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TURBULENT CONVECTIVE HEAT TRANSFER FROM ROUGH
SURFACES WITH TWO-DIMENSIONAL RECTANGULAR RIBS

M. DaLLE DonNNEt and L. MEYER
Gesellschaft fiir Kernforschung mbH., INR, Karlsruhe, West Germany

(Received 29 July 1976)

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 o, =r1/r2;
Geometrical parameters B =Tofr3;
A, cross section area of the coolant channel * ax@l d1§tance parallel to the flow [cm];
(of a tube, of an annulus, and of the unit cell iy radlz}:idls;ance. fiom th.e wall of the
or subchannel of a rod bundle) [em?]; . considerec poin [om];
b width of the roughness rib [cm]; ¥V, radial distance between the wall and the
d, diameter of the rod in a rod bundle [cm]; surface of zero shear [em];
D, diameter of the tube [cm]; .
D;, diameter of the inner cylinder of the annulus ~ Gas properties
[cm]; ¢p,  specific heat at constant pressure [cal/g °C];
- . p
D,, diameter of the outer cylinder of the annulus k, thermal conductivity [cal/cm s °C];
[em]; 7, specific heat ratio [dimensionless];
44 o v, kinematic viscosity [em?/s];
D,, = —, hydraulic diameter of the coolant P, density [g/em®].
channel [cm];
h height of the roughness ribs [em];
’ . ) ’ Te t
hy, height of the Nikuradse sand roughness mperatures .
[em]; T, temperature of the gas at the considered
D, axial pitch of the repeated roughness ribs 01rcum£erenoe7 LSE .
[em]; Ts, Ty ~(us/2- 10" Jc,) = absolute static bulk
pr,  pitch of the rods in a rod bundle [cm]; temperature of the gas [K];
P, wetted perimeter of a coolant channel [em]; T, abs91ute total gas temperature at the test
r, radial distance of considered cylindrical section entrance = absolute static gas
surface from the axis of symmetry [cm]; temperature at the entrance (because the gas
ro, radius of the zero-shear-stress line in an velocity is very small there) [K];
annulus cross section [om]; Tr, Tz +(Q4/Mc,) = absolute total bulk
ri,  mean volumetric radius of the inner rod temperature of the gas [K]; .
averaged over total length of the rough Tw, absolute temperature of the wall of the inner
tube [K];
surface [em]; ;
r radius o[f thg outer cylinder of the annulus Twa. absolute temperature of the wall of the outer
[em]; tube [K];
R tube ;a dius [em]; T2, arithmetic average between the temperature
S1,  outer surface of 10 cm length of the inner of the rough surface Ty and the temperature
tube of the annulus [cm?]; for y = h, as defined by the logarithmic
S,,  inner surface of 10 cm length of the outer temperature profile [K]; . .
tube of the annulus [em?]; Ti,  gas bulk temperature of the inner region of
’ the annulus [K];
tEuratom, delegated to The Karlsruhe “Fast Breeder Tz,  gas bulk temperature of the outer region of
Project”, Institut fiir Neutronenphysik und Reaktortechnik. the annulus [K].
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Other physical parameters

h’

J3

M,
ps

Qs

4,
q29

dgs
qyl;
qu’

q1

ars

s
qgly

’
qg2;

Ug,

Umaxs
Ui,

Uz,

&2,

€12,

convective heat-transfer coefficient between
inner tube surface and gas bulk
[cal/em?s°C];

conversion factor from heat units to work
units = 4.187 [Ws/cal];

mass flow rate of gas [g/s];

absolute static pressure of the gas
[dyne/em?];

quantity of heat given to gas from entrance
to the considered cross section of the annulus
[cal/s];

heat flux [cal/em?s];

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

heat given to gas in 10cm length of the test
section [cal/s];

heat given to gas directly by the inner tube
in 10 cm length of the test section [cal/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
[cal/s];

heat transmitted radially by radiation from
inner tube to outer tube for 10cm length of
test section [cal/s];

heat given to gas directly by inner tube per
unit surface [cal/cm?s];

heat given to gas directly by outer tube per
unit surface [cal/cm?s];

velocity of the gas [cm/s];

= M/Aps, velocity of the bulk of the gas
[cm/s]; for constant ¢, :up = i;

velocity for r = ro [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
fem/s];

(t/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
T ey +81/S2(1/e; —

0 [dimensionless];

Stefan-Boltzmann constant [cal/cm? s K*];
shear stress at the wall [dyne/om?];

average heat eddy diffusivity of the gas in
turbulent flow [em?/5];

average monumentum eddy diffusivity of the
gas in turbulent flow [em?/s].

Dimensionless groups

AHs

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

Ay, slope of the logarithmic velocity profile
relative to a rough surface;

As,  slope of the logarithmic velocity profile
relative to a smooth surface;

f, = 2t/pgu}, friction coefficient (or friction
factor) evaluated at the gas bulk temperature
Ty;

Jo, 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(hw) defined by equation (58):

b b Y
Vg Dh 2

dimensionless height of roughness ribs,
roughness cavity Reynolds number;

+ hu* h f R +

hw, = E = D, Rew (?> s
dimensionless height of roughness ribs
evaluated at the wall temperature Ty,
roughness cavity Reynolds number
evaluated at the wall temperature Ty ;

Ma, =ug/(yp/ps)?, Mach number evaluated at the
gas bulk temperature Ty;

Nu, =hD,/kg, Nusselt number evaluated at the
gas bulk temperature Tg;

v C. v
—InPs P8 Prandtl number evaluated at

the gas bulk temperature Ty;
Re, = upD,/vp, Reynolds number evaluated at
the gas bulk temperature Tp;

Pr,

B

&
Pr,, =- turbulent Prandtl number;

9:4
Rew, = ugDy/vw, Reynolds number evaluated at

the wall temperature Tiy;
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;
asymptotic R(h*) value for small h/y
values, not affected any more by h/V;
R(h™ hio,, R(h™)value for h/y = 0.01;
R(h*);, =R(h"); reduced to the value Tw/Tp = 1,
L.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 hy > 70;
R(o0) value reduced to Ty/Ty = 1 and
hfy = 001;
St, = h/pgc,sup, Stanton number evaluated at
the gas bulk temperature Tg;

R'(h"),

R(o0),

R(0)os,

o+ - {Tw—Tpcppu*

3

; , dimensionless gas
£ temperature;
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u*,  =u/u* dimensionless gas velocity;
y*, = yu*/vp, dimensionless radial distance from
the wall.
Subscripts

No subscripts means generally that the gas

physical properties have evaluated at the gas bulk

temperature Tp;

W, gas properties evaluated at the wall
temperature Ty ;

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

max, maximum;

is, isothermal;

R, rough;

S, smooth;

h/2,  evaluated at the temperature T;,,.

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 (Magnox 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 1000°C) 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 [1]. 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, St3/fx—where the
Stanton number Stz is a dimensionless number pro-
portional to the heat-transfer coefficient and f; is the
friction factor, proportional to the pressure drop—is
generally greater for a “rough™ surface than for a
smooth one. The ratio St}/fx 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 for flow inside rough tubes: the Nikuradse
sand roughness

Although quite a few works had appeared previously
[4-9, 11] 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, stiil
the best today.

Nikuradse had found in an earlier work on smooth
surfaces [10] 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*=25Iny"+55 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:

ut = 2.5In(y/h)+R(h*) 2)

which can also be written as:
ut =25Iny*/h*)+R(Hh)
=25Iny* =25Inh*+RH") (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 bundie, 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* = (1/p)}]
and R(h") is the dimensionless flow velocity (related
to the friction velocity) at the tip of the roughness.

Nikuradse showed also that:

forO<h™ <5 R(h")—25Inh* =55 @)
and equation (2) reduces to equation (1) valid for an
hydraulically smooth regime;
forh* = 70 R(h*) = 8.5 (completely rough regime) (5)

and for 5< h* <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:

0 = u" max—3.75 (6)
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and noting that

R A
\fkp/ | T\ '

Uty = 2.5 ln%-{- R(n*) 8)

and

one obtains the friction factor for the flow in a rough
tube, ie. the so called friction similarity law of
Nikuradse:

2\}

R +
(ﬁ) =25In o+ 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.

Schiichting [13] measured the friction factors of
various roughnesses in rectangular ducts. To charac-
terize the roughness he used the equivalent sand
roughness, that is the ratio /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):

R R
25In——+R(h*) = 25In ~+85. (10)

In present treatment we will use the parameter R(hY)
to characterize a roughness, rather than the equivalent
sand roughness /R, because from R(h*) one can
obtain velocity distribution and friction coefficient,
while the relationship between R{h*) and h/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 integration 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.

[ fpi? +
*By definition fg = 1 / (%‘——), therefore: f = (% Z) .
; R P
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2.2. Heat transfer for flow inside rough tubes: the
Dipprey-Sabersky method

Among the first experimental investigations on heat
transfer for flow inside artificially 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 dimensionless tem-
perature distribution normal to the rough wall of the
tube is given by:

t* = 25In(y/h)+G(h*, Pr) (11)
whereby by definition:
- *
= (Tw—Dpscpp (12)

P

and Ty is the temperature of the rough surface; T is
the temperature of the gas at the point distant y from
the wall; c,p is the average specific heat at constant
pressure of the gas; pp is average gas density;
u* = (t/pgy* = friction velocity; and ¢, 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
).

The integration of equation {11) over y in the cross
section of the tubes yields:

it = 2.51n-{;-+ G(h*, Pr)—-3.75 (13)

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

o (fr2
+ o
o= S (14)
one obtains:
o
VR o simRigmr py-375 ()
Stz h

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

fe 4
25tr
G(h*,Pry=Rh* )+ —r. t
(™, Pr)=R(h"}+ T2F (16)

The data of Dipprey and Sabersky for various Prandt!
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 Stg,
is now reduced to that of obtaining the function
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G(h™, Pr), which depends on the two variables, h™,
dimensionless height of the roughness, and the Prandtl
number of the fluid. Without this analysis Stz 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
determination of f. Also implicit in this approach is
that G(h*, Pr)is a function of the microscopic geometry

Af tha ranghnece anlv and that 1 1 1
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 imagined to consist of a series of small
cavities of d ucyux 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 flow
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 = ky; Re;PPr~? amn

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

G(h*, Pr) = Kh*?Pr (18)

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

3. HEAT TRANSFER AND FRICTION FOR FLOW

INSIDE ANNULI: THE TRANSFORMATION METHOD
3.1, The Hall transformation

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.

Machining 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
ciement geometrigs, winere 1N ralio seiween rougn ang

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
{197. He assumed that the annular space of the cross

) . 14 ho diyid M
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 maximum 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 regmn can be C&;Cu;&iﬁu, i‘i\’:‘ng‘:Chﬁg 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 fluid.

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
subchannels 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.

antinn ~f tha
D\«Utl\)ll \)X (3w

3.2. The Wilkie transformation

The Hall transformation requires measurements of
velocity and temperature profiles in the annulus cross
sections. These measurements 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 < 15, 0.001 < h/Dy; < 0.010, and
8 x 10* < Re; < 1.3 x 10°%) [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 (Ty/Tp) and of
the transformed Reynolds number of the inner region
of the annulus (Re,). 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

[21].

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 {(r;/r, 2 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. Kjellstrom 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
1 = 0 experimentally determined by Kjellstrom and
Hedberg is excellent. At the intersection of the two
velocity profiles one has:

Umax Fo—ry +
=2l >+R(h ) (19)
ﬁ‘;’;? =25In [rzv_zr" (Tz/pz)%} +55. (20)

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

+ _
(_%) 250 ("’ . ">+R<h+)— G,
1

(%)f =25In [” —fo (rz/pz)*} +55-G; (22)

(21)

2 V2
where
3754+ 1.25r0/r,
= 23

! 1+ro/ry @3)

3.75Ko+1.25rp/r2
G,=———F 24
2 1+ ro/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 [uy,, of equation (19) equals u,,, 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:

2\ B ea? (- N (1= pDa}
(7) S 1-a? (a(l—a)> Kﬂz—oﬁ) A"G‘}

4z '82(1 B){A“'Gz} 25)

laloc

with

o[ 1B (1=BN L (1)
A= 251{{2(1—@)(1—-&) Re(a—) }!- 55 (26

and

—=a, —

2

@7

Once Re, f and a are known, equations (23)-(27) allow
to calculate § (that is the position of the zero shear
stress line} by numerical iteration. Re and f 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, f;
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 quantity f;, for Maubach
they are, like for Nikuradse, by the parameter R(h*)
supposedly independent 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
(1), 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 understand. Because the total friction
factor of the annulus must be the same, Wilkie predicts
systematically smaller friction factors for the inner
rough surface than Mauobach 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 [29].

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
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[17], at least in the range of Reynoids number from
which they were obtained by Wilkie (8 x 10* < Re <
1.3 x 10%). Equations (19)-(24) remain still valid, while
equations (25) and (20) are replaced by:

G -A= =6
A (L) 4oy

1— ﬁz 1— 32
+1 o:(l a)( ){A -Gy} (28)
with

_ 1-8 v (p\(1-5 I\
a1 (0F (1Y (£ ss
29

And the gas physical properties are evaluated at the
two average temperatures of the inner and outer region
Ty and T obtained by the following equations derived
by the Wilkiec empirical graphs [20]. For Re; =2 x 10°
the curves can be correlated by the following equations:

T
- for Ty/Ty < 1.25
7= 5o+ 00msmmy o (30)
T
- for Ty/Tp > 125
L= ommT oIy o />
= T3[1.06~0.235(Ty/Tp) + 0.175(Tw/ To)’ ]
for Ty/Ts < 1.4 (€)]
= T3[0.731 +0245( T/ Ty)] for T/ Ty > 1.4
and for Re; # 2 x 10°:
T L g
23
1.0484—0.009133 logo R
0g10 Rey (32

= T7(1.0958 —0.018066 log, 0 Re;).

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

L
+ + é—S‘_x-— 33
GUH )t = ROK)+ ¢3)

The temperature difference between rough surface and
gas used to obtain St; was Ty—T,, where Ty was
measured and T; calculated from the empirical equa-
tions (31) and (32).

3.5. The Warburton—Pirie transformation

This transformation method was developed at the
Central Electricity Generating Board, Berkeley Nuclear
Laboratories in England by Warburton and Pirie [32]
and it is a refinement of the method of Wilkie. Like

1For gases the Prandt! number is more or less constant

and equal to 0.7. We deal in our treatment with heat

transfer with gases only, therefore we can assume
G(h*, Pry= G(h*). With gas experimental data only, it
would be impossible to investigate the effect of the Prandt!
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 = f;/fo(Re,) similar to that
of Wilkie and produced an empirical expression which
correlates K3 with data relative to the inner rough
surface:

fi
K3 = 1.036+0.0057 (4
3 fO(Re])
That is:
f2 = K3[0.014+0.125Re; °32]
= [0.014+0.125Re; ®-3%]
0.0057f,
1.036

g [ +0.014+0.125Ref°-32} (35)

where the expression fy = 0.01440.125Re %32 is the
Drew, Koo, McAdams explicit approximation [33] of
the Prandtl-Nikuradse universal law of friction for
smooth pipes:

1
W = 410g10[R€(f0)%] —-04

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 factor f; 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
K; = f2/fo(Re;) as a function of f,/fo(Re;). For
f1/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)

(36)
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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, 34-38]. The differences among the Maubach,
Warburton-Pirie and Warburton [39] 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 K, 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 K;, 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

K, =0114"2 4097
ra

(37

which correlates the experimental data within + 8-5%,
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:

Sll fl Dh 03
— == 1.096 —1.896
St (f Dhl) ( &

x (1.255—-0.04321og;0 Rey). (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, K,, K;
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 10* <
Re < 1.3 x 109),
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3.6. The transformation of the present paper

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 (1)], the
velocity profiles of the less energetic inner smooth
region tend to be flatter than the umniversal 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.

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 f; and h/Dyt 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 (1)] but the slope of the
curve As is assumed to be a function of the friction
factor of the inner rough rod:

u* = Aslny* +55. 39

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

th/Dy, is the ratio of the roughness ribs height to hydraulic
diameter of the inner region of the annulus.

yields:
_+ r2—ro
Uz =Asln v ui +5.5—-G; (40)
2
where:
34ro/ra 3+8

= Ag= As. 41
2T AHrofr) S T 20149 ° @D

When one considers that i = i/u* = (2/f;)}, Re, =
[2(r3 —rd)/rav,]it; and B = ro/r2, one can obtain the
friction factor f; of the outer smooth region.

2 *_ R€2 f2 ¥ 3+B
<7) 'Asln[zmﬂ) <?> }r

therefore:
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Q2/f)* =55
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2(1+p)\2 2(1+5)

The calculation of A5 is performed by iteration. In the
first step of the iteration Ay is set equal to 2.5, then
B.f1, Re; 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 obtain a new value of f, the Warburton empirical
correlation [39] is used:

fan= fo(Rez,n~1)[1.056+0.005(f,/f)n-1] (44)

where fo(Rez,,—1) is derived from the Prandtl-
Nikuradse universal law of friction for smooth pipes:

(—f—‘(ly' = 410g‘0[R€2,,,_1(fo)%] -0.4
and the suffix » indicates the nth iteration step. Then
a new value of Ag is obtained from equation (43) and
the calculation of # can be repeated, until 8, and
Bn-1 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 (45 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.

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.

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-

(43)
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F1G. 2. Comparison of the experimental friction factors for
a certaininner 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 T; 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 10* to 1.3 x 105, 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 of no 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 (t = 0) and
for the temperature profile (¢ = 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 t = 0 and ¢ = 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 T; ob-
tained, for instance from the empirical graphs of Wilkie.
Once T; is known, the actual shape of the hypothetical
temperature profile does not affect at all the trans-
formed values St, and G(h™). 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 ¢ = 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 g = 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 Ty of the inner region is higher
than the mean gas bulk temperature T 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 5-10%).

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:

= AHln%+G(h+), (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 to determine the two still unknown parameters
Ay and G(h™).

While the value of the slope of the velocity profile
Ay is well established (= 2.5), the choice of a numerical
value for the parameter Ay requires careful exam-
ination. Gowen and Smith found by experiment that
for gases flowing in smooth tubes Ay = 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 Ay = 2.7 [47]. On the other
hand the ratio Ag/A) is equal, according to the above
mentioned theoretical predictions, to the turbulent
Prandtl number Pr, = gy/ey, making possible a pre-
diction of Ay knowing the values of A, and of Pr,.
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Now, for gases the turbulent Prandtl number Pr,=
&p/en 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 Ay greater than Ay, seems to be too high.
This consideration and the fact that the experimental
determination of 4y by temperature traverses is always
subjected to considerable uncertainty lead us to assume,
like Dipprey and Sabersky, Ay = 2.5. In the present
paper we shall confine ourselves to flow of gases and
shall always assume Ay = 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:

L
+y + 2Stg __A_H__ +y_ -_fﬂ %]
G(h*)y=R(h™)+ TG +<AM 1)[R(h ) (2>

47)

which can be obtained from equations (2) and (11)
with Ay and Ay in place of 2.5 respectively and
which reduces to the Dipprey—-Sabersky equation for
Ap/Ay = 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:

do1 r—ry "
- [Z.SIn( p )+G(h ):| (48)

where Ty is the temperature of the inner rough wall,
y is the heat flux to the gas from the inner surface,
ut = (1,/p1)? is the friction velocity relative to the inner
rough surface, pg and c,p are the relevant physical
properties of the gas calculated at the mean gas bulk
temperature Ty for the whole annulus. We neglect the
heat flux to the gas from the outer surface gj,, which
is always much smaller than g, , 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 [40], but this radius r,, was
always very near to r, indicating that our assumption
is quite legitimate.

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

Tiva= Ty —— 8 [2.5111 (rl_r‘>+ G(h*)] (49)
PrCpatit h

T-—_— TW—

Twaes Tw, g1 are measured during the experiment.
Pr, Cpp 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. uf is known once § 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):

G(h*) = (Tw— Tthx)pBCpBuT —25In ("2 “"1>. (50)
da h

With the Dalle Donne-Meerwald transformation
method the average gas temperatures T; and T, on
each side of the line of zero shear used to determine p
were given by the Wilkie empirical correlations. Here
we shall suggest a new method to determine 73 and
T,. 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 ro
Ty =————5—— | wupc,Trdr (51)
A
T 2 le c, Trdr (52)
=——— | u .
2 szuzpz("g—r%) ro Per

Equations (51), (52) cannot yield the values of Ty and
T, because for gases p is directly proportional to 1/T.
The product upc, under the integral operator can be
well approximated with its average value:

2 ro
T x5 j Trdr (53)
ro—7r1iJr,
2 "2
Lr5— J Trdr. (54)
r;—7ro% Jro

Now, considering equation (48) we can perform the
integration and obtain T; and T5:

T =Ty % [Z.Sln ((B—a)rz>
pecppuf h

1.5+ 0.58/m
14 B/

~25 + G(h*)] (55)

o
Ps prl.f{

X {1 2—5132 [(1 —a?)In ((—1—;1) r2>
_(Bz _az)]n ((ﬂ;a) 7'2)

_lﬁ".—Tﬁzﬂ]_*_ G(h*)}. (56)

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

dg1 a —a)r2>
2.51
PBCpaUT [ n( h

1.5+0.5(1/a)
14+ 1/a

L=Tv—

Ty= Ty

-25 + G(h*)]. (57
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Equation (57) yields the approximated value of G(ht):

e 2 URI (oY (B ey
ooy =43 () (=)

St 1 )
{1 —ajry 1.5 +0.5(1/2)
—-2.51 250 .
! ( h )+ 1+ Lo (58

In [2] it is shown that the numerical values of G{h*)
and G(h*y* do not differ appreciably, indicating that
the different approximations performed in obtaining
both, and the values of 7; and T;, are quite good.

The value of G(1™} from equation (50) is of course
more exact than that of equation (58) because it is
derived from two temperature measurements in the
annulus cross section, at both annulus surfaces, rather
than one. Furthermore equation {30} does not derive
from an approximated integration like equation (58)
does.

With this method we obtain the parameter G{h*) of
a temperature profile with well defined boundary con-
ditions {g; = ¢41, ¢» = 0) which are the same as those
of the central subchannels of clusters of rough rods.
In Section 4.4 we will see that this improvement in the
transformation method, and the one in the calculation
of p illustrated above, lead to very good agreement
between our transformed experimental data and data
for flow in tubes.

4, THE PRESENT EXPERIMENT

4.1, Background

The results of the heat-transfer experiments in annuli
with an inner rough rod performed in the past at the
Heat Transfer Laboratory of the Institute of Neutron
Physics and Reactor Engineering of the Karlsruhe
Nuclear Center have been published [30, 31, 50,51].
The transformation of these experimental data was
performed with the Dalle Donne-Meerwald method
(Section 3.4).

In [30] Dalle Donne and Meerwald published the
results of their experimental investigations with 15 rods
roughened with thread-type ribs of trapezoidal profile,
and heated at surface temperatures up to 1200°C. The
R(h*) values for the fully rough regime could be cor-
related in terms of the product pitch/height times
pitch/width p?/(hb} of the ribs only. Within the scatter
of the experimental points no A/¥ (J = distance from
the rough wall to the Hne of zero shear stress} or
temperature ratio effects could be observed. The trans-
formed heat-fransfer data were correlated by the
expression:

G(h*) = 5.8h* 02 P04 (T Ti) 02 (59

very similar to the Dipprey-Sabersky relationship
[equation (18)]. The new factor (Tw/Tp)™? introduced
by Dalle Donne and Meerwald took into account of
large variations of the gas physical properties due to
the large temperature differences present in the gas
field. This factor is the same as that found by Dalle
Donne and Meerwald for turbulent flow of gases in
smooth annuli {40]. A theoretical explanation of this
factor can be found in {52].

M. DaLLg Donne and L. Mever

In [51] Dalle Denne and Meerwald published some
preliminary experimental data showing that for rough-
ness ribs with rectangular profile the value of R(k™)
for a certain roughness is not completely independent
of the size of the smooth channel where the rough
rod is contained, thus a more accurate correlation of
R{k™} values should contain a h/ parameter, equal to
the ratio of the roughness height to the distance between
the rough wall and the surface of zero shear, or, in
other words, to the length of the velocity profile. We
shall try to explain the reason of this 4/§ effect during
the discussion of the friction data of the present
experiment. The Dalle Donne-Meerwald data could be
approximated for #/7 > 007 by the expression:

R(*) = R (H/$)/0.07]%3. {60}

With the help of this correction factor they produced
a general correlation for fully rough regime R(h™)
values and rectangular ribs, which they obtained with
the transformation method of Section 3.4 from friction
data measured by various authors in annuli, pipes and
rod clusters. For 1 < p/h < 8 the data were correlated
by:

for2<p’/hb<4 RHEH)=10

for4 < p?/hb <75 R'(h*) = 206(p%hb)" %32 (61)
for 75 < p*/hb < 1000 R'(h*) = 3.25(p*/hb)~ 0092

and for p/h < 8, 0.086 < I/b < 125 by:
R'tht) = L13(p/m%*% ~ (1 +0.045p/h) logo(h/b). (62)

The same extensive literature survey lead to the
conclusion that the exponent of /7 in equation (60)
was a function of the roughness rib shape. Namely, it
was equal to 0.5 for circular profile ribs (wire roughness}
and practically negligible for triangular and trapezoidal
ribs. All the heat transfer data with gases (Pr ~ 0.7)from
the literature, independently of the rib shape, were
correlated for B* > 50 by:

G(h*) = K PO STy T (63)
with
K, = 2+046R(h*)

64
logio Kz = —~0.435--0.0336R(h™). ©4)

To similar conclusions came a literature survey
mainly on roughnesses with rectangular rib profiles
performed by Baumann and Rehme but restricted to
friction data only [53-55]. The data surveyed by their
investigation covered a considerably larger range of
geometry parameters, especially for #/§:

0.35 < p/h < 196

0.02 < b 151 {65}
0.08 < Ay < 0997,
Their h/y effect was given by:
R —R{h%) = LAY/ H) —1.972(h/9  (66)

which for h/¢ > 0.08 gives a correction much smaller
than that from equation {60}, the scatter of the points
being very large (see Fig. 5 of [55]).

One of the reasons for the present experiment was
to solve the discrepancy between eguation (60} and
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Table 1. Test section dimensions

ry (mm)
Quter smooth tube “40” 2023
Outer smooth tube “50” 2489
Outer smooth tube “70” 35.00
Quter smooth tube “85” 42.45
Test section ry p h b p—b ;
number {mm) {mm)} {mm) {mm) plh B kfb R{a)os
1 16.76 1.80 0.288 0.30 6.25 5.21 096 2,58
2 16.69 19.30 0314 0.30 815 60.5 1.05 7.42
3 16.58 200 0.493 0.30 406 345 1.64 243
4 1669 2.00 0.411 0.50 486 3.65 082 4.04
5 16.53 3.00 0.519 030 571 5.20 1.73 1.80
6 16.29 320 0.784 0.30 408 376 261 1.80
7 16.41 3.20 0.787 0.30 407 3105 0.98 4.15
8 16.26 4.80 0.785 0.30 6.11 373 2.62 1.38 "
9 16.24 12.80 0.796 0.30 162 15.7 2.64 2.56
10 16.20 24.00 0.809 0.30 287 29.3 2.70 400

{66). We performed therefore very accurate isothermal
pressure drop measurements 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
roughrods. The second reason was, of course, to obtain
reliable values of R(h") in the fully rough flow region
and also in the transition region between “fully rough”
and “hydraulically smooth” flow regime.

The third reason was to obtain reliable heat transfer
data and further information on the temperature differ-
ence effects on G(h*) and on R{h*). Thercfore we
performed heat-transfer tests for two of the test sections
of Table 1: test section number 8, which gave the
lowest R{h*}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 experimental friction results, in Section 4.4 the
experimental results with heat transfer,

4.2, Apparatus and procedure

The experimental apparatus used in the present

experiment is the same as that used for the experiments
with smooth annuli reported in [40] and [56]. 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 turboblower driven by an electrical motor delivers
air successively through an orifice plate assembly to
measure flow rate, an adiabatic entrance length, an
annulus formed by a stainless steel heater rod supported
concentrically in a tube, and finally to atmosphere.

Electrical supply for the fest section is obtained from
a fixed ratio transformer (40V, 2000 A maximum), the
primary winding of this transformer being supplied by
a voltage regulator, the output voltage of which may
be varied from 0 to 220V. 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 80kW and to keep constant
within +0.5% any value in this range.

The temperature of the internal tube heated sur-
face is measured by means of 16 Platinel or CrNi/Ni
thermocouples introduced in the center of the heater
element and electrically insulated with twin bore
alumina tubing and then inserted into the wall of the
stainless steel tube where they are peened over (Platinel
thermocouples) or welded (CrNi/Ni), the hot junction
of the thermocouple being always on the surface of the
innper tube wall. Four of the sixteen thermocouples are
placed at the opposite siide of the remaining to check
for possible eccentricities in the annulus. The position
of the thermocouples in respect of the roughness ribs
is so chosen that possible local temperature differences
on the rod surface are eliminated by averaging the
thermocouple readings.

The outside tube of the annulus is insulated by a
SOmm 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 100 mm apart for the outer
smooth channels of 40, 50 and 70mm dia, and in nine
sections each 200mm 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 independently from local
dissymmetries. In practice the four measured values in
any section differed very little.

The gas temperatures at the inlet and at the ountlet
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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 &,, between the
two concentric tubes as a function of temperature. For
the central portion of the test section where the tem-
peratures Ty and Ty, 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

qrz_l_—gl—(r—;_ Tﬁ"a)= Slzasl(Tl?’—TV?'ﬂ)‘
—t——=1
g1 S2\&2 (67)

The emissivity coefficient depends on both tempera-
tures Ty and Ty, but, in first approximation, &1, ~ &,
because S/S; < 1 and we can assume that &,, depends
only on Ty. With the static calibration and the use of
equation (67) it is possible to give ¢;, 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.

(T~
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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 (g.) is
calculated, knowing the electrical current and the
voltage drop in that particular section. From the
average value of Ty, of the section and the heat losses
curve given by the static calibration one obtains the
heat loss through the lagging (g;). The difference
between heat produced and heat lost gives the heat
to the gas (q,). 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
q, 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 (g,2), q,, is given by the
difference between g,, which one can obtain knowing
Tw, Twa €12 (from the static calibration) and g,. Thus:
Gg1 = dg—4g2 == (@ —q) = Ge =1~ G

+4=ge—q.. (68)

The friction coefficients were calculated from the

equation:
ra—ry 0

— [p(1+yMa?)]

f== pyMa* ox

(69)

which requires the measurement of gas mass flow,
pressure, and total gas temperature Tr 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 Tp, although
the fluid properties are evaluated at Ty, as they shouid,
and not Tr. The calculations of heat-transfer and
friction coefficients were performed in twenty sections
10cm apart. All the ‘values given in the paper are
averages of the nine sections between 80 and 160 cm
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, 64.3 mm)
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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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
10/50, 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
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FI1G. 6. Isothermal tests: R(h*) vs h* for the rough rod number 4.
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F1G. 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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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 a variable slope manometer, which for low pressure
drop measurements gave slightly different readings.
For the test sections 10/50 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

60 80 100
ht

150 200 300 400 600 800 I000

vs h* for the rough rod number 10.

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 1/70 would correspond to a change
in the transformed value f; 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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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)
y 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/y 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 [55]).
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 [ 51-53], i.e. it is the same whatever
the absolute value of R(h*) is, for a certain constant
value of h/y. The data for h* = 150 can be correlated
for 0.015 < h/y < 0.235 by the expression:
R(h* =150) = R(h* = 150, h/y = 0.01)+ 0.41in <ah%)
(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/y = 0.0235
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reasonably well with equation (60) obtained by Dalle
Donne and Meerwald [51], however, Fig. 13 shows
that an extrapolation of equation (60) to h/y values of
the order of 0.5 is not legitimate. Indeed for h/y > 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/y 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/y. Now, when we measure the friction factor, we
actually measure the average value of the dimension-
less velocity profile [a* = (2/f)* ] and by assuming that
equation (2) is valid, we obtain R(h*). For instance
for a tube:

R(h*)y=u*-25In(R/h)+ 3.75. (7)

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/y 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/y 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/y 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 [51] which showed that
the h/y 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/y’s, are investigated. To really have the
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hyy 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 A/¥ > 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 7/40 (h/y = 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*}o, =R(h*)~041In (; /0‘01) (72)

vs h* for the test rods 5, 6, 7 and 10 investigated in the
present experiment. They show that for »* 2 100
(fully rough flow regime) the h/7 effect is more or less
independent of 4. In this region of A* the universal
velocity of Nikuradse [equation (2)] can be therefore
written as:

ut = 2.51n%+R(h*)01 +041n (%/0.01)
=25In (ﬁ—s%—ﬁ) + R(h+)01 +184 (73)

where  R(A*);s; = R(h*)oy = value of R(h*) for
h/$ = 001,
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44, Experimental results with heat transfer

Figures 16-19 show the R(h*) values plotted vs h*
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 Ty = 160, 360, and S00-600°C
respectively. Figures 20-23 show the same friction
values, but this time plotted vs h#. In both cases it is
evident that the velocity profile [values of R(h*)] is
affected by the temperature level. This fact was not so
evident in the experimental results of Dalle Donne and
Meerwald [ 30, 50, 51] probably due to the larger scatter
of their experimental points, due to the considerably
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Figure 19 shows also the R(h*) values obtained by
Webb for flow inside tubes with rectangular ribs with
p/h = 20 and 40 respectively [58]. For the rod “10”,
p/h = 29.7, while the values of h/b and h/j for 10/70

less accuracy of their experiments.
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are slightly different from those of Webb (h/b = 1.94,
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h/y = 0.04 for Webb’s ribs, h/b = 2.70, h/j = 0.064 for
test section 10/70). The h/b and h/§ 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 10/70 lie
between those of Webb as they should. The R(h™)
values of 10/70 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 (Rey > 3000) the
points reach the line of the hydraulically smooth flow
regime:
25Inh* +55 (75)

obtained from equation (4) derived by Nikuradse,
valid for small A" values.

R(h) =
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FIG. 20. Thermal tests: R(h#) vs hyy for test section 8/50.
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F1G. 21. Thermal tests: R(hy) vs hy for test section 8/70.
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For Rey < 3000 the R(h*) values decrease rapidly
independently of the value of h*. These points lie
obviously either in a region of transition between tur-
bulent and laminar flow or they lie in the laminar
region. These points have been plotted for complete-
ness, but they have not really a physical meaning
because the logarithmic velocity profile with a constant
slope equal to 2.5, which defines R(h"), does not hold
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F1G. 23. Thermal tests: R(f#) vs hiy for test section 10/70.
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in laminar flow, or in transitional flow between tur-
bulent and laminar. The criterion Rep < 3000, where
Rew is the Reynolds number for the whole of the
annulus evaluated at the temperature Ty of the inper
hot rough surface, has been suggested by the experi-
ments of Dalle Donne and Bowditch for flow of gases
inside tubes at high temperatures [59].

From Figs. 18, 19, 22 and 23 {(and also from the
Fig. 31) it appears that it is the Reynolds number hj
based on the roughness rib height and on the gas
properties evaluated at the temperature Ty of the inner
hot rough surface, rather than h™, which establishes
if the flow is in the fully rough region, in the turbulent
smooth flow region [R(x*) = 2.5Inh* +5.5] or in the
transition region in-between.

Figure 24 shows the product of the untransformed
values f X Re vs Ty/Ty for the experiments where the
flow was clearly laminar, the criterion of laminarity
being that obtained by Dalle Donne and Bowditch
for flow of gases inside tubes at high temperatures,
that is Rey < 1800 [59). For T/Tz =1 (isothermal
tests) the product f x Re agrees very well with the
theoretical value 24 calculated by Tiedt for concentric
smooth annuli [60]. For Ty/Ts > 1 the experimental
data of Fig. 24 can be correlated by:

f~24 TW 1.84
T Re\ T )

The temperature effect is thus in good agreement
with that found by Dalle Donne and Bowditch for
laminar flow of gases inside tubes at high temperatures,

(76)
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ie. (Tw/Tu)'®® [59]. Figure 24 shows how good were
our pressure drop measurements with the Barathron
manometers, even at very low flows (test sections 10/50
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 previous.t

Figure 25 shows the values of G(h*)/Pr®** for the
test section 10/70 plotted vs h* and Figs. 26-29 the
same values vs hyy 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, ie. at a Prandtl number practically constant.
Therefore we assume a Pro## 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 hp 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(hy) function of hj than with
G(h*) function of h*.

Figure 25 shows again the data of Webb for flow
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 based
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 = 29.3] 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 T; value calculated
with the Wilkie empirical graphs for the transformation
of the heat transfer data, our values of the ratio
G(h*)/Pro#* at low temperature and for the smallest
values of #* 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™:

N TW 1.3
R(h )—0.8(7—1)

1

(77

and the second relative to the correlation R(hy) vs hy:

" 5 Tw 2

R~ (7 1) |

Figures 32 and 33 show the values of R(h*), for the

test sections 10/50 and 10/70 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 hy
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 k], in the turbulent hydraulically
smooth region [for Rew > 3000 and low values of hy
the points fall on the line R(h*) = 2.5Inh* +5.5], or
in the transition region in between the two previous,
while the value of Rey decides if the flow is laminar
(Rew < 1800 whatever is the value of hy), in the
transition region between turbulent and laminar
(1800 < Rey < 3000) or turbulent (Rey > 3000, what-
ever the value of hyy). 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 Rey < 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 A,
based on the rib height & and on gas propertics
evaluated at a temperature T, given by the arithmetic
average between the temperature of the rough surface
Tw and the temperature at y = h, ie.:
LG,
ppcppuf
The correlation R(k)2) vs hyjz was no better than the
correlation in terms of R(h#) vs hy, therefore we
abandoned it, due to its additional complication.

(78)

T2 = Tw—3% (79)
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vs hy for the rods 8 and 10 respectively. As explained
in more detail in [2] the parameters (Ty/Tp)%° and
[#/0.01(r; —r,)]%9° are correction factors which take
account of the temperature effect and of the effect of the
roughness rib height in relation to the length of the
temperature profile, in the same way as the ratios
Tw/T, and h/y take into account the temperature effect
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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, Tz and r,—r,
are respectively used in place of T; and §, 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 70 mm 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 Rey > 3000, that is only in tur-
bulent flow. The points for Rep < 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 laminar,
and in the transition flow region between laminar and
turbulent and, like R(h*), G(h™) doesn’t have a real
physical meaning for Rey < 3000.

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

40

GPROL1 = 341(h#)*3% + —
hw

in the range 8 < hy < 800 (81)
and the data of Fig. 35 for the rod number 10 by the
expression:

GPRO1 = 4.16(h#)%28% + >3

(hi)'©

in the range 5.5 < hy < 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 hy, 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 hy, ie.
in the transition region between fully rough and
hydraulically smooth flow. In this region the reduced
values of G(hs) 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 hy 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 [51]).

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:

ut =2.51n£+R(h+)

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

* =25 1n£+G(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/§ on the parameter R(h™*) is
given by:

Rh*)=R(h")o;+041n (gf)ll)
so that the Nikuradse universal velocity profile can be
written as follows:

h0.84j)0. 16

ut = 2.51n( Y >+R(h*)01 +184,

4. In presence of heat transfer and large temperature
differences in the gas field the Reynolds number based
on the roughness rib height Ay 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
of the 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 hy values the R(h*) data fall on the line:

R(h*) =25Iny* +5.5

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

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

GPROI = G(h) / [Pr°"‘4(TW/’I},)°~5

h 0.053
X —
(O.Ol(rz—r1)> ]

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:

40
GPROI1 = 341(h#)%3° +—h—+~ for 8 < hw < 800
w

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

GPRO1 = 4.16(hj)°-282 + for 5.5 < hw < 350.
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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 hy 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*).

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

5.1, Friction data

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(hsy). The
values of R(o0) of Table 2 are averages of the experi-
mental data of these various authors for h#% = 70. In
this region of hy} the values of R(h;;) remain more or
less constant and independent of hy (region of fully

(h)*-¢ rough flow).
Table 2.
Roughness parameters
p~-b
Reference Author Year  Geometry e h/b h/y R(0) R(w0),, Symbol
h
[62] Mobius 1940  Tube 9.00 1.00 0.101 3.54 261
9.03 1.00 0.101 3.54 261
18.0 1.00 0.101 425 333
18.5 1.00 0.100 413 321
36.0 1.00 0.100 5.33 441
30.2 0.60 0.060 6.38 5.66 B
82 2.20 0.222 293 1.69
60.6 0.30 0.030 10.6 10.2
28.5 0.99 0.140 461 3.55
18.0 1.00 0.060 445 3.73
18.6 097 0.029 499 457
183 098 0.039 4.67 4.13
[15] Chu- 1949  Tube 1.03 093 0.011 109 10.9
Streeter 1.02 093 0.022 11.8 11.5
102 093 0.039 135 130 [e]
3.02 093 0.022 5.08 4.80
7.06 0.93 0.022 3.37 3.09
[16] Sams 1952  Tube 0.73 1.37 0.025 7.20 6.83
116 112 0.037 9.20 8.68 1l
1.14 0.88 0.016 11.90 11.70
[17} Nunner 1956  Tube 19.20 0.80 0.080 453 3.68 E
[63] Koch 1958  Tube 8.80 1.00 0.081 381 2.96
18.6 1.00 0.080 475 390
77.4 1.00 0.080 8.16 731
155.8 1.00 0.080 10.60 9.79 E
372 5.00 0.202 3.59 238
9.60 5.00 0.201 321 2.00
64.80 5.00 0.200 5.75 4.54
195.80 5.00 0.200 9.30 8.09
[64] Fedynskii 1959  Annulus 5.67 1.00 0.105 3.04 2.10
1230 1.00 0.104 3.00 2.06 ]
15.7 1.00 0.106 320 225
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Table 2.—Continued
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Reference Author Year  Geometry

1961  Annulus

[65]

Draycott,
Lawther

1961  Annulus

[66] Skupinski

Tube

1963  Tube

[67]

Savage,
Myers

1963  Annulus

[68] Sheriff,
Gumley,

France

1964  Tube

[69] Gargaud,

Paumard
14.00

14.00
2,00

4.00
0.50

2.00
9.00
15.00
14.60
15.00
6.16
6.16
13.30
13.30
2750
27.50

Annulus

1966  Annulus

[70] Massey

Before obtaining the R(hy) 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

Roughness parameters

h/b 15 R()  R(:)o;  Symbol
100 0130 11.00 992

100 0066 933 8.57 7
100 0045 893 833

100 0.035 8.62 8.13

100 0208 921 8.00

100 0188 6.60 5.42

100 0158 302 192

100 0167 459 3.46

100 0179 6.29 5.14 N
200 0200 641 521

200 0200 5.15 396

200 0201 418 298

200 0202 3.47 227

267 0166 327 215

267 0166 3.00 187

267 0.169 412 299

267 0172 505 391 [
133 0083 323 238

133 0083 311 226

133 0083 349 264

133 0084 447 361

100 0028 3.07 264

100 0030 441 396 N
100 0079 12.50 11.70

100 0.040 9.88 9.32

100 0020 3.40 3.13

100 0031 3.19 274

100 0008 2.66 275

100 0008 3.98 407

100 0008 429 438

100 0012 372 3.65

100 0012 353 3.46

100 0012 47 4.66

167 0020 7.01 6.73 =
167 0020 387 3.60

167 0020 325 2.98

160 0031 10.60 10.10

160 0031 10.90 10.50

160 0031 6.55 6.10

100 0060 339 267

100 0064 3.99 3.20

100 009 3.80 285

100 0116 376 274

106 0100 2.32 1.39

106 0192 271 1.53

106 0103 3.04 211 N
106 0.196 3.63 244

106 0112 5.13 4.17

106 0215 6.03

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 all 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(hy) for the calculation of the R(c0)
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Table 2.—Continued
Roughness parameters
p—b
Reference Author Year  Geometry — h/b h/y R(o0) R(e0)o1 Symbol
h
[71] Kjellstrdm, 1967  Annulus 3.35 1.72 0.021 3.52 3.08
Larsson 7.10 0.87 0.019 2.32 191
13.90 0.50 0.021 3.86 341
7.54 0.92 0.035 2.67 2.05
13.60 0.55 0.036 3.83 3.19
24.20 0.31 0.023 5.93 5.43
11.90 0.086 0.027 6.59 6.04 g
13.70 0.26 0.022 4.89 441
747 097 0.051 2.43 1.69
351 198 0.031 2.69 2.11
1.58 3.77 0.035 6.64 6.00
1.60 408 0.025 6.54 6.02
26.80 1.04 0.022 5.80 5.32
497 0.34 0.043 6.45 5.74
[72} Feurstein, 1969  Annulus 0.77 2.50 0.156 9.01 187
Rampf 1.27 2.50 0.149 197 6.85
210 2.50 0.133 4.84 3.77
293 2.50 0.128 3.89 283
6.27 2.50 0.121 2.40 1.37
115 1.67 0.108 9.10 8.10
1.90 1.67 0.097 6.53 5.58
315 1.67 0.087 3.96 3.06
4.40 1.67 0.084 3.04 215
9.40 1.67 0.083 2.69 1.80 n
14.40 1.67 0.084 313 2.24
230 0.83 0.051 6.51 5.80
3.80 0.83 0.046 429 3.62
8.80 0.83 0.044 291 227
18.80 0.83 0.046 3.99 3.33
28.80 0.83 0.048 529 461
4.60 0.42 0.024 435 393
7.60 0.42 0.023 3.08 2.68
17.60 0.42 0.024 473 401
37.60 0.42 0.026 6.55 6.09
[35] Lawn, 1969  Annulus 6.21 1.00 0.055 334 2.66 E
Hamlin
[28] Watson 1970  Annulus 5.49 1.00 0.056 245 1.76
6.19 1.00 0.035 2.55 2,05 [l
6.22 1.00 0.024 226 191
6.19 1.00 0.037 3.02 2.50
[36] Stephens 1970  Annulus 6.20 1.00 0.046 3.10 2.50 E
[61] Webb, 1971  Tube 8.97 097 0.020 3.69 340
Eckert, 9.48 1.94 0.040 3.18 261
Goldstein 974 388 0.080 3.15 231 X
19.50 194 0.040 438 381
39.50 1.94 0.040 6.46 5.89

of Table 2 have been obtained from the geometrical
parameters and the reduced friction factors always by
integration of Nikuradse’s law of the wall [equation
(2)]. Thus for flow of fluids inside rough tubes, the
R(h#)s were obtained from the measured friction
factors by means of the friction similarity law of
Nikuradse [equation (9)], while for flow in annuli the
present transformation method was used (see Section
3.6). This was done even in the cases where the velocity
profiles were measured directly. For instance Lawn

and Hamlin [35] performed velocity measurements in
an annulus, thus obtaining by direct measurement a
value of R(co) which differed only slightly from that
obtained from the present method, shown in Table 2
[R(e0) = 3.34, while the value directly measured by
Lawn and Hamlin was equal to 3.57], the difference
being given hy the slightly different slope from 2.5 in
the velocity profile found by Lawn and Hamlin
(slope = 2.22). In our opinion these differences are well
within the accuracy of the experiments of reference [35].
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Table 2. shows the values R{o0)o; as well, which have
been obtained from the corresponding values of R{co}
and reduced to the value 4/y = 001 and Ty/Tp = 1 by
means of equation (72} and (78} respectively. In this,
we assume that the h/y and T/ Ty effects on R{c0) for
the roughnesses with rectangular ribs in the literature,
are the same as those which were found for the rough-
nesses investigated by us during the present experiment.
The validity of equation (72) is limited to the range
h/¥ < 0.235, therefore we considered from the literature
only the cases where this condition was satisfied.
Table 2 lists the experimental data for k/§ < 0.235 only.
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the ribs and less on the flow pattern on the top face
of the rib, and this is the reason why (p—b)/h is a
better parameter than p/h. Extending this reasoning,
it is possible to understand why R{o0)o; presents a
minimum for (p—bd)h~6 in Fig. 36. For (p—bj/h
greater than 6 the region of the wall, where the viscous
layer is growing and the local friction factors decrease,
increases when (p—b)/h increases, therefore the total
friction factor decreases too and R{o0}o: increases.
On the other hand for (p—b)/h smaller than 6 the
vortex behind the rib occupies always more of the
space between two adjacent ribs as {(p—b)/h decreases.

[ N R |

logs< h/bstos' | 11

T T

b ~0.7%
o Rl =9.3(52) _
6}~ ]
st
8 4 ’ o Q46
z s - O Rl =1.04( 52 ]
’r ey o
a]
2} g g0 .
1.5 b 2 ¥ This work, the other symbols
are from Toble2
L b bodsd bbb dadal Lo
P2 3 a4 8 20 30 40 60 8000 150 200
p=b

[

F1G. 36. R{w)or vs (p—b)/hfor 0.95 £ h/b £ 1.05.

Figure 36 shows the values of R{co)e; for rectangular
ribs with 0.95 < h/b < 1.05 vs (p—b)/k from the present
experiment [the values of R{co)o; for the present
experiment, shown in graphs with black squares are
listed in Table 1] and from the various authors of
Table 2. To try to simplify the correlation, we have used
the parameter {p —b)/h rather than p/h used previously
by Dalle Donne and Meerwald [51] and Baumann
and Rehme [55] Indeed Baumann and Rehme find
that in the diagram R{oo) vs p/h the position of mini-
mum R{co} 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 can be, at least in part,
compensated by the choice of the parameter (p—b)/h
rather than p/h, in such a way that the minimum of
R{o0) occurs 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 Kjellstrém [73] noticed that the parameter
{p—b)/h 1s more significant than p/h for correlating
the friction data of rough surfaces. The physical ex-
planation of this is quite simple. As Kattchee and
Mackewicz [74] observed, after a rectangular rib the
flow reattaches at a distance of about x = 4k after
the rib, the region 0 < x < 4h near the wall being
occupied by a vortex. For x > 4k the viscous layer at
the wall starts to grow, therefore the local friction
coefficient, which has a maximum at the point of re-
attachment, decreases as x increases beyond 4h. All
this is mainly dependent on what happens between

For (p—b)/h = 2, “a standing vortex is formed between
the ribs filling approximately 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)/h. Thus for (p—b)/h < 6 the friction factor de-
creases when {p—b)/h decreases. In the region
{(p—b)/h = 6 the friction factor has thus a maximum,
and R{o0)ey consequently a minimum.
The data of Fig. 36 can be correlated by:

_BN\~0.73 b
R(00)p1 = 9.3 (%%’) siforl< f’-—f <63
h
095<7 <105 (83)

and

— 0.46 *"b
R(c0)o1 = 1.04(%—”) +1for63< %—-« <160

095< —g < 1.05. (84

The scatter of +1, which implies a scatter in the
transformed friction factors of about + 159, 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 surfaces,
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as well as rounding of the ribs given by various
fabrication processes, may produce a considerable
scatter in the value of R(o0)o; [31]. Another possible
cause of scatter of the values of the roughness par-
ameters is the fact that the R(hy)o; values are not
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been eliminated, the scatter of the points being more
or less the same as in Fig. 36, Thus one can conclude
that all the data of Table 2 and from the present
experiment, which cover the range:

exactly constant for hy > 70, thus the averaging per- 1< p—o —b < 160
formed to obtain R{co) may have produced scattering Tk
of the values, ag the R{(h4) were obtained by the h
various authors in different ranges of k. It should be 0.086 < SpE <350 (85)
noticed however that the scatter of the points obtained I
in the present experiment (black squares) is consider- 0.008 < = £ 0.235
ably less than that of the others. 5o
IR Pt | R L I [N D B T
BN 0.086<h/bs0.6 n/bei 7
1.6<h/b<5.0
0 _IHG @0.3 -
8 :- . ] 5.0 -
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h

F16G. 37. R(w0)o1 vs (p~b)/h for 0.086 < h/b £ 0.6 and 1.6 £ h/b < 5. (The numbers beside the points
indicate the value of h/b.)
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F1G. 38. R{o0)o1+ [24 7[(p—b)/h]Tlogo(h/b) vs (p— b)/h for 0.086 < h/b < 0.95 and 1.05 < h/b < 5.0.

Figure 37 shows the values of R()e1 vs {p~b)/h
for h/b different from unity (0.086 < k/b <06, 1.6 <
h/b < 5.0), each point having its k/b value indicated
near the symbol. A systematic h/b effect greater than
the scattering of the points is quite evident over the
whole range of (p—b)/h. Figure 38 shows the same
points and the others for 0.6 <h/b <095 and
1.05 < h/b < 1.6 in the diagram

h
R 2 f
{001 +[ AT = b)/h] Oglo
vs (p—Db)/h. The systematic h/b effect of Fig. 37 has

are correlated by:

—b -0.73 h
R(OO)01-93(p ) ~[2+(p b)/k]log“’ +1

14

for 1 sa;—b <63 (86

—b 0.46 h
R(oo)mzl.m<?’—k—) [ - b)/h}logm "1

for 6.3 < <—h— < 160, (87)
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F1G. 40. GPRO1 vs hyp for 2 < R{c0)oy = 3 and (p—b)/h > 6.3.

Figure 39 shows the same points of Fig. 37 in the
diagram R{o0)q; vs (p—b)/h. Also equations {86) and
(87) for h/b =025, 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:

(88)

< - 50235

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].

5.2. Heat-transfer data

For all the papers listed in Table 2 and which
reported heat-transfer measurements with gases we
evaluated the function G(hy). 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 GPRO1 was calculated by means of
equation (80). In this, again, we assume that the
(Tw/Tg) and hf(r,—r,) effects on G(hy) 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 GPRO1 vs hy.
The data have been sorted out according to the relative
R(w0)oy 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)o; £ 4 and
(p—>bj/h > 6.3.For GPRO1 > 10 the data can be corre-
lated by an equation of the type:

GPRO! = K, - hit*2 (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 the 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] are 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 Daile 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 GPRO1, 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 GPRO1< 10,
the values of GPRO1 remain more or less constant as
hw decreases {see [2]).

T 1 T i 1 1

Bb_ 53 m?mm‘ . ° Sand roughness
L (Dipprey+Sobersky (181}
3;—-°>a3 o .

Dalle Donne+Meerwald
i)

-

-
e
-
-

) :’\‘.3«,0.3 Ricoly, 7]
O M TN T S N N N S
o i 2 3 4 5 -3 7 8 ] jis] # 2
R{colg,

F1G. 41. Coefficient K, of equation (89) vs R{(c0)g;.

Figures 41 and 42 show the parameters K; and K,
as defined by equation (89). Each couple of values
K, and K; 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 GPRO1 is
independent of (p—b)/h and it is a function of R{(c0)e;
only. The scattering of the points is considerable, but
the effects on GPRO! are smaller than it would appear
at first sight from these diagrams, because to each
value of K; lower than the correlation line is associated
a value of K, higher than the respective correlation
line and vice versa, so that these two differences com-
pensate each other on GPROVI, at least in part. The
correlating equations are:

K1 = 3.0+03R(c0)o; (90)
K = 032—0.017R(c0)o1. 1)

Figures 41 and 42 show also, for comparison, the
lines suggested by Dalle Donne-Meerwald [51] and
valid for ribs of different shapes (circular, triangular,
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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 Ri{hy) and G(hy}) 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
pi/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 #* by the
integration over y* of the universal velocity profile
relative to rough surfaces:

u* =25In % + R @
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:

d

3.75+1.25p*/d
)+ Ry — > L20E/d

L+prd

p¥—
at =25 In( 5 92)
where p¥ = [2(3)¥/x}* p, is the diameter of the equiv-
alent annular zone. When one considers that it =
(2/fr)}, one has:

+ *—d 375+ 1.25p%/d
=25n{ ——-o Rhy) - —————"T"
21{%)+(w o o

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

t* =252 + G(h)

5 a1

in the same equivalent annular zone. The integration
yields:

- p¥—d o 375+1.25pF/d
=2 I T (94
f 251n( 5 )+G(hw) Tot/d (94)
From equations (93) and (94) one has:
+
= Glhi) + (—]2,—) — Rihy) 95)
R

and remembering that f* = (fr/2)/Stg, one obtains
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the Stanton number for the central rough coolant
subchannels of the bundle:

_ Sr/2
1+ (fr/2) [G(hiy) = R(hi)]
Considering equations (72) and (78), R(hy) is given by:

(p?_h/d
¥/d - 1)

0.01
5 [Tw 25100
NN (TB 1) i
where: R(ow0)o; is given by equations (86) and (87),
the term 2h/d/p¥/d —1 corresponds to the ratio h/ of
the annulus, and the term 5100/A;° 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
of the present investigation. The transition region value
of R(hs) is probably not independent of the value of
R(o0)o1, and we have seen that it is very much affected
by Tw/Tg, 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/hi°, however, becomes appreciable only for
hi# < 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(hy) value calculated with equa-
tion (97) is higher than 2.51n ks + 5.5, this means that
we are In the region of turbulent smooth flow and
we replace equation (97) with equation (98):

R(hw)=2.51n hi+5.5.

(%)

Str

R(h#) = R(0)o1 +0.41n

©7)

(98)

Further limiting conditions are those obtained in the
present experiment:

Rey > 3000
B 2
—=——<0235
5 pria—1 " *?
hw > 6.

From equation (80) we obtain G(hy) for the bundle:
G(hw) = GRPO1 - Pro*4( Ty / Tp)*->
2h/d 0.053
— i
x (0.01(p:‘/d— 1)> (100

where GPROL1 is given by equations (89)—(91). When
the GPRO1 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 Stg
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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 fr and Stg to correlate their experimental
data for a rough rod bundle [79]. Yet with the present
method the values of fr and Stg 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
fx 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 Stg/Sts vs fr/fs
and the thermal performance (Stg/Sts)*/(fr/fs) Vs fr/fs
for the following conditions typical of a gas cooled fast
reactor fuel element:

p/d =14
rib profile = rectangular
h/b=2
s (101)
ReW =10
Pr = 0.667 (helium coolant)
Tw/Tg = L.
30—
2.8 %
26
2.4
- (p-bi/h
22 o 2
0 o o 3
(7) 204 ¢ 4
c } ¢ 5
x X 63
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F1G. 43. Stanton vs friction muitiplier for rod bundle.
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Sts and fy 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 Prandtl-Nikuradse
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 fg/fs 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” Stz/Sts varies considerably
less than the thermal performance. Typically one has a
Stanton multiplier of 2 for a friction multiplier fr/fs
equal 4.

The practical significance of the improvement in
thermal performance is illustrated by the following
equation derived in [2]:

Q M(T-TP s

N o P pSp E
where: Q = reactor thermal power; N = pumping
power required to circulate the coolant gas through
the “rough region” of the reactor; = efficiency of the
blower; Ty — T,, = temperature difference between fuel
element surface and coolant gas; g = heat flux at the
fuel element surface; p; = gas density at the blower;
p = average gas density in the reactor; c, = 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 St3/fx of the
factor 2.3 would entail, according to equation (102),
either an increase of the heat flux of 50%, or a reduction
of the gas pressure to 2/3, or a reduction of the tem-
perature difference to 3/4, or a reduction of the pump-
ing power to 44%,.

(102)

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 transforming 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*=25m%+Rwﬂ

t*=25m%+cmn

where ¥ and ¢ are the dimensionless 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, ie. at the tip of the
ribs. In this assumption 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 transformation 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 annulus. In this way we obtain a temperature
profile with well defined boundary conditions
(g1 = heat flux at the rough wall, g, = heat flux at the
smooth wall = 0), which correspond to those of the
central coolant subchannels 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 [43). Furthermore the values of
R(h*) and G(h*) obtained with the present trans-
formation method from our measurements in annauli at
low temperature, agree well with the data of Webb
[58]- 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 con-
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 ii* and i* of these profiles are obtained.
These average values are directly connected with the
friction factors and Stanton numbers through the
expressions

it =2/ fa)?

" = (2/fr)*/Str.
In this way the values of fr and Stz and the ratio
St3/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 fz and Stz 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

Résumé —La rugosité artificielle est fréquemment utilisée dans les réacteurs nucléaires pour améliorer la
performance thermique des éléments de combustible. Bien que ces éléments soient constitués de faisceaux
de barres, les expériences visant a la mesure des coefficients du transfert de chaleur et de frottement de
la rugosité s’effectuent sur une barre unique entourée d’un tube lisse. Ce mémoire décrit une nouvelle
méthode de transformation permettant d’acquérir des données valables pour les éléments de combustible
du réacteur moyennant des expériences faites dans cet espace annulaire. Des mesures nouvelles du
coefficient de frottement ont été conduites pour dix barres rugueuses avec des nervures rectangulaires
a deux dimensions. Pour chaque barre quatre mesures ont été effectuées, chaque fois avec un tube lisse
extérieur différent. Les mesures des coefficients de transfert de chaleur concernent deux de ces barres.
Pour chacune de ces deux barres deux mesures ont été faites, chaque fois avec un tube lisse extérieur
différent. Les données sur le frottement ainsi que sur le transfert de chaleur, transformées a l'aide de la
méthode décrite, ont été condensées par des formules simples. Celles-ci sont appliquées dans ce mémoire
& un exemple caractéristique pour I'élément de combustible d’un réacteur rapide refroidi au gaz.

TURBULENTE KONVEKTIVE WARMEUBERTRAGUNG VON OBERFLACHEN MIT
ZWEIDIMENSIONALEN RECHTECKIGEN RAUHIGKEITSRIPPEN

Zusammenfassung —Durch kiinstliche Rauvhigkeit kann in Kernreaktoren die Warmeiibertragungsfihig-
keit der Brennelemente verbessert werden. Obwohl die Brennelemente aus Stabbiindeln bestehen, werden
die Experimente zur Messung der Wirmetibertragungs- und Reibungskoeffizienten der Rauhigkeiten an
Einzelstdben in glatten Rohren durchgefiihrt. Der Beitrag beschreibt eine neue Transformationsmethode,
mit der Daten fiir Reaktorbrennelemente aus diesen Versuchen im Ringspalt erzielt werden kénnen.
Reibungsbeiwerte wurden an zehn verschiedenen rauhen Stdben mit rechteckigen Rippen in jeweils vier
verschiedenen glatten AuBenrohren und Wirmeiibergangskoeffizienten an zwei dieser rauhen Stibe in
jeweils zwei der glatten AuBenrohre gemessen. Die mit Hilfe der vorgestellten Methode transformierten
Reibungs- und Wirmeiibertragungswerte werden durch einfache Gleichungen beschrieben. Diese
Gleichungen werden auf einen Fall angewandt, der fiir ein Brenn-element eines gasgekiihlten schnellen
Reaktors typisch ist.

TYPBYJIEHTHBIVI KOHBEKTHUBHBIN IMEPEHOC TEIUIA OT ITOBEPXHOCTEH
C LIEPOXOBATOCTBIO B BUJE TINIOCKUX ITPAMOYI'OJIBHLIX PEBEP

Annoraums — VckyccTBEHHas WEPOXOBATOCTL YacTO HCHONB3YeTCA MUl y/IydileHds 3¢wpexTmB-
HocTH TBAJIoB simepHBIX peakTopoB. Xora TBOJIel cOGHPAIOTCs M3 MYYKOB CTEPXXHEH, OMBITHI 110
HM3MEPEHUIO KO3D(HLHEHTOB TEIUIOOTAAYH M TPEHHs IIEPOXOBATHIX OBEPXHOCTEH NPOBOIKIACE Ha
C€OUHHYHBIX CTEPXKHAX, TIOMEIUIEHHbIX B I'IAJKOCTEHHbIE TpyObl. B craThe paccMaTpMsaeTcs HOBBIH
METOX mpeobpa3oBaHHs JaHHBIX, NONYYEHHBIX IUIA €OUHHYHOIO CTEPXHA B TPY6e, NPUMEHHTEILHO
k TBDJlaMm snepubix peakropoB. ITPHBOAATCH HOBLIE SKCIEPHMEHTAJIbHBIE AAHHBIE HO TPEHHIO
IJTSL JECATH CTepkHEH ¢ pa3jHYHON MCKYCCTBEHHO HRHECEHHOH IIEPOXOBATOCTHIO B BHJE IUIOCKHX
NpAMOYTONILHBIX pebep, XaXIsif M3 KOTOPHIX NOMEINAJICA B YeThIpe PA3HYHBIC IJIaJKOCTCHHBIE
TPyOE!. [t IBYX U3 3THX CTEpXKHEH B ABYX Pa3/MYHBIX TpyOax MpHBECHBI JaHHbIE [0 TEILTOOTAAYE.
Hna o606menns NaHHBIX 1O TPEHHIO H TEMIOOTAAYe, NPEOSPA3OBAHHLIX C MOMOINBIO HPEMITOKEH-
HOTO METOHa, HCHOJIB3YIOTCA HPOCThie (OPMYIIbl, NPAMEHEHHE KOTOPBIX NOKAa3aHO Ha NIpHMeEpe
TB3JIa peaktopa Ha GBICTPHIX HEUTPOHAX C TA30BLIM OXJTAXKICHHEM.



