effect of the 

’ (0.01 fr! -rl,Yas3] 

roughness rib height in relation to the length of the 
(80) temperature profile, in the same way as the ratios 

T,/T, and h/j take into account the temperature effect 

GPROI= 3.41 h 

vs h& for the rough rod number 8. 

(Symbols of Figs. 20 and 21.) 
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FIG. 35. CPROt = C(~~)ltPr”~44~~~~~~~o~s(o~olj~~_r,))o.os3~ vs h&for the rough rod number 10. 

(Symbols of Figs. 22 and 23.) 
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and the effect of the rib height to the length of the 
velocity profile on R(h+). Due to the fact that the 
temperature profile is assumed to be extending over 
the whole of the annulus from the rough inner rod up 
to the adiabatic outer smooth surface, Ts and I~--ri 
are respectively used in place of T, and j, which refer 
to the inner region of the annulus (up to the line of 
zero shear) only. The points in Figs. 34 and 35 represent 
all the heat-transfer data obtained during the present 
experiment, for both the rods 8 and 10, each of them 
in a 50 and 70mm outer smooth tube. The points can 
be correlated by a single line even in the transition 
region between fully rough and hydraulically smooth 
flow, provided that Rew > 3000, that is only in tur- 
bulent flow. The points for Rew < 3000 lay consider- 
ably above the line valid for turbulent flow. This is 
not surprising, since the temperature profile is not 
logarithmic with the constant slope 2.5 in the larninar, 
and in the transition flow region between laminar and 
turbulent and, like R(h+), G(h’) doesn’t have a real 
physical meaning for Rew < 3000. 

The data of Fig. 34 for the rod number 8 can be 
correlated by the expression: 

GPROl = 3.41(/n-90.30 +; 
W 

in the range 8 6 hw < 800 (81) 

and the data of Fig. 35 for the rod number 10 by the 
expression : 

53 
GPROl = 4.16(h~)0~282 +(hlt)1,6 

in the range 5.5 < hw < 350. (82) 

The first term on the right side of the equations (81) 
and (82) is the preponderant one in region of high 
values of h$, that is in the region of fully rough flow, 

where R(h+) is quasi-constant. The second term on the 
right side of the equations (81) and (82) is the pre- 
ponderant one in the region of low values of h$, i.e. 
in the transition region between fully rough and 
hydraulically smooth flow. In this region the reduced 
values of G(h$) appear to be more or less constant as 
was already found by Dipprey and Sabersky for the 
sand roughness [18] and by Webb for the flow inside 
tubes with rectangular roughness ribs [58]. 

The difference between equation (81) and equation 
(82) is not great, but it is significant. These equations 
confirm the finding of Dalle Donne and Meerwald 
that the exponent of h$ for the term preponderant in 
the fully rough flow is higher for a roughness having 
lower fully rough values of R(h+). (cfr. equation (64) 
derived from [Sl]). 

4.5. Main results of the present experiment 
The main results of the present experiment can be 

summarized as follows: 
1. A new transformation method, both for friction 

and heat-transfer coefficients has been developed, to 
obtain turbulent flow data applicable to other coolant 
channel shapes or other “macroscopic geometries” 
than the annulus with an inner rough rod and an 

outer smooth channel, for which the experimental data 
are generally obtained. 

This method is based on the parameter R(h+) of 
the universal logarithmic velocity profile introduced 
by Nikuradse : 

u+ = 2.5ln~+R(h’) 

and on the parameter G(h+) of the logarithmic tem- 
perature profile introduced by Dipprey and Sabersky: 

t’ = 2.5lnx+G(h+) 
h 

and valid for turbulent Prandtl numbers near unity. 
2. The parameters R(h+) and G(h+) are not com- 

pletely independent of the macroscopic geometry which 
delimits the flow of the gas, but they are a function 
of the ratios of the roughness rib height to the length 
of the velocity and of the temperature profiles 
respectively. 

3. The results of the present experiment prove that, 
for roughnesses formed by repeated ribs with a rect- 
angular profile in the fully rough flow regime, the 
effect of this ratio h/j on the parameter R(h+) is 
given by: 

R(h+) = R(h+)ol+0.41n 

so that the Nikuradse universal velocity profile can be 
written as follows : 

U+ +R(h+)ol + 1.84. 

4. In presence of heat transfer and large temperature 
differences in the gas field the Reynolds number based 
on the roughness rib height h$ should be calculated 
with the gas properties evaluated at the rough surface 
temperature, thus indicating that the phenomena 
occurring at the rough surface play a decisive role on 
the production of the turbulence, which is responsible 
for the transmission of both momentum and heat in 
radial direction. 

Further correction parameters, functions of the ratio 
ofthe absolute wall temperature to the gas temperature 
averaged in the regions up to the zero shear surface 
or up to the adiabatic surface respectively, have been 
obtained, which correlate the R(h+) values in the fully 
rough flow region and the G(h+) values in the whole 
turbulent flow region investigated in the present 
experiment. 

5. For low h$ values the R(h+) data fall on the line: 

R(h+) = 2.5lny++5.5 

predicted by Nikuradse for hydraulically smooth 
turbulent flow, provided that Rew > 3000. 

6. For Rew i 1800 the friction data agree very well 
with the theoretical prediction of Tiedt for the laminar 
flow in concentric smooth annuli, and with the tem- 
perature effect obtained by Dalle Donne and Bowditch 
for the laminar flow of gases inside tubes at high 
temperatures. 



7. The heat-transfer data in turbulent flow regimt 
(Rew > 3000) can be correlated in terms of the ratio: 

GPROl = G(h$) 
I[ 

Pr0.44(TW/G)o.5 

’ (O.Ol(rl- r1))oo53] 
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These expressions have a form similar to that of the 
curves obtained by Dipprey and Sabersky and by Webb 
for flow in tubes and’ for small temperature differences 
between surface and coolant (constant physical proper- 
ties in the coolant field). The differences in our two 
expressions are small but still significant. They confirm 
the finding of Dalle Donne and Meerwald that the 
exponent of h$ for the factor preponderant in the 
region of fully rough flow (the first factor on the right 
side of the two expressions) is higher for roughnesses 
having lower values of R(h’). 

for all the four test sections investigated, which are 
typical of a roughness with low R(h+) values (high 
friction factors) and of a roughness with high R(h+) 
values (low friction factors), both in a large and in a 
small outer smooth channel. 

8. The heat-transfer data for the roughness with low 
R(h’) values are correlated by the expression: 

5. THE DATA FROM THE LITERATURE TRANSFORMED 
WITH THE PRESENT METHOD 

5.1. Friction data 

GPROl = 3.41(h$)“.30 + $ for 8 < hw < 800 
W 

and the heat-transfer data for the roughness with high 
R(h+) values by the expression : 

53 
GPROl = 4.16(h$)0.282 + (h~)‘,6 for 5.5 < hw < 3%. 

Table 2 shows the geometrical characteristics of 
roughnesses with ribs with rectangular profile investi- 
gated by various authors from the literature. Table 2 
shows also their friction data in terms of R(h$). The 
values of R(m) of Table 2 are averages of the experi- 
mental data of these various authors for h$ > 70. In 
this region of h$ the values of R(h&) remain more or 
less constant and independent of h$ (region of fully 
rough flow). 

Table 2. 

Roughness parameters 

Reference Author 
p-b 

Year Geometry __ hlb h/j R(m) 
h 

WI 

[151 Chu- 
Streeter 

1949 Tube 

Cl61 Sams 1952 Tube 

Cl71 Nunner 1956 Tube 

C631 Koch 1958 Tube 

Mijbius 1940 Tube 9.00 1.00 0.101 3.54 2.61 
9.03 1.00 0.101 3.54 2.61 

18.0 1.00 0.101 4.25 3.33 
18.5 1.00 0.100 4.13 3.21 
36.0 1.00 0.100 5.33 4.41 
30.2 0.60 0.060 6.38 5.66 

8.2 2.20 0.222 2.93 1.69 
60.6 0.30 0.030 10.6 10.2 
28.5 0.99 0.140 4.61 3.55 
18.0 1.00 0.060 4.45 3.73 
18.6 0.97 0.029 4.99 4.57 
18.3 0.98 0.039 4.67 4.13 

1.03 0.93 0.011 10.9 10.9 
1.02 0.93 0.022 11.8 11.5 
1.02 0.93 0.039 13.5 13.0 
3.02 0.93 0.022 5.08 4.80 
7.06 0.93 0.022 3.37 3.09 

0.73 1.37 0.025 7.20 6.83 
1.16 1.12 0.037 9.20 8.68 
1.14 0.88 0.016 11.90 11.70 

19.20 0.80 0.080 4.53 3.68 

8.80 
18.6 
77.4 

155.8 
3.72 
9.60 

64.80 
195.80 

0.08 1 3.81 2.96 
0.080 4.75 3.90 
0.080 8.16 7.31 
0.080 10.60 9.79 
0.202 3.59 2.38 
0.201 3.21 2.00 
0.200 5.75 4.54 
0.200 9.30 8.09 

Fedynskii 1959 Annulus 5.67 
12.30 
15.7 

1.00 
1.00 
1.00 
1.00 
5.00 
5.00 
5.00 
5.00 

1.00 
1.00 
1.00 

0.105 3.04 2.10 
0.104 3.00 2.06 
0.106 3.20 2.25 

NW),, Symbol 

El 

El 

III 

El 

a 

El 
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Roughness parameters 

Reference Author 
p-b 

Year Geometry __ 
h 

1651 Draycott, 
Lawther 

C661 Skupinski 1961 Annulus 

[671 Savage, 
Myers 

C681 Sheriff, 
Gumley, 
France 

[691 Gargaud, 
Paumard 

t-701 Massey 1966 Annulus 

1961 Ann& 

Tube 

1963 Tube 

1963 Annulus 

1964 Tube 

Annulus 

1.00 1.00 0.130 11.00 9.92 
1.00 1.00 0.066 9.33 8.57 
1 .oo 1.00 0.045 8.93 8.33 
1.00 1.00 0.035 8.62 8.13 

1 .oo 
2.00 

10.00 
20.00 
40.00 
66.20 
39.50 
21.70 
10.60 

1.00 0.208 
1.00 0.188 
1.00 0.158 
1.00 0.167 
1.00 0.179 
2.00 0.200 
2.00 0.200 
2.00 0.201 
2.00 0.202 

9.21 
6.60 
3.02 
4.59 
6.29 
6.41 
5.15 
4.18 
3.47 

3.i7 
3.00 
4.12 
5.05 
3.23 
3.11 
3.49 
4.47 

8.00 
5.42 
1.92 
3.46 
5.14 
5.21 
3.96 
2.98 
2.27 

16.00 2.67 0.166 
6.00 2.67 0.166 
2.00 2.67 0.169 
1.00 2.67 0.172 

12.00 1.33 0.083 
8.00 1.33 0.083 
4.00 1.33 0.083 
2.00 1.33 0.084 

2.15 
1.87 
2.99 
3.91 
2.38 
2.26 
2.64 
3.61 

9.00 1.00 0.028 3.07 2.64 
4.00 1.00 0.030 4.41 3.96 
1 .oo 1.00 0.079 12.50 11.70 
1 .oo 1.00 0.040 9.88 9.32 

9.00 1.00 0.020 3.40 3.13 
9.00 1.00 0.03 1 3.19 2.74 
6.00 1.00 0.008 2.66 2.75 
9.00 1.00 0.008 3.98 4.07 

14.00 1 .oo 0.008 4.29 4.38 
4.00 1.00 0.012 3.72 3.65 
6.00 1.00 0.012 3.53 3.46 

14.00 1.00 0.012 4.72 4.66 
2.00 1.67 0.020 7.01 6.13 
3.00 1.67 0.020 3.87 3.60 
4.00 1.67 0.020 3.25 2.98 
0.50 1.60 0.03 1 10.60 10.10 
1.00 1.60 0.031 10.90 10.50 
2.00 1.60 0.031 6.55 6.10 
9.00 I .oo 0.060 3.39 2.67 

15.00 1.00 0.064 3.99 3.20 
14.60 1.00 0.096 3.80 2.85 
15.00 1.00 0.116 3.16 2.74 

6.16 1.06 0.100 2.32 1.39 
6.16 1.06 0.192 2.71 1.53 

13.30 1.06 0.103 3.04 2.11 
13.30 1.06 0.196 3.63 2.44 
27.50 1.06 0.112 5.13 4.17 
27.50 1.06 0.215 6.03 4.80 

Before obtaining the R(h$) values, the experimental 
friction factors from the literature were always reduced 
to the same definition of hydraulic diameter. In the 
literature it is possible to find three different definitions 
of hydraulic diameter. One based on the tips of the 
roughness ribs, one on the root of the ribs, the third 
on the “volumetric” diameter of the rough surface, i.e. 
on the diameter of the surface which one would obtain 
by smearing the rib on the surface itself. This seems 
to be the most appropriate definition, because the 

W hlj R(m) R(~)oI Symbol 

q 

q 

q 

q 

cl 

El 

Nikuradse’s law of the wall [equation (2)] is obviously 
referred to a velocity profile averaged in axial direction 
over the pitch of the roughness ribs p. This is the 
reason why Nikuradse and Schlichting used this defi- 
nition. We reduced therefore a.ll the data from the 
literature given in Table 2 to the volumetric hydraulic 
diameter definition. Of course also the data obtained 
with the present experiment are based on the volu- 
metric hydraulic diameter. 

The values of R(h&) for the calculation of the R(a) 



Table 2.-Continued 

Turbulent convective heat transfer from rough surfaces 

Roughness parameters 

611 

Reference Author 
P-b 

Year Geometry - 
h 

hlb h/9 R(a) 

1711 

1723 

c351 

[281 

C361 

C611 

Kjellstrom, 
Larsson 

1967 Annulus 

Feurstein, 
Rampf 

1969 Annulus 

Lawn, 
Hamlin 

1969 Annulus 6.21 1.00 0.055 3.34 

Watson 1970 Annulus 5.49 1.00 0.056 2.45 
6.19 1.00 0.035 2.55 
6.22 1.00 0.024 2.26 
6.19 1.00 0.037 3.02 

Stephens 1970 Annulus 6.20 1.00 0.046 3.10 2.50 
8 

Webb, 
Eckert, 
Goldstein 

1971 Tube 

3.35 
7.10 

13.90 
7.54 

13.60 
24.20 
11.90 
13.70 
7.47 
3.51 
1.58 
1.60 

26.80 
4.97 

0.77 2.50 0.156 9.01 
1.27 2.50 0.149 7.97 
2.10 2.50 0.133 4.84 
2.93 2.50 0.128 3.89 
6.27 2.50 0.121 2.40 
1.15 1.67 0.108 9.10 
1.90 1.67 0.097 6.53 
3.15 1.67 0.087 3.96 
4.40 1.67 0.084 3.04 
9.40 1.67 0.083 2.69 

14.40 1.67 0.084 3.13 
2.30 0.83 0.05 1 6.51 
3.80 0.83 0.046 4.29 
8.80 0.83 0.044 2.91 

18.80 0.83 0.046 3.99 
28.80 0.83 0.048 5.29 
4.60 0.42 0.024 4.35 
7.60 0.42 0.023 3.08 

17.60 0.42 0.024 4.73 
37.60 0.42 0.026 6.55 

8.97 0.97 0.020 3.69 
9.48 1.94 0.040 3.18 
9.74 3.88 0.080 3.15 

19.50 1.94 0.040 4.38 
39.50 1.94 0.040 6.46 

- 
1.72 0.021 3.52 3.08 
0.87 0.019 2.32 1.91 
0.50 0.021 3.86 3.41 
0.92 0.035 2.67 2.05 
0.55 0.036 3.83 3.19 
0.31 0.023 5.93 5.43 
0.086 0.027 6.59 6.04 
0.26 0.022 4.89 4.41 tz 

0.97 0.05 1 2.43 1.69 
1.98 0.03 1 2.69 2.11 
3.77 0.035 6.64 6.00 
4.08 0.025 6.54 6.02 
1.04 0.022 5.80 5.32 
0.34 0.043 6.45 5.74 

7.87 
6.85 
3.77 
2.83 
1.37 
8.10 
5.58 
3.06 
2.15 
1.80 
2.24 Cl 

5.80 
3.62 
2.27 
3.33 
4.61 
3.93 
2.68 
4.01 
6.09 

2.66 m 

1.76 
2.05 
1.91 q 
2.50 

3.40 
2.61 
2.31 
3.81 

q 
5.89 

of Table 2 have been obtained from the geometrical and Hamlin [35] performed velocity measurements in 
parameters and the reduced friction factors always by an annulus, thus obtaining by direct measurement a 
integration of Nikuradse’s law of the wall [equation value of R(W) which differed only slightly from that 
03. Thus for flow of fluids inside rough tubes, the obtained from the present method, shown in Table 2 
R(hf)‘s were obtained from the measured friction [R(cc) = 3.34, while the value directly measured by 
factors by means of the friction similarity law of Lawn and Hamlin was equal to 3.571, the difference 
Nikuradse [equation (9)], while for flow in annuli the being given by the slightly different slope from 2.5 in 
present transformation method was used (see Section the velocity profile found by Lawn and Hamlin 
3.6). This was done even in the cases where the velocity (slope = 2.22). In our opinion these differences are well 
profiles were measured directly. For instance Lawn within the accuracy ofthe experiments of reference [35]. 
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Table 2. shows the values R(cofo 1 as well, which have the ribs and less on the flow pattern on the top face 
been obtained from the corresponding values of R(a) of the rib, and this is the reason why Cp-b)/lz is a 
and reduced to the vatue h/3 = 0.01 and Tw/TB = I by better parameter than p/h. Extending this reasoning, 
means of equation (72) and (78) respectively. In this, it is possible to understand why Rfco),i presents a 
we assume that the h/i and Tw/TB effects on R(a) for mi~um for ~-~)/h s 6 in Fig. 36. For (p -b)/h 
the roughnesses with rectangular ribs in the literature, greater than 6 the region of the wall, where the viscous 
are the same as those which were found for the rough- layer is growing and the local friction factors decrease, 
nesses investigated by us during the present experiment. increases when Cp- b)/b increases, therefore the total 
The validity of equation (72) is limited to the range friction factor decreases too and Ran increases. 
h/j < 0.235, therefore we considered from the literature On the other hand for (p-b)/h smaller than 6 the 
only the cases where this condition was satisfied. vortex behind the rib occupies always more of the 
Table 2 lists the experimental data for h,@ < 0.235 only. space between two adjacent ribs as (p - b)/h decreases. 

IO 

8 

6 

2 

a4 

=3 

FIG. 36. R(a)01 vs (p-b),h for 0.95 6 h/b r 1.05. 

Figure 36shows the values of R(co)ol for rectangular 
ribs with 0.95 < h/b < 1.05 vs 0, - b)/h from the present 
experiment [the vaiues of R(m)ol for the present 
experiment, shown in graphs with black squares are 
listed in Table 1) and from the various authors of 
Table% To try to simplify the correlation, we have used 
the parameter (p - b),t’h rather than p/h used previously 
by DaIle Donne and Meerwald [Sl] and Baumann 
and Rehme ES]. Indeed Baumarm and Rehme find 
that in the diagram R(m) vs p/h the position of mini- 
mum R(a) is a function of h/b, namely it is shifted 
toward smaller values of p/h for higher values of 
h/b [55]. Obviously this effect C~XI be, at least in part, 
~orn~~at~ by the choice of the parameter ($ - b)/h 
rather than p/h, in such a way that the minims of 
R(m) OCGUrS always at the same value of (p-b)/h, 
whatever is the value of h/b. This has an effect that 
the correlation of the data becomes much simpler. 
Already Kjellstrijm [73] noticed that the parameter 
@-- b)/h is more significant than p/h for correlating 
the friction data of rough surfaces. The physical ex- 
pianation of this is quite simple. As Kattchee and 
Mackewicz 1741 observed, after a rectangular rib the 
flow reattaches at a distance of about x = 4h after 
the rib, the region 0 < x < 4h near the wall being 
occupied by a vortex. For x > 4h the viscous layer at 
the walI starts to grow, therefore the local friction 
co&cient, which has a maximum at the point of re- 
attachment, decreases as x increases beyond 4h. AlI 
this is mainly dependent on what happens between 

For @ - b)/h = 2, “a standing vortex is formed between 
the ribs filling ap~rox~ateIy two thirds of the cavity. 
The energy interchange with the mainstream appears 
to be only sufficient to produce vortex shedding 
occasionally” [75). The flow becomes more and more 
a “quasi-smooth flow” [76], as the frequency of the 
vortex shedding decreases with the decreasing of 
(p - b)lh. Thus for (p -b)/h < 6 the friction factor de- 
creases when (p-b),% decreases. In the region 
(p-b)/h FZ.S 6 the friction factor has thus a maximum, 
and R(cQ)@~ consequently a rnin~~. 

The data of Fig. 36 can be correlated by: 
-0.73 

kIforl<P-b<63 
’ h ‘. 

and 

0.95 Q ; < 1.05 (83) 

p-b 0.46 

R(co)o$ = 1.04 I_ 
i > h 

0.95 Q ; B 1.05. (84) 

The scatter of & 1, which implies a scatter in the 
tr~sformed friction factors of about _t 1.5x, is rather 
large and can be explained by the fact that the points 
derive from many different experiments, in different 
laboratories, over a period of time of over thirty years. 
Geometrical tolerances, both of the roughness ribs and 
of the channels which contained the roughness surfaoes, 
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as well as rounding of the ribs given by various been eliminated, the scatter of the points being more 

fabrication processes, may produce a considerable or less the same as in Fig. 36. Thus one can conclude 

scatter in the value of R(oz)~~ [31j. Another possible that all the data of Table 2 and from the present 
cause of scatter of the values of the roughness par- experiment, which cover the range: 

ameters is the fact that the R(h&)oI values are not 
exactly constant for h$ > 70, thus the averaging per- 1 <e< 160 
formed to obtain R(co) may have produced scattering ‘h X 

of the values, ag the ~(~~) were obtained by the 
various &tthors in different ranges of h&. It should be 0.086 < “b G 5.0 (85) 

noticed however that the scatter of the points obtained 
in the present experiment (black squares) is consider- 
ably less than that of the others. 

0.008 < h; < 0.235 
Y 

0.086s h/bd0.6 

l.GSh/bQ5.0 

6 SO.34 90.086 -9 

9 0.26* 0.4: 
3 4 PO.42 ..c P 

n 3 2.67M 

2 

l This work, the other 

I symbols are f~mTa~e 2 

I I I I I l~l~l 1 I I i I ISIll I I 1 
0.6 0.6 I I.5 2 3 4 6 8 IO 15 20 30 40 60 80 100 15L, 200 

p-b 
h 

FIG. 37. R(cQ)~~ vs (p -b)/h for 0.086 5 h/b 5 0.6 and 1.6 5 h/b $ 5. (The numbers beside the points 
indicate the value of h/b.) 

l This work, the other 
L CLICK I 1 arc fmmTable * 1 I 8 1 !I11 I I 1 symbols 2 

1 I ISIS1 I I 
0.6 0.8 I I.5 2 3 4 6 8 IO P-b 15 20 3cJ 40 60 soioo I!%Ioxx, 

-i;- 

FIG. 38. Ran + [2-i- 7[(p- b)/h]] log,&/b) vs (p- b)/h for 0.086 5 h/b < 0.95 and 1.05 c h/b 5 5.0. 

Figure 37 shows the values of R(co)et vs (p-@/h are correlated by: 
for h/b different from unity (0.086 < b/b < 0.6, 1.6 s 
h/b < 5,0), each point having its h/b value indicated 
near the symbol. A systematic h/b effect greater than 

R(co)ol =u’(~~“‘73-[,,~]~o~~~~~~ 

the scattering of the points is quite evident over the 
whole range of (p- b)/h. Figure 38 shows the same 

for 1 < T 6 6.3 (86 

points and the others for 0.6 c h/b -c 0.95 and 
1.05 < h/b < 1.6 in the diagram 

R(401+[2+&-]loglo~ 

R(ca)$)r= 1.D4(~~46-t2+7]~og~~~~~ 

vs (p - b)/h. The systematic h/b effect of Fig. 37 has 
for 6.3 G y $ 160. (87) 



614 M. DALLE DONNE and L. MEYER 

I ,,I I I I I ‘l1l’l I I I I ’ 1’1’1 I l 

0.066d h/bs 0.6 
I.61 h/b65.0 

. 2.5 
2.6 s 

*This work, the other _ 

symbols ore from Table 2 

I I, I I I I I III&l I I I I II1111 I I J 
0.6 0.8 I I.5 2 34 6 8 10 I5 20 30 40 60 80 100 150 x)0 

FIG. 39. R(oz)~, vs (p-b)/h for 0.086 5 b/b s 0.6 and 1.6 2 h/b 5 5. Comparison with suggested corre- 
lation. (The numbers beside the points indicate the value of h/b.) 

8- 0 

6- Symbols of Table 2 - 

4’ 
2 4 6 IO 20 40 60 100 200 400600 IO00 a00 4ooo 10 000 

h& 

Fro. 40. GPROI vs II& for 2 < ROE 6 3 and (p- bf/h > 6.3. 

Figure 39 shows the same points of Fig. 37 in the 
diagram R(cLI)~~ vs (p- b)/h. Also equations (86) and 
(87) for h/b = 0.25, 0.5, 1, 2 are shown in the figure. 
One can notice that the equations suggested correlate 
the points tends to increase quite considerably. We 
(p- b)/h and h/b too high or too low the scatter of 
the points tends to increase quite considerably. We 
would therefore recommend to use equations (86) and 
(87) not in the range (85) but in the more restricted 
range : 

2&%20 
’ h ’ 

This is the most interesting range for practical purposes, 
because it is in this range that the thermal performance 
of the roughness is really higher than that of a smooth 
surface, as shown in [2]. 

For all the papers listed in Table 2 and which 
reported heat-transfer measurements with gases we 
evaluated the function G(h$). In case of flow inside 
tubes we used the Dipprey-Sabersky relationship 
[equation (16)]. For flow inside annuli we used the 
present transformation method, whereby it was not 

possible to use equation (50), because the temperature 
of the outer wall of the annulus was not generally 
available, and equation (58) was used in its place. In 
[2] it is shown that this does not make much difference. 

The function GPROl was calculated by means of 
equation (80). In this, again, we assume that the 
(T&Q and h/(rz -rJ effects on G(h$) for the rough- 
nesses with rectangular ribs of Table 2 are the same 
as those which were found for the roughnesses investi- 
gated by us during the present experiment. 

In [2] the heat-transfer data for the papers of 
Table 2 have been plotted in diagrams GPROl vs h$. 
The data have been sorted out according to the relative 
R(cJ)~* values and (p-b)/h values (either greater or 
smaller than 6.3). Figure 40 shows for instance the 
literature data for the range 3 < R(co)ol < 4 and 
ip- b)/h > 6.3. For GPROl > 10 the data can be corre 
lated by an equation of the type: 

GPROl = K, .hGKz (89) 

as in the case of the heat-transfer data obtained during 
the present experiment. The scatter of the points is 
of course greater than in &he case of our data (cf. with 
Figs. 34 and 35) for the same reasons, which we dis- 
cussed in the previous Section 5.1 for the friction data, 
but no systematic trend can be observed. Only the 
data of Koch for h/b = 5 [63] arq systematically higher 
than the others, as one can see from Fig. 40 as well 
as from the other graphs in [2]. This is probably due 



Turbulent convective heat transfer from rough surfaces 

to a so called “fin efficiency effect”, as already noticed 
by Dalle Donne and Meerwald [51]. With the thin ribs 
of Koch (h/b = 5) the heat-transfer coefficient is con- 
siderably decreased by the finite heat conduction along 
the ribs, leading to higher values of GPROl, while 
lower and/or wider ribs can be practically considered 
at constant temperature. This effect is dealt in detail 
by Mantle, Freeman and Watts [77]. For GPRO l< 10, 
the values of GPROl remain more or less constant as 
hw decreases (see [Z]). 
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trapezoidal and rectangular) while the present investi- 
gation has been restricted to roughnesses with rect- 
angular ribs only. The scatter in the graphs of Dalle 
Donne and Meerwald was considerably higher, but the 
agreement between the present correlations and those 
suggested by Dalle Donne and Meerwald is sur- 
prisingly good. 

6. APPLICATION TO CONDITIONS TYPICAL OF A 
FUEL ELEMENT OF A GAS COOLED FAST REACTOR 

Once the parameters R(h$) and G(~~) are known 
the friction factor and the heat-transfer coefficient for 
the fuel elements of a gas cooled fast reactor can be 
calculated. These fuel elements are made up of bundles 
of rough rods in a regular triangular array. Generally 
the ratio of the pitch of the rods to the rod diameter 
p,/d is greater than 1.2, thus no acute corners between 
surfaces are present, secondary flows play a negligible 
role and the logarithmic velocity distribution [equation 
(2)] still holds [14]. For the central coolant sub- 
channels of the bundle, unaffected by the subassembly 
walls, surrounded by rough heat-transfer surfaces only 
and where the condition of coincidence of zero shear 
stress and zero heat flux is given, it is possible to 
obtain the average dimensionless velocity ii+ by the 
integration over yt of the universal velocity profile 
relative to rough surfaces: 

lL&miure This work ’ ’ ’ ’ ’ ’ 
=<a3 0 

h‘ 
l 

o Sand rwShnesr 

(Dipprey+Soberskyt18I) 

9t3 0 . 

Dolls Oonne+Metrwold 

\ El1 

KI 

FIG. 41. Coefhcient Ic, of equation (89) vs &co)@,. 

Figures 41 and 42 show the parameters K, and K2 
as defined by equation (89). Each couple of values 
Kr and Kz has been obtained by a diagram similar 
to that of Fig. 40 (for the other diagrams see [2]) 
and from the present experiment (Figs. 34 and 35). 
The graphs of Figs. 41 and 42 show that GPROl is 
independent of (p- b)/h and it is a function of R(co)ar 
only. The scattering of the points is considerable, but 
the effects on GPROl are smaller than it would appear 
at first sight from these diagrams, because to each 
value of 1(r lower than the correlation line is associated 
a value of 1(2 higher than the respective correlation 
line and vice versa, so that these two differences com- 
pensate each other on GPROl, at least in part. The 
correlating equations are: 

K1 = 3.0+0.3R(~o)~~ (90) 

K2 = 0.32-0.017R(~o)~~. (91) 

Figures 41 and 42 show also, for comparison, the 
lines suggested by Dalle Donne-Meerwald [Sl] and 
valid for ribs of different shapes (circular, triangular, 

0.8 - 

- 
b! 

‘0.6 
Kz*0.32-O.O17R(mlo, Dolla Dgnna+Mcerwold KS11 

+- ?. r ---- ____ 
0 

I 1 I I I I I I 1 I i I. 
0 I 2 3 4 5 6 7 8 9 IO II 12 

FIG. 42. Coefficient Kz of equation (89) vs R(cok,r. and remembering that I’ = (fR/2~~/sr~, one obtains 

u+ = 2,51nf+R(h$) (2) 

in an equivalent annular zone having the same cross 
sectional area of the hexagonal area relative to a single 
rod of the cluster. The result of this integration is 
given by: 

U+ = 2.5 In (92) 

where p$ = [2(3)*/rr]f pr is the diameter of the equiv- 
alent annular zone. When one considers that ii+ = 
(2/_&)*, one has : 

In a similar way the average dimensionless temperature 
fi is obtained by integration of the universal tempera- 
ture profile relative to rough surfaces: 

t+ = 2.5 In i + G(h&) (11) 

in the same equivalent annular zone. The integration 
yields : 

f+ = 2Sln 
3.75 + 1.25pI/d 

l+p?fd ’ 
(94) 

From equations (93) and (94) one has : 

(95) 

HMTVol.20.No.6-C 
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the Stanton number for the central rough coolant 
subchannels of the bundle: 

./i/2 
StR = 1+ (f~/l)+[G(h,$) - R(h,$)]’ (96) 

Considering equations (72) and (78), R(h$) is given by: 

R(h$) = R(cD)~, +0.4ln 

(97) 

where: R(co)ol is given by equations (86) and (87), 
the term 2h/d/p,*/d - 1 corresponds to the ratio h/j of 
the annulus, and the term 5100/hG3 takes into account 
the transition region between turbulent fully rough 
flow and smooth flow. This term has been obtained 
as an average of the values obtained for the tube 10 
ofthe present investigation. The transition region value 
of R(h&) is probably not independent of the value of 
Ran, and we have seen that it is very much affected 
by T,IT,, thus the transition term is subjected to 
considerable uncertainty. Further experimental work 
is required for the transition region, especially as far 
as friction data are concerned. The transition term 
5100/h,$3, however, becomes appreciable only for 
h& < 30, a region where the thermal performance of 
the roughness is rapidly decreasing for the conditions 
typical of a gas cooled fast reactor (see [2]). 

Of course if the R(h$) value calculated with equa- 
tion (97) is higher than 2.5 In h$ + 5.5, this means that 
we are in the region of turbulent smooth flow and 
we replace equation (97) with equation (98): 

R(h&) = 2.5 In h$ + 5.5. (98) 

Further limiting conditions are those obtained in the 
present experiment : 

Rew > 3000 

h 2h/d 
- = ___ < 0.235 
j p:/d - 1 

h; > 6. 

From equation (80) we obtain G(h$) for the bundle: 

G(h$) = GRPGl . Pr”.44(Tw/TB)o~5 

where GPROl is given by equations (89)-(91). When 
the GPROl thus calculated is less than 10, then it is 
set equal to 10 (see [2]). 

The method described above was used for the evalu- 
ation of experiments with a bundle of twelve rough 
rods, which have been carried out in the helium high 
pressure loop of the Institute of Neutron Physics and 
Reactor Engineering at Karlsruhe. The agreement 
between theoretical prediction and measurement was 
excellent [78] and considerably better than the agree- 
ment which one would have obtained with the previous 
methods based on the integral parameters fR and StR 

and the equivalent hydraulic diameter. For instance, 
Walker, White and Burnett were forced to use for each 
subchannel of different form a different empirical equa- 
tion for fs and SLR to correlate their experimental 
data for a rough rod bundle [79]. Yet with the present 
method the values offs and St, for each coolant 
subchannel are obtained by means of an integration 

of always the same velocity and temperature profiles. 
The resulting differences in the calculated values of 
fs and St, for the various subchannels are given merely 
by the effect of the different subchannel shapes on the 
integral. 

Figures 43 and 44 show the ratio StR/& vs fR/fs 
and the thermal performance (StR/Sts)3/(fR/fs) vs fRlf 
for the following conditions typical of a gas cooled fast 
reactor fuel element: 

3.0 - 

2.6 - 

2.6 - 

2.4 - 

2.2 - 

? 
‘: 20- 

,” 
co 1.8-- 

1.6 - 

1.4 - 

p,/d = 1.4 
rib profile = rectangular 

h/b = 2 

Rew = lo5 

Pr = 0.667 (helium coolant) 

TV/T, = 1. 

(101) 
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FIG. 43. Stanton vs friction multiplier for rod bundle. 
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FIG. 44. Thermal performance of rod bundle. 
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Sts and fs have been obtained from the equations 
recommended for the flow of a gas inside a smooth 
tube, Namely Sts from the Dalle Donne-Bowditch 
correlation [59] and fs from the ~~dtl-N~ur~se 
universal law of friction for smooth pipes [equation 
(36)]. Further results for h/b = 0.25,0.5 and 1 are given 
in [2]. Figure 44 shows the improvement in the thermal 
performance caused by the roughness. The optimum 
is between 2.3 and 2.4 in the region of fRjfs between 
4 and 6. For each value of h/d the optima are given 
by (p - b)/h = 6.3. In general one can say that as R(h$) 
decreases the thermal performance improves. 

The “Stanton multiplier” StR/Sts varies considerably 
less than the thermal performance. Typically one has a 
Stanton multiplier of 2 for a friction multiplier fRifs 
equal 4. 

The practical si~ific~~ of the ~provement in 
thermal performance is illustrated by the following 
equation derived in [2] : 

Q 24~T~-73..~;~ -= 
N q2 fR 

(102) 

where: Q = reactor thermal power; iV = pumping 
power required to circulate the coolant gas through 
the “rough region” of the reactor; 9 = efficiency of the 
blower; Tw - T, = temperature difference between fuel 
element surface and coolant gas; q = heat flux at the 
fuel element surface; pt = gas density at the blower; 
p = average gas density in the reactor; cP = specific 
heat of the gas coolant. 

If the pumping power were given by the pressure 
drop in the rough region of the reactor only, an 
improvement of the thermal performance S&fR of the 
factor 2.3 would entail, according to equation (102), 
either an increase of the heat flux of SOY& or a reduction 
of the gas pressure to 2/3, or a reduction of the tem- 
perature difference to 314, or a reduction of the pump- 
ing power to 44%. 

7. CONCLUSIONS 

The experiments to measure the heat transfer and 
friction coefficients from rough surfaces are generally 
performed with a single heated rough rod contained 
in a concentric smooth tube, although the reactor fuel 
elements are made up of a number of parallel fuel pins 
placed in regular arrays and cooled by gas flowing 
parallel to the pins. The authors have developed a 
new method of tr~sforming the experimental results 
obtained with a single rod so that they can be applied 
to reactor fuel elements. 

The method is based on the assumption that the 
velocity and temperature profiles normal to the rough 
surface can be described in turbulent flow by the 
universal laws of the wall: 

u+ = 2SlnX+R(hi) 

t+ = 2.5lns+G(h+) 

where u” and t+ are the dimensionl~s velocity and 
temperature at the distance y from the rough wall, 

h is the height of the ribs of the roughness, and 
R(h+) and G(h+) are the dimensionless velocity and 
temperature at the point y = h, i.e. at the tip of the 
ribs. In this ~s~ption it is implicit that the par- 
ameters, which have influence on the velocity and tem- 
perature profiles, i.e. on the friction and heat transfer 
coefficients, do so through the quantities R(h+) and 
G(h+) only. 

For the transformation of the friction factors the 
cross section of the annulus is divided into two regions, 
the inner one pertaining to the rough inner rod, the 
outer one to the outer smooth tube. The separation 
line is given by the line of no shear. As in the Maubach 
method, it is assumed that this separation line is deter- 
mined by the intersection of the two velocity profiles 
starting from the inner rough rod and from the outer 
smooth surface respectively. In the present method, 
however, the slope As of the velocity profile relative 
to the smooth wall is assumed to be a function of the 
friction factor of the inner rough rod, to take into 
account a larger amount of experimental information 
on the position of the zero shear stress line. 

For the tr~sfo~ation of the heat-transfer coef- 
ficients it is assumed that the above mentioned 
universal temperature profile holds over the whole 
cross section of the annulus from the inner rough 
surface over the line of zero shear up to the outer 
smooth surface, which is taken to coincide with the 
surface of zero heat flux. G(h+) is determined by the 
measurement of the temperatures of the two walls of 
the aunulus. In this way we obtain a temperature 
profile with well defined boundary conditions 
(ql = heat flux at the rough wall, Q = heat flux at the 
smooth wall = O), which correspond to those of the 
central coolant su~hannels of rough clusters of rods. 

The present transformation method of the friction 
factors agrees very well with the results of experiments 
performed by Wilson, who measured the shear stress 
on the rough inner surface of an annulus directly by 
means of weighing [433. Furthermore the values of 
R(h”) and G(h+) obtained with the present trans- 
formation method from our me~urements in annuli at 
low temperature, agree well with the data of Webb 
[SS]. The data of Webb, being obtained for flow inside 
completely rough tubes at low temperatures, do not 
need any transformation and, again, the good agree- 
ment confirms our transformation method both for the 
friction and the heat-transfer coefficients. 

During the present experiment, friction factors have 
been measured of ten different rough rods with two- 
dimensional rectangular ribs, each rod being tested 
subsequently in four different outer smooth tubes. 
Furthermore heat-transfer coefficients have been 
measured for two of these rods, each subsequently in 
two different outer smooth tubes. From these measure- 
ments the effects of three dimensionless groups 
(Reynolds number based on the roughness height and 
on the gas properties evaluated at the wall temperature, 
ratio of the roughness height to the length of the 
velocity or temperature profile, ratio of the wall tem- 
perature to the gas bulk temperature) have been found 
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on the velocity and temperature profiles of the fluid 
in turbulent flow. The data from the literature for 
roughness with two-dimensional rectangular ribs have 
been transformed with the present method. In this way 
the effect of the additional determining parameters 

was established, that is the effect of the microscopic 
geometrical parameters characterizing the rectangular 
ribs, in a range particularly interesting for practical 
purposes. 

The present transformation method has been applied 
to a geometrical configuration typical of a fuel element 
of a gas cooled fast reactor. In this it was assumed 
that the velocity and temperature profiles in cross 
sections of the coolant subchannels of the bundle are 

given by the logarithmic expressions shown above. 
The parameters R(h+) and G(h+) and the effect of the 

determining parameters mentioned above are cov- 
sidered as invariant in the transformation from annulus 

to bundle geometry. By integration of the velocity and 
temperature profiles in the coolant subchannels the 
average values ti+ and t+ of these profiles are obtained. 
These average values are directly connected with the 
friction factors and Stanton numbers through the 
expressions : 

U -+ = (2i.M 

if = (2/fR)+/st& 

In this way the values of fR and StR and the ratio 
S&fR (thermal performance of the roughness) of a 

bundle of rods can be calculated. 
The method described above was used for the 

evaluation of experiments with a bundle of twelve 
rough rods. The agreement between theoretical predic- 
tion and measurement was excellent [78] and con- 
siderably better than the agreement which one would 
have obtained with the previous methods based on the 
integral parameters fR and St, and the equivalent 
hydraulic diameter. 
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CONVECTION THERMIQUE TURBULENTE A PARTIR DE SURFACES RENDUES 
RUGUEUSES PAR DES NERVURES RECTANGULAIRES A DEUX DIMENSIONS 

Resume-La rugosite artificielle est frequemment utilisee dans les reacteurs nucleaires pour ameliorer la 
performance thermique des elements de combustible. Bien que ces elements soient constituis de faisceaux 
de barres, les experiences visant a la mesure des coefficients du transfert de chaleur et de frottement de 
la rugositt s’effectuent sur une barre unique entouree d’un tube lisse. Ce memoire d&it une nouvelle 
mtthode de transformation permettant d’acqubir des don&es valables pour les elements de combustible 
du reacteur moyennant des experiences faites dans cet espace annulaire. Des mesures nouvelles du 
coefficient de frottement ont Cte conduites pour dix barres rugueuses avec des nervures rectangulaires 
a deux dimensions. Pour chaque barre quatre mesures ont ete effect&s, chaque fois avec un tube lisse 
exterieur different. Les mesures des coefficients de transfert de chaleur concernent deux de ces barres. 
Pour chacune de ces deux barres deux mesures ont et& faites, chaque fois avec un tube lisse exterieur 
different, Les donnees sur le frottement ainsi que sur le transfert de chaleur, transform& a l’aide de la 
methode d&rite, ont ete condens& par des formules simples. Celles-ci sont appliquees dans ce memoire 

a un exemple caracteristique pour l’tlement de combustible d’un reacteur rapide refroidi au gaz. 

TURBULENTE KONVEKTIVE WARMEUBERTRAGUNG VON OBERFLACHEN MIT 
ZWEIDIMENSIONALEN RECHTECKIGEN RAUHIGKEITSRIPPEN 

Zusrmmmenfassung-Durch kiinstliche Rauhigkeit kann in Kernreaktoren die Warmeiibertragtmgsfiihig- 
keit der Brennelemente verbessert werden. Obwohl die Brennelemente aus Stabbiindeln bestehen, werden 
die Experimente zur Messung der Warmeiibertragungs- und Reibungskoeffizienten der Rauhigkeiten an 
Einzelstlben in glatten Rohren durchgefiihrt. Der Beitrag beschreibt eine neue Transformationsmethode, 
mit der Daten fur Reaktorbrennelemente aus diesen Versuchen im Ringspalt erzielt werden kiinnen. 
Reibungsbeiwerte wurden an zehn verschiedenen rauhen StLben mit rechteckigen Rippen in jeweils vier 
verschiedenen glatten AuBenrohren und WIrmeiibergangskoeffizienten an zwei dieser rauhen Stabe in 
jeweils zwei der glatten AuBenrohre gemessen. Die mit Hilfe der vorgestellten Methode transformierten 
Reibungs- und Warmeilbertragungswerte werden durch einfache Gleichungen beschrieben. Diese 
Gleichungen werden auf einen Fall angewandt, der fur ein Brenn-element eines gasgekiihlten schnellen 

Reaktors typisch ist. 

TYPEYJIEHTHbIfi KOHBEKTMBHbIfi HEPEHOC TEFLJIA OT I-IOBEPXHOCTEfi 
C IIIEPOXOBATOCTbIO B BHAE I-IJIOCKHX IIPIIMOYFO_BbHbIX PEEEP 

BOB--- kiCKyCCTBeHHaR IUepOXOEIaTOCTb 'iaCT HCllOnb3yeTCR AJIX yJIyWJIeH%iR 3&@2KTBB- 

HOCTW TB3JIoe WIepHbrx pea~mopo~. Xorr TB%br co6wpamTcK ~3 nymdr, CTepxcHefi, OnbITbI no 

H3MepeHHlO KOC@N-@VieHTOB TelTJIOOTAaYA El TpeHHIl ILIepOXOBaTbIX IIOBepXHOCTefi lTpOBOAKJfHCb Ha 

eAHHHWibIX CTepWIJlX, lTOMeJIIeHHbIX B UIaAKOCTeIiHble Tpy6bI. B CTaTbC paCCMaTpHBaeTCK HOBbIfi 

MeTOA IIpeO6pa30BaIiHs-l AaHHblX,IIO~yYeHHbIX AJIVla eAHIiWiHO~0 CTeplKHR B Tpy6e,~EiMeHLiTe~bHO 

K TB3JIaM IIAepHbIX PeaKTOpOB. npHBOAXTC%I HOBbIe 3KClTepHMeHTaJlbHbIe AaHIibIe no ~pelimo 

AJIX AeCSITH CTepXCHei% C pa3Jlki'IHOit HCKyCCTBUiEIO IiaHeCeHHOi IIIepOXOBaTOCTbEO B BliAC IIJIOCKHX 
~PffMOYrO~bHbIX pe6ep, KamSbIti H3 KOTOpbIX IlOMeIWJICR B WTbIpe pa3JlH'fHbIe I-naAKOCTeHHbIe 

TPy6bI.Am ABYXU3 3~llxCTep~C~~~~pa3JIHSHblXTpy6ax~pHBeAeHbIAaHt1bIenoTenn~TAare. 

&ISI o6o6ureI.m Aamiblx no TpeHHrO A TennooTAare,npedpa3om xc IIOMOIUbIo npemoxcew 

HOI-0 MeTOAa, HCIlOJlb3yK)TCR IlpOCTbIe l$OpMyJlbl, IIpUMeHeHIie KOTOpblX n6KMO Ha npmiepe 


