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Fully Developed Turbulent Flow and Heat Transfer in
Concentric Annuli with Surface Roughness
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Nomenclature(see also Fig. 1) S R.- R
7' (Tri - T)HCrro/[grRi(TR/P)*?]
a thermal diffusivity Ui*  Ui(trofp)®®
C constant, 5.52 yim  Uftrd/p)*?/v
K mixing length constant Zro imaginary location where U;=0

De equivalent diameter a radius ratio, Ri/Ro
P pitch, between tips of roughness ele- i | Rm - Rj |
ments A &*/R;*
£
G

Pr:  turbulent Preandtl number eddy diffusivity ; roughness height

q heat flux it /5"

R;™  Ri(trd/p)*iiv

* F3Y, FIFAAERY
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Subscripts :

H Heat
inner

ioro

—.

corresponding to the location of maxi-
mum velocity

momentum

outer

radius

ﬁmog

rough

n

at sublayer boundary ; smooth

P

turbulent

1. Introduction

The flow in annular ducts has received con-
siderable attention and it appears often in
many areas of the thermal process industries
and in fluid flow equipment. An annular geom-
etry has long been recognized as an important
flow channel employed for the design of heat
exchangers and fuel burners. In nuclear engi-
neering, it has served as a basic geometry in
evaluating the heat transfer performance of
various type of reactor elements including, in
addition to single ribbed pins in a smooth
cylinder, also more complex geometries such as
rod bundles in circular or non - circular chan-
nels. Annulus flow is an axisymmetric geome-
try which, in the limiting cases, is reduced to
the circular pipe and plane channel. For this
reason, it has attracted the attention of
researchers in the hope that its analysis would
elucidate some of the evident difference
between these two basic flow situations. In
heat exchangers with enhanced heat transfer
surfaces, surfaces which are sufficiently rough
will have increased heat transfer coefficients
because the turbulence setup in the wake of

each roughness element will penetrate into the

(46)

laminar sublayer. Therefore, it is generally
expected that the effect would be greater for
fluid with a higher Prandtl number. For the
completely rough region in duct follow with rel-
atively coarse and tightly spaced roughness
elements, the friction factor is shown to be
independent of the Reynolds number. Since the
roughness of the surface not only increases the
heat transfer rate, but also produces additional
pressure losses, the heat transfer per unit
pumping power expended may not be
improved. Therefore, it is desirable to obtain
optimum or advantageous geometrical shapes
and arragements of the surface roughness ele-
ments. The patterns and effects of surface
roughness on turbulent flow can not effectively
described by any single parameter, such as the
average roughness size (g). Nevertheless many
studies proceeded as if the average roughness
size (¢) alone were sufficient to describe the
flow induced by the surface roughness.

Schlichting" introduced the concept of equiv-
alent sand grain roughness, Ks, as means of
characterizing different types of surface rough-
ness by referring to the equivalent net effect
produced by Nikuradse's experiments, which
were carried out in pipes that were artificially
roughened with uniform grains of sand. Some
other attempts®*® have been made to set up
models of turbulent flow over rough surfaces.

Unfortunately, all these models require a
prior knowledge of the function to describe a
particular set of shapes and arragements of
surface roughness elements. For such cases,
there seems to be no reliable prediction for
momentum and heat transfer available in the
literature.

In our previous co - worker’s report?, a dif-
ferent approach from these models was used to
indirectly describe a particular surface rough-
ness for the prediction pressure loss and heat
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transfer rate in an asymmetric flow induced by
the given roughness elements. This approach
was taken because, with asymmetric bound-
aries, the flow exhibits some characteristic
aspects by virtue of symmetry that have been
hidden.

In this study, it is assumed that the surface
roughness affects only locally on the velocity
profiles and therefore an empirical roughness
correlation previously obtained for the flow
between two parallel plates with square -
ribbed surface roughness elements on the one
surface only* could be used in the analysis.

The resultant effect of artificial roughness is
determined from a comparison of rough and
smooth surface with regard to the heat trans-
fer increase relative to the increase in pressure

losses.
2. Analysis

Because of the type of the roughness on the
wall and geometrical characteristic of the
annulus, local flow mechanism in the vicinity
of that wall may not fully satisfy any universal
velocity profiles. The large scale of roughness
may cause a flow recirculation in the wake
zone of the roughness elements; thus, the gov-
erning equations are broken into smooth and
rough sides. For the analysis, we introduce the

Flow

i

Fig. 1 Idealized Model
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following assumptions(see Fig. 1) :

(i) The annuli is concentric. While the outer
wall surface is smooth, the inner core surface
is “square - ribbed”.

(ii) Velocity and temperature fields in the
annulus are fully developed.

(iii) The line of the maximum velocity coin-
cides with the line of the zero shear stress.

(iv) For the smooth wall region, em by van
Driest™ for the sublayer, and that of Reichardt®
for the fully turbulent region are used.

(v) For the rough wall region, a modified log-
arithmic velocity profile is used. The surface
roughness affects only locally on the velocity
profiles.

{(vi) The turbulent Prandtl number is taken

unity.

2.1 Velocity and Temperature
Distributions

For the velocity and temperature distribu-
tions, use is made of the concept of eddy diffu-
sivity, ew and the turbulent Prandtl number,
Pri. The basic equations governing the trans-
port of momentum and heat can thus be writ-

ten as :
% =(V+ey) gy] 1
C% (a+gH)%—{ [2]
[1] can be non - dimensionalized as :
Lol (B
and
%Uzzsg[ (t/1r), } 0<g, <1 4]
g, 1+(epn/v),

where from a force balance. the shear stress
distribution is :
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The initial conditions for [3] and [4] are :
Ui'= 0 at {;=(Zro /8i") and Uo =0 at (,=0
From (1] and [2], we can also obtain the follow-

(1 cu) 1 AUC /(Z_A())l
[1-A.C,]

T
TR

{6

ing expressions” :

oT; aUJ ( )(qj/qR.

98T (D e, 17

+EuM
v
1

where the heat flux distributions, from an

energy balance, are :

aT; _aU;} (“ v 4 )
9C. ~ dC, (1, 1 (8]
CJ t"f (ﬁ*"ﬁ;%)(ﬁ‘t}?n)]
and
(1-a2(1+ A, g,)(1+ A%jo)
P= ; [9]

qri
—o?l1
[1 [ A

) :|(1+A,-C,»)

The initial conditions for {7] are :

Ti" =0 at {i=(Zro'/8i").

The dimensionless velocity and temperature
distributions in the inner and outer regions of
the maximum velocity(see Fig. 1) can be

"obtained by solving these differential
equations, [3], [4] and [7], once the eddy diffu-
sivities and the matching conditions are estab-
lished.
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2.2Eddy diffusivity for Momentum,
&M .

Accuracy of description of the eddy diffusivity
for momentum along and across the duct is
required for a solution of velocity and tempera-
ture profiles. The most interesting feature of
the study on turbulent fluid flow in a concen-
tric annular duct is the complete failure in
application of the conventional universal veloc-
Since the

assumption of an eddy diffusivity of zero at the

ity profile or the law of wall®.

pipe line is not realistic, we postulate that
Reichardt’s expression® for the eddy diffusivity
of momentum can be applicable to the entire
turbulent flow regions on the outer smooth wall
region of the concentric annulus with proper
modification for the region remote from the
outer wall. Thus, using the dimensionless
parameters, we can obtain as follows :

For sublayer, (0 <yo' <yos") :

(em/ V), = K2y [1-EXP(-y./ ADV|0U
[10]
For fully turbulent layer, (yos" <yo' <&") :
(em! V), =UK;55)16)[1-(1-y,/8,)]
X(1+2(1-y,/8;)] (11)
And for the rough region, (Zro' <yi" <&i') :
(ew/ V)= (K2 (12]
where
= Utne Ut (1 K 2 [13]
ZRo
and
ZRO = ymrEXP[—(UTRa / UTRL')
x{In(S—y, U g,/ V+CK,}l {14]

and from the experimental study of Bhuiyan® :
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Y =0.299 S ReO%8(S /) (P/ §)°2 [15]

2.3 Reynolds Number, Friction Fac-
tor and Nusselt Number.

Now that the eddy diffusivities(em/v) are
known for the entire fluid region, the velocity
and temperature profiles can be derived. The
Reynolds number, friction factor, heat transfer
coefficient and Nusselt number can be obtained
in the usual way.

Reynolds number is defined as :
Re=U,2(R,~R)/v=2U}(R;-R}) [16]

In dimensionless parameters, the average

velocity(Us) can be expressed as :

[or5us

1., +
+ 8 h(1-A,8)Us L]

1+ AL)UT L
o (1+AL)U! A,

Ub:(v/Ro){ e
(17]

Friction factor in a dimensionless form from

the usual definition yields :

(1—a)2[1+m] L2
f=8 _______ TRo _E‘L [18]
(1+a) Re
From the definition, Nusselt number is :
_2h(R,—R) _o[1-0 1R Pr 19
Nu= k —2[ a } Tt 9]

b

Ts)
The bulk temperature(Ts) can be defined in

where h=qz/(Tri -

dimensionless parameters as :

Ti= [ﬁHJ(RLe)[a&LIZ;/ay(H ALUIT d,

+85 (1= AL)US Todg,] (20)

2.4 Matching Conditions
2.4.1 Shear stresses.

From a force balance shear stresses

become :

(49)
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R.—(Ri+Zg,)

=( )[ R:-R., ] (21)

2.4.2 Relationship between K: and Ko.

It is well established that the standard uni-
versal velocity is not fully adequate for the

R,
Ri + ZRo

IRi
TRo

inner velocity distribution of a concentric
annulus®. Therefore, while a fixed value of 0.
4 for Ko is taken, the value of Ki is to be calcu-
lated from the appropriate boundary conditions
in the analysis of concentric annuli with
smooth walls"**. However, in the present
study, it is assumed that the turbulence
induced by the surface roughness on the inner
core surface is such that the effect of the curva-
ture on the values of K is negligibly small.
Therefore, it is assumed that ;

K=K, [22]

2. 4. 3 Velocity.
From the continuity of velocities at the loca-
tion of the maximum velocity, (r=Rmn, or {;=,
=1), the maximum dimensionless velocity

position becomes :
Uom*:Uim+ [23}
2. 4. 4 Relationship between Tim" and Tom".

From the equality of temperature at the loca-
tion of maximum velocity(i. e. r=Rm or {;={,
=1), the matched dimensionless temperature

position between the inner and outer wall

regions is :
Tom" =Tim" [24]
and
aT; 9T om 8;
im om Of 25
I |G (23]
2. 6 Calculation

To obtain the results for a given Reynolds
number, first of all, a Reynolds number should
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be given ; however, the Reynolds number is
actually obtained from the velocity profile, and
the velocity profile is obtained from the given
Reynolds number.

Therefore, a two - dimensional iteration
ethod is used : one is for the velocity, and the
other is for the Reynolds number. For the ini-
tial guess, a dimensionless sublayer thickness
(sub) is used, and the dimensionless sublayer
thickness(Zsub} is the number between 0 and 1,
so that Ro' and R="/R.' are the variables of
Reynolds number.

With the guessed R '/R.", the velocity profile
in the smooth and rough parts are obtained,
where we use the 5 - point Gaussian quadra-
ture integration method. At the maximum
velocity position, we check the equality of
velocity. With the condition that velocities of
both parts are equal, the Reynolds number is
calculated with the velocity profiles obtained
from Simpson’s integration method with the
number of nodes equal to 5000. If the velocities
are not equal, we reguess the value of Rm /Ro".

If the calculated Reynolds number is equal to
the given Reynolds number, the velocity profile
is obtained. Finally, the friction factor, temper-
ature profile, bulk temperature, and Nusselt
number are calculated. And we use the param-

eters in calculation as follows :

a) Input parameters
0=0.2,04,0.5,0.8and 0.9.

o' =in terms of Re ; 10¢ to 10°.
P-=0.1,0.72, 1.0, 7 and 30.
Pl/e=2, 4, 8 and 16.
S/e=9.7,19.4 and 25.
Pr:=fixed at one for this paper.

b) Fixed parameters
Ao" =26(van Driest damping parameter)
yos” =26(sublayer thickness)

(50)

3. Experiments

As is seen in Fig. 2, the total dimension of
the main apparatus is about 7.98 meters in
length. Air is drawn through a flow measuring
orifice into a settling chamber and then
through a bell - mouthed contraction section
into the test section by a blower located at the
extreme downstream end. The settling cham-
ber consists of filters, flow straighteners, and
screens with temperature measuring devices
also provided inside. The bell - mouthed sec-
tion is machined from a plexiglas block 305 x
305 x 203mm and the blower fan is rated 8.5
cu.m/min at 510mm of water.

Along the annular test section, which con-
sists of a 97.4mm 1.D. outer tube with a 39.
2mm O.D. core tube with of 1.5mm, provisions
are made for the measurement of the position
of the core tube relative to the outer tube, pres-
sure drops, and for the detailed exploration of
the velocity field at the various cross sections
along the test section. A specially designed
traversing mechanism carried the measuring
instrument. With this mechanism, the relative
radial displacement of a probe is measured
within 0.025mm by electrical contact. The core
tubes are supported at three locations by 3 -
point carriers which allow for radial adjust-
ments of the core tube. When the test sections
were assembled and aligned, the concentricity
of the core to the outer tube was checked. The

eccentricity due to the lack of straightness of

2
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Fig. 2 Schematic diagram of experimental setup
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the tubes was negligible in most cases, but a

maximum of 2% was noted. The orifice of the
flow rate measurement was calibrated by

numerical integration of the velocity profiles
measured at test sections. Steady state condi-
tions were maintained for at least one - half
hour before measurement were made. Pressure
drop data were obtained over the entire acces-
sible Reynolds number range whose upper
limit was restricted by the blower capacity.
Velocity profiles were explored with a total
tube together with the static pressure taps pro-
vided on the outer tube of the annulus. The
range of Reynolds number covered is from 15,
000 to 62,000 approximately. The pressure and
temperature of the ambient are also recorded
before each run. All the measurements are car-
ried out only late in the night to avoid distur-
bances on the main power supply.

The main experimental variables for the pre-
sent study are the pitch of the roughness(P)
and the roughness height(e) for each roughness

o Experiment

Theory

1 1 1 1

0.4 0.6 0.8 1
v/ (R - Ry}

Fig. 3 Velocity distribution

pitch(P/e=2, 4, 8), we take measurements of 1)
static pressure drop versus channel length(x),
2) static pressure drop at fully developed condi-
tions versus Reynolds number, 3) velocity pro-
files versus the radial location (y) using pitot
tube at 78.9 equivalent diameters from the
inlet of test tube, 4) double pitot tube reading
the pressure difference versus the radial loca-
tion (y) at fully developed conditions.

4. Results and Discussion

An example of predicted velocity profiles is
compared with the experimental measurement
in Fig. 3. In general the velocity profiles
obtained through [3], [4] and by {13] agree rea-
sonably well with the experimental data,
except near the walls. The data for other
ranges of parameters showed similar trend.

However, as can be seen in Fig. 4, these dis-
agreements of the predicted velocity profiles
from the experimental data did not greatly

Theory Experiment
-=-=--002 Data repeated in 7
—_—

]

days

ar « =

S/e =194
0.72

0.4

f Pr =

-2 e —
?'

ooa g

oD 40O
- oPoo g

- ~ -

- s\\\\\~\ 2
1.From Moody's diagram,D/€=l9.1:ik\~\\‘

[ 2.Concentric annulus,a=0.4,smooth

3 L 1 L 1 "

4x10°
I
10 2 4 6  sx10”

Re
Fig. 4 Friction factor

(51)
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affect the friction factors, which were predicted
from these velocity profiles.

It seems that the deviation of the assumption
used in the analysis diverges with increasing
value of P/e. It is obvious from the figure that
the friction factor is strongly affected by the
roughness density, P/e. It was seen that f was
also affected by the relative height of rough-
ness, S/e, as well as by the geometry of rough-
ness elements. The figure also illustrates the
deficiency of the Moody’s diagram. In Fig. 5,
the increase in pressure loss in terms of fric-
tion factor due to the roughness elements on
the core tube is normalized by that of the
smooth case. The normalized friction factor is

defined as ;
F=£/1 [26]

It can be seen that the effect of P/e is signifi-
cant. The effect of S/e on F was also seen to be
less, although the trend was opposite, that is, F

20
15
3 = 0.4
S/e = 19.4

10F Pr = 0.72

Fig. 5 Friction factor ratio, F

decreases with increasing S/e for the range of
the parameters studied.
Heat transfer in terms of Nu was also nor-

malized as :
H=Nur/Nus {271

The effects of P/e and Pr on H can be seen in
Fig. 6 and the trends are similar to those
observed in Fig. 5. The resultant effect of artifi-
cial roughness is determined from a compari-
son of rough and smooth surfaces with respect
to the heat transfer increase relative to the
increase in pressure losses. This is expressed in
terms of a non - dimensional parameter, H/F,

which is defined as :
H/F:(NUr/NUs)/(fr/fv) [28]

H/F>1 suggests that the increase in heat
transfer due to roughness is greater than the
increase in pressure loss due to roughness and

therefore it is advantageous to have the partic-
20

Pr=30;p/c=2

Pr=0.72;p/c=2

Re
Fig. 6 Heat transfer ratio, H
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now 8.4
Ple = 2
Fr o+ 0,72

~f

1.0 s e e

Fr
rle =2
S/ .

- 0.12

174

Fig. 7 Effects of Re and S/e on H/F

Table 1 H/F versus Pr and P/e : theoretical
(a=0.4, S/e=19.4, Re =50000)

[ Y

Fig. 8 Effects of Re and o on H/F

o’

P/e Pr fr fs F(fi/f) Nur Nus H(Nur/Nus) H/F
2 0.1 0.0087 0.0058 1.50 37.89 29.26 1.29 0.86
2 0.72 0.008 0.0058 1.50 204.77 107.78 1.90 1.27
2 1.0 0.0087 0.0058 1.50 277.97 132.08 2.10 1.40
2 10.0 0.0087 0.0058 1.50 261047 435.20 5.99 3.99
2 30.0 0.0087 0.0058 1.50 7789.19 670.11 11.62 7.75
4 0.1 0.0115 0.0058 1.98 51.14 29.26 1.75 0.88
4 0.72 0.0115 0.0058 1.98 310.89 107.78 2.28 1.45
4 1.0 0.0115 0.0058 1.98 427.61 132.08 3.24 1.64
4 10.0 0.0115 0.0058 1.98 4176.17 435.20 9.60 4.85
4 30.0 0.0115 0.0058 1.98 12505.74 670.11 18.66 9.42
8 i 0.1 0.0179 0.0058 3.09 85.21 29.26 2.91 0.94
8 { 0.72 0.0179 0.0058 3.09 557.60 107.78 5.17 1.67
8 1.0 0.0179 0.0058 3.09 770.54 132.08 5.81 1.89
8 10.0 0.0179 0.0058 ‘ 3.09 7613.38 435.20 17.49 5.66

|

ular roughness elements from the overall effi-
ciency point of view.

Fig. 7 shows the effects of Reynolds number
and the relative height of roughness on H/F
while Fig. 8 shows that of radius ratio for
Reynolds number of 10,000 to 100,000. The
ratio H/F increase greatly with decreasing
radius ratio while there was a small increase
in H/F with decreasing S/e. The effect of
increasing Reynolds number is the increase
the ratio H/F.

The effect of Prandtl number on the ratio
was not simple for the flow between two paral-
lel plates with square - ribbed surface rough-
ness elements on the one surface only” : H/F
increased with increasing Prandtl number up

(53)

to Prandtl number of about 10.

However, further increase in Prandtl number
brought a decrease in H/F. In the present
study, as can be seen in Table 1, an increase in
Pr is always accompanied with an increase in
H/F. The reason for the discrepancy between
the two cases are not known for the moment.

5. Conclusion Remarks

From the analytical and experimental inves-
tigation on the drag force and heat transfer
characteristics in the developed region of fluid
flow flowing turbulently in concentric annulus
with a uniformly heated core tube having

square - ribbed surface roughness elements,
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we can derive the conclusion that the effects of
roughness density, relative roughness height,
Reynolds and Prandtl numbers on the ratio
H/F were identified for a turbulent flow
induced by square - ribbed surface roughness
elements on the core tube of a concentric annu-
lus. The study demonstrates that certain artifi-
cial roughness elements can be used to enhance
heat transfer rates with advantages from the
overall efficiency point of view and that the
required pumping power per unit heat transfer
rate decreses with increasing value of P/e, the
decreasing values of S/e and, o and increasing
Reynolds and Prandtl numbers for the range of
parameters studied.
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