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Abstract—Periodic fully developed turbulent flows with heat transfer from an inner pipe in the artificially

roughened annulus are analysed by the k—¢ equation model. A new streamline curvature correction model

of eddy viscosity and cyclic TDMA are applied in order to increase the accuracy and converging rate of

numerical solutions. This paper illustrates the new method of obtaining the roughness functions from

numerically predicted velocity and temperature profiles. A predicted roughness function related to the

velocity profile agrees well with previous semi-empirical correlations, but that for the temperature profile
shows a different shape from the previous ones.

1. INTRODUCTION

ARTIFICIAL roughness is made up of small ribs at
regular intervals on the transfer surface, which act as
turbulence promoters breaking up the viscous
sublayer formed in the fluid region nearest to the wall.
Since with artificial roughness, both heat transfer and
friction losses increase, a study on the enhancement
of heat transfer by artificial roughness should be per-
formed along with a study on friction losses.

In the previous analyses on the variations of heat
transfer and friction losses by artificial roughness,
logarithmic laws of the wall
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were used as the velocity and temperature profiles
normal to the wall with roughness. Here R is the
roughness function related to the velocity profile and
G the roughness function related to the temperature
profile.

Many transformation methods were proposed by
Hall {1], Wilkie [2], Maubach [3], Dalle Donne and
Meerwald [4], Dalle Donne and Meyer [5] and others
to obtain R and G functions from experimental data
for the friction and heat transfer in the artificially
roughened annulus. Dalle Donne and Meyer [5], Han
et al. [6] and Dipprey and Sabersky [7], and others
proposed semi-empirical correlations for R and G as
functions of #*, P/H and Pr.

However, there are no universal correlations for R
and G functions which can be applied to all the shapes
of roughness and geometries of flow passage, because
R and G functions vary not only with 4", P/H and
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F16. 1. Flow model and cross-section of annulus roughened
by repeated rectangular ribs.

Pr, but also with shapes of roughness and geometries
of flow passage. Therefore, in order to obtain the
correlations of R and G for the new shape of roughness
and geometry of flow passage, a lot of new experi-
ments are necessary. Nevertheless, R and G functions
cannot be obtained directly from the experimental
data because they need complicated transformation
processes which may cause the transformation errors
since they use logarithmic laws of the wall which can-
not correlate exactly the velocity and temperature in
the region far from the wall.

In this study a new method of obtaining R and G
functions is illustrated. In this method, recirculating
flows with heat transfer from the inner wall in the
annulus with ring type rectangular roughness on the
inner pipe as shown in Fig. 1 were analysed by the
k—¢ equation model. Functions R and G were calcu-
lated from predicted dimensionless velocity and tem-
perature profiles. This method excludes the trans-
formation errors which cannot be avoided in the
previous methods. The only problem in this method
is the accuracy of predictions of the velocity and tem-
perature profiles.

Experimental studies reviewed in ref. [8] show that

1797



1798

B. K. LEE et al.

C,, Cyo, C.1, 61, Kk turbulence model
constants

D, hydraulic diameter [m]

G roughness function related to

temperature profile

height of roughness [m]

h* dimensionless height of roughness, hUt/v

k turbulent Kinetic energy [m?s™?

L pitch of roughness [m]

P pitch of roughness [m], pressure [Nm™2]

Pe,  Peclet number

P, production of turbulent kinetic energy
kgm™'s™

Pr Prandtl number

Pr  periodic pressure [Nm~?]

Pr,  turbulent Prandtl number

Pry;  effective Prandtl number

P, P,.. P,, production of Reynolds stress
in streamline coordinate [kgm~'s~?]

0 volume flow rate [m?s™']

0.  wall heat flux [Wm™?

Re  Reynolds number. UDh/jv

r radial coordinate [m]

R radius of streamline curvature [m], radius
of annulus [m], roughness function
related to velocity profile

T+  dimensionless mean temperature

Tk periodic temperature [°C]

AT  temperature rise in one pitch of
roughness [°C]

NOMENCLATURE

U,V axial, radial velocity [ms™']

U*  dimensionless mean axial velocity

U, axial velocity at point (i, ) [ms™']

U, U,, U, s-,n-, r-direction velocity in
streamline coordinate [ms™']

%2, a2, uu, Reynolds stress in streamline
coordinate [m?s~?

y distance from wall [m]

yr dimensionless distance from wall.

Greek symbols

B mean axial pressure gradient [Nm™?]
¥y mean rate of temperature rise [*Cm™"]
y) friction factor

U, I, Ry ViScosity, turbulent viscosity,
effective viscosity [kgm™'s™]

v kinematic viscosity [m?s™ ]

i density [kgm~3].

Subscripts
eff effective
k turbulent kinetic energy
n,s,r direction in streamline coordinate
R periodic
ref reference
t turbulence
W wall
1 inner wall
2 outer wall.

the turbulent shear stress and degree of anisotropy
between normal stresses are very sensitive to stream-
line curvature. Several theoretical studies [9, 10] show
that this sensitivity is not reflected by the standard
k—& model, and that modification of the k— model
need to be introduced to achieve proper response.
Leschziner and Rodi [11] derived theoretically the
curvature correction equation for eddy viscosity from
the algebraic stress equation of Reynolds stresses
taken at the streamline coordinate system. Applying
this correction of the k— model to the analysis of
annular and twin parallel jets, they obtained greatly
improved predictions compared with the standard
k—¢ model.

However, we have a different view from the deri-
vation procedure of Leschziner and Rodi’s model
from the algebraic stress equation at the streamline
coordinate system. In the present analysis, a new cur-
vature correction equation was derived from the
modified algebraic stress equations proposed by
Launder [12], and it was applied to the analysis. Pre-
dictions of velocity and temperature profiles and pres-
sure gradients by the modified curvature correction
model agree well with experimental data. The pre-
dicted R function agrees reasonably well with previous

correlations, however the G function has a different
profile from previous ones.

In order to analyse the periodic fully developed
flow with heat transfer in the annular pipe generally,
momentum equations and energy equations should
be integrated from the entrance to the region of fully
developed velocity and temperature profiles. How-
ever, since they need a lot of computational work, in
this analysis, a special method of calculation of the
periodic fully developed flow proposed by Patankar
et al. [13] was applied with some modifications of the
converging scheme in order to increase the converging
rate of the numerical solution.

2. GOVERNING EQUATION

As proposed by Patankar ef al. {13], the pressure
in periodic fully developed flows can be expressed as

P(x,r) = —Bx-+Pr(x,r) 3

where f is a mean pressure gradient and Pg(x, r)
behaves in a periodic fashion from module to module.
The term fx is indicative of the general pressure drop
that takes place in the flow direction. Since the fluid
temperature T would, in general, rise in the flow direc-



Analysis of periodically fully developed turbulent flow

tion, it does not behave in a periodic fashion. It is

therefore convenient to express T as

T(x,r) = yx+ Tg(x,r)

where y = AT/L, then Tr(x, r) would vary periodically

from module to module.

The governing equations can now be written as:

continuity
] 1¢
a(PU)‘*‘ ; E(’PV) =0
X-momentum
i) 10 0P,
7 (PUD)+ ;E(VPVU) =7

i)
(a5 3)-

1e
ror

2 9(pk) .
3 ox °’

r-momentum

0 1 0P,
+i oV oU 190 26V
B \Ferr 6x+6r +r5 THerr\ = 3
g, 2200
B 273 7+

thermal energy

a 14 O { per 0Tg

ax PUTO+ 25 PV Tw) = 52 (,, o
1o Hefr 5& Uy-
ror Pre,f ar )PV

turbulent kinetic energy

F 10 0 (e OK
—(PUR)+ - = (pVR) —5;( —)

g, Ox
10 pr Ok
r@r( o 6r>+Pk

dissipation rate of turbulent kinetic energy

0 10 0 (e O
a(PUs)‘f‘;E(fPVS)—a( —‘)

o, 0x

2

[
>+Cs.kPk—cﬂ;

10
ror

/‘teff 66
a or

“@ 2

(%

1799

Table 1. Values of turbulent model constants

C, C.. C., oy o, K

K2

_CEI)C;/Z

0.09
(C.s

144 192 1.0 0.4187

where

()

Turbulent viscosity is related to k and ¢ by

kz
=G (12)
The constants appearing in equations (10)—(12) take
values in Table 1 which are taken from Launder
etal. [14].

2.1. Streamline curvature correction

Turbulence in the shear layer is highly sensitive to
streamline curvature in the plane of the mean shear.
Several theoretical studies [9, 10] show that this sen-
sitivity is not reflected by the standard k—e model, and
that a modification needs to be introduced to achieve
proper response. In the present analysis, three kinds
of streamline curvature correction models were exam-
ined ; HL model [15], LPS model [9], LR model [11].
Of these, the third has reduced most the discrepancies
between the predicted velocity profiles and pressure
gradients of the experimental data of refs. [16-18].

However, we have a different view from the deri-
vation procedure of Leschziner and Rodi’s model
from the algebraic stress equation taken in the stream-
line coordinate system. They used the production of
Reynolds stresses as follows:

©6)

_,0U, ou, U
Pu = =20 s""(a—,ﬁi) 13
® U, U
— _ 2" _3
P, = —2u, n +4uu, R (14)
U U U,
= g2 w2) == =
Pn.r_ " an un) R +unus R (15)

where s is the streamline direction and # the direction
normal to the streamline as shown in Fig. 2.

®

(10)

FIG. 2. Streamline coordinate system.
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From the above equations they derive the following
curvature correction equation for C,:

C

C, = 19 16
T sxe (00 U 1o
52\ TR/)R

where K, = 0.267, C,, = 0.09.

However, Launder [12] proposed that it is more
reasonable that the production of Reynolds stresses in
the streamline coordinate be derived by the coordinate
transformation procedure of Aris from the Cartesian
coordinate [20].

If production of Reynolds stresses was derived by
the transformation procedure of Aris, it would be as
follows [21]:

au, oU, U,
= —Jdp* % _ A, Tl 2
Pxx - 2us as 2usun 6"1 2 R Uy (17)
av, U,
= o2 <
P,, = —2u; n +2u,u, R (18)
oU, U, U,
P, = —u} = Ul — U, —
o= —E B T (19)

With equations (17)—(19), we could derive the fol-
lowing modified curvature correction equation of the
LR model

C.o

w7 kToU, U,
PR il
1+4K, e® on R

(20)

In this study the modified curvature correction
model was examined and it was found that the pre-
dictions by this model agreed well with experimental
data and gave better convergence of solutions than
the LR model.

3. NUMERICAL ANALYSIS

Finite difference equations were solved by the
SIMPLER scheme proposed by Patankar [22]. This
study examined the performance of two discretization
schemes for convection for the standard k—& model
solutions.

(1) Hybrid differencing scheme (HDS).
(2) Quadratic upstream weighted interpolation for
convective kinematics (QUICK).

The QUICK scheme was proposed by Leonard [23]
as the method to minimize the numerical diffusion.
When the curvature correction model was used, only
the QUICK scheme was employed for the discretiz-
ation scheme.

3.1. Numerical analysis of momentum equation

In order to solve equation (6) for a given Re, f
should be known. Patankar and co-workers [13, 24]
set B equal to a convenient constant value (e.g. f = 1)
in the analysis of periodic fully developed laminar
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flow. Iterations for solving the flow equations were
performed with a tentative value of fluid viscosity u.
Then the resulting velocity field was used to calculate
average velocity. The viscosity u was then recalculated
such that the value of the average velocity implied the
given Re.

However, in the analysis of turbulent flow this
method cannot be used since turbulent viscosity is not
uniform all over the flow region. Therefore, in this
analysis a new method was suggested. First § is
assumed to be

§= px, ) —p(x+L,r) _ Apsze
L 2D?

@D

where L is the length of one pitch of roughness and A
the friction factor. Then iterations for calculation
of momentum equations were performed. The flow
rate (Q) is calculated from the resulting velocity field
and f was corrected by the following equation:

(5]

where Q, is the flow rate for a given Re, B4 is the
value of f§ of the previous iteration and « is the over-
relaxation factor. A number of tests showed that
o = 3040 lead to the fastest converging rate of solu-
tions. In order to facilitate the converging rate of
solution, alternating sweeps of cyclic TDMA in the r-
direction and normal TDMA in the x-direction were
applied.

22)

3.2. Computational details and boundary conditions

Computations here were performed with meshes
varying from 18 x25 to 33 x40 non-uniformly dis-
tributed grid lines according to the Reynolds number
and P/H. Fine grids were located in the regions near
the walls. We tested the effect of a number of grids on
the computational results. The results for QUICK
with the present number of grids are probably ac-
curate enough to be regarded as grid-independent
solutions.

Boundary conditions used for the present com-
putations are summarized in Table 2. Table 2 shows
that inlet conditions are given by outlet conditions
and outlet conditions by inlet conditions. Therefore,
in order for the solution to be converged., not only
residual sources of finite difference equations, but also
B should be converged. In this analysis the following
strict converging criterion of f# was used :

Boew = Bowa
ﬁ oid

<1077 (23)

4. COMPUTATIONAL RESULTS AND
DISCUSSION

Computations were performed for the annulus with
a radius ratio (R,/R,) of 0.392, ratio of roughness
height to hydraulic diameter of annulus (H/D,) of
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Table 2. Summary of boundary conditions
Domain of computation

(3
5 @) i

I
U 14 Py P k e Tx
(1) Inlet Usutier V outter Prguter Pt K gutter Eoutlet Tk outier
(2) Outlet Uit Vet Priner Pl K ner Einlet Tginer
(3) Outer wall Ug=0 V,=0 A4,=0 W.F. W.F. W.F. Adiabatic
W.F. (dTx/dr = 0)
(4) Inner wall Us=0 V,=0 A,=0 A4,=0 W.F. W.F. Constant heat flux
(5) Front roughness verticalwall U,=0 V=0 A4,=0 A4,=0 W.F. W.F. Constant heat flux
W.F.
(6) Rear roughness vertical wall U =0 Vg=0 A.=0 A,=0 W.F. W.F. Constant heat flux
W.F.
(7) Roughness upper wall Ug=0 V=0 A4,=0 A,=0 W.F. W.F. Constant heat flux
W.F.
0.0506, and ratio of pitch to height of roughness < ——*QUICK ;——~:HYBRID
(P/H) of 3-20. In the following, selected com- N

putational results are presented and compared with
experimental data [16-19].

Figure 3 compares velocity distributions predicted
by the QUICK and HYBRID schemes at the standard /
k—¢ model for P/H = 20 and Re = 39000. There are

little differences in velocity profiles in the core region = 7 / / z

o . 0 0 0 o0
and outer wall layer. This is due to the fact that in g_o_‘s—TOm?s ° Utmss)

these regions streamlines are nearly parallel to grid g 3 Axial velocity profiles for Re = 39000 and P/H = 20.
lines, so little numerical diffusion takes place. Data were taken from Kang [16].

However, in the recirculating flow region near the
roughness, differences of velocities are significant.
This may be caused by the increase of numerical —
diffusion at the HYBRID scheme due to the inclined
intersection of streamlines and grid lines.

Both QUICK and HYBRID solutions agree well
with Kang’s [16] experimental data in the core region,
however, approaching the outer and inner wall, dis- / / /

crepancies increase. / /
Figures 4 and 5 compare the velocity distributions C 7
: . 00 0 © ) 0 0 0
predicted by the standard k—& model with the present 65 ioms Ulmss)
curvature correction model. Velocity profiles of the  Fig. 4. Axial velocity profiles for Re = 30000 and P/H = 20.
present curvature correction model agree better with Data were taken from Kang [16].
Kang’s data except near the bottom wall where experi-
mental errors are large due to the backward velocity.
For other values of P/H and Reynolds numbers, the
present curvature correction model also gives the best
velocity profiles of all the results from the models !
examined in this study. D
Turbulent kinetic energy profiles predicted by the [
present curvature correction model for Re = 30000
and P/H =15 are shown in Fig. 6. It shows that
turbulent kinetic energy is produced by the ribs and VY
has a maximum value just in front of the ribs. Hyrs
The ratio of the production rate of turbulent kinetic
energy to the dissipation rate of turbulent kinetic o 5
energy is shown in Fig. 7. It shows that the production  Fig. 5. Axial velocity profiles for Re = 30000 and P/H =
rate and the dissipation rate are nearly in equilibrium 10.8. Data were taken from Kang [16].

——: QUICK, ———:QUICK and Present CC.

—QUICK, -———QUICK and Present CC.

el
R

0 0 00
oms  Ulm/s)
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F1G. 6. Turbulent kinetic energy profiles for Re = 30000 and
P/H =15.

near the outer wall, but in the other regions they are
not in equilibrium.

Figure 8 compares mean axial pressure gradients
(§). Predictions by the standard k—¢ model give some
higher dp/dx values than the data of ref. [18] and
Hong et al’s [19] semi-empirical predictions. How-
ever, predictions by the present curvature correc-
tion model agree well with refs. [18, 19] except near
P/H = 5 for Re = 30000. For Re = 39000, we cannot
obtain any conclusions from the comparison of pre-
dictions with experimental data since the data is only
one.

Figure 9 shows the variation of the mean dimen-
sionless axial velocity (U+) with respect to y*. The
mean axial velocity U, at an arbitrary grid line j was
calculated by averaging the predicted local velocity
U, in the x-direction from the inlet grid line to the
outlet grid line as follows:

Y. U,Ax,
=1

U =5 (24)

where Ax, is the width of the ith grid in the axial
direction and Z7_, Ax, is the length of one pitch of
roughness. Then U} can be calculated by non-
dimensionalizing U, by the friction velocity \/(t,./p)

B. K. LEE et al.

-200,
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Present C.C
-150]
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-100-
-850 N
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F1G. 8. Mean axial pressure gradient with respect to P/H: O,
ref. [19] semi-empirical prediction; @, ref. [18] experiment.

where 1, is the mean wall shear stress of the inner
wall. This can be calculated if the mean axial pressure
gradient (f) and mean wall shear stress of the outer
wall (t,,) were predicted. It is interesting that the U+
profile for P/H = 3 is different from the profiles for
other values of P/H. This is due to the fact that for
P/H =3 the separated flow by rib cannot be re-
attached to the inner wall and the cavity flow is gen-
erated between the ribs. It is a difficult problem to
calculate the function R accurately from the U*
profile, since generally U* profiles for y* > h* are
not straight lines as shown in Fig. 10.

In this study, the function R was calculated by the
following method. First, the straight line with gradient
1/x was contacted with curve AB in Fig. 10. The
intercept of this straight line with the line y* =A™
was taken as R,. Next, the straight line parallel to this
line was drawn passing through point A. The value of
U~ for point A was taken as R,. Then the repre-
sentative straight line for curve AB would be located
between these two lines. Using this method we deter-
mined R as the average of R, and R,.

Figure 11 shows the comparison of the function R
predicted by the present method with Dalle Donne
and Meyer and Han et al.’s correlation. Data on Fig.
11 were taken from Fig. 38 and Table 2 of ref. [5].
These are a collection of data from many works. The

- T_:D
00" 0 0
ST 53 &

Fi6. 7. Ratio of the production rate to the dissipation rate of turbulent kinetic energy for Re = 30000 and
P/H = 15.
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Fi1G. 9. Predicted mean dimensionless axial velocity with
respect to y* by present curvature correction model for
Re = 30000.
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FiG. 10. Schematic of determination of R function from U+
profile.
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F1G. 11. Comparison of predicted R function by present
method with previous correlations; @, data taken from
ref. [5].

predicted R function has lower values than Han er
al’s correlation but has a similar profile to that of
Dalle Donne and Meyer’s correlation which is known
to be the most accurate correlation. This fact suggests
the possibility of a theoretically accurate prediction
of the R function.

Figure 12 shows the periodic temperature profiles
of air for Re = 30000 and P/H = 5. Both predictions
by the standard k—¢ model and curvature correction
model agree well with Kang’s [16] experimental data
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FPrYYTY Y X L hdAdd
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FiG. 12. Periodic temperature distribution of air for Re =
30000 and P/H = 5. Data taken from Kang [16].

300
—:QUICK
—-—:HYBRID
----- :QUICK and
200t Present C.C.
o
K

F1G. 13. Periodic wall temperature distribution of inner wall
with roughness for Re = 30000 and P/H = 10.8.

near the inner wall, however, approaching the outer
wall the difference becomes larger. This is due to the
fact that in Kang’s experiment the outer pipe was not
insulated where the air temperatures were measured.

Figure 13 shows the wall temperature distribution
of the inner wall with roughness. Predictions by the
QUICK and HYBRID schemes at the standard k—
model give similar profiles. However, the prediction
by the present curvature correction shows a different
profile from those by the standard k—& model,
especially at the wall attached to the recirculation
region.

Figure 14 shows the comparison of predicted local
Nusselt numbers of the inner wall. Local Nusselt num-
bers have maximum values near the reattachment
point of the separated flow by roughness. The present
curvature correction model gave Nusselt number dis-
tributions different from those by standard k— model.

Figure 15 shows the comparison of the mean
Nusselt numbers of the inner wall obtained by averag-
ing the local Nusselt numbers in the x-direction. All
the present predictions give lower values than Kang’s
data. This may be due to the inappropriate correlation
of the turbulent Prandtl number in this analysis. In
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300,
—:QUICK
—-—:HYBRID
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Present C C.
200
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100F
J1 |

Fi1G. 14. Local Nusselt number of inner wall for Re = 30000
and P/H = 10.8.

D?> — .QUKCK

-— — :HYBRID
J —~-—:QUICK gnd
L Present CC |
0 . L , j
0 5 10 15 20

_E_

FiG. 15. Mean Nusselt number of inner wall for Re = 30 000.
Data taken from Kang [16].

this analysis following Crawford and Kays' corre-
lation [25] for the turbulent Prandtl number

Pr.— (‘% +0.20 Pe,— (0.2Pe,)>

x (1.0—exp(—oay/ (0A2Pet))>

where
Pe, = (v/v)Pr,o = J(1/Pry ), Pric = 0.86. (25)

However, Fig. 15 shows that the shape of the Nu
profile predicted by the present curvature correction
model is better than those by the standard k—¢ model.
In order to obtain a more accurate Nusselt number
profile, more profound studies on the turbulent
Prandtl number model in the recirculation flow is
necessary.

Figure 16 shows a comparison of the present pre-
diction of the G function with previous correlations.
In previous correlations h* (= hy/(t.,/p)/v) was cal-
culated from the predicted mean shear stress of the
rough wall, 1,,. For P/H between 5 and 17.5, the
predicted G function lies between Dalle Donne and
Meyer and Han et al.’s correlation. However, for a
P/H less than 5 and greater than 17.5, predictions
have larger values than these correlations. In most of

B. K. LEE ef al.
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F16. 16. Comparison of predicted G function with previous
correlations for Re = 30000.

the previous studies, G functions were not correlated
by the function of P/H. However, the present pre-
diction shows that the G function is clearly the explicit
function of P/H. Since present analyses were per-
formed with only the variation of P/H and Reynolds
number, in order to prove the compatibility of the
present transformation method, more computations
with a variation of boundary conditions and flow
conditions are necessary.

5. CONCLUSIONS

Generalized concepts of periodic fully developed
turbulent flow and heat transfer have been formulated
for the analysis of an annular pipe with rectangular
roughness under fully developed conditions. The vel-
ocity components are periodic and pressure can be
reduced to a periodic function after subtraction of a
linear term relates to the global through flow. Two
discretization schemes at the standard k—& model and
modified streamline curvature correction model have
been applied to the analysis and their performances
have been examined. Roughness functions related to
the velocity and temperature profiles have been cal-
culated theoretically from numerically predicted mean
dimensionless velocity and temperature profiles.
These studies allow the following conclusions.

(1) QUICK and HYBRID schemes give nearly the
same velocity profiles in the region where streamlines
are nearly parallel to grid lines, however, in the region
where streamlines cross grid lines with inclined angles
they show different profiles.

(2) More improved predictions of velocity profiles
and mean pressure gradients can be obtained by
applying the modified streamline curvature correction
model rather than by the standard k— model.

(3) Predicted roughness functions agree reasonably
with previous correlations. This implies the possibility
of accurate predictions of roughness functions.

(4) Prediction shows that the G function is the
explicit function of P/H contrary to the correlations
in the previous studies.
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ECOULEMENT TURBULENT PERIODIQUEMENT PLEINEMENT ETABLI ET
TRANSFERT THERMIQUE ANALYSES PAR UN MODELE k- DANS UN ESPACE
ANNULAIRE ARTIFICIELLEMENT RUGUEUX

Résumé—On analyse a I'aide d’un modéle k—¢ les écoulements turbulents périodiquement établis, avec
transfert de chaleur a partir d’un cylindre intérieur 4 un espace annulaire artificiellement rugueux. Un
nouveau modéle de correction de courbure de ligne de courant pour la viscosité turbulente et un TDMA
cyclique sont appliqués de fagon a augmenter la précision et la vitesse de convergence des solutions
numériques. On illustre la nouvelle méthode d’obtention des fonctions de rugosité a partir des profils de
vitesse et de température calculés. Une fonction de rugosité liée au profil de vitesse s’accorde bien avec des
corrélations semi-empiriques déja connues, mais une autre pour le profil de température montre une forme
qui différe d’autres proposées antérieurement.

UNTERSUCHUNG EINER PERIODISCH VOLLAUSGEBILDETEN TURBULENTEN
STROMUNG UND DES WARMEUBERGANGS IN KUNSTLICH
AUFGERAUHTEN RINGSPALTEN MIT DEM k—-GLEICHUNGS-MODELL

Zusammenfassung—Es werden periodisch voll ausgebildete turbulente Stromungen mit Wirmeiibergang
am inneren Rohr eines kiinstlich aufgerauhten Ringspaltes mit Hilfe des k—e-Gleichungs-Modells unter-
sucht. Ein neues Modell (mit Korrektur der Stromlinien-Kriimmung) fiir die Scheinviskositdt und die
zyklische TDMA wird angewandt, um die Genauigkeit und die Konvergenzrate der numerischen Lésungen
zu erhdhen. Diese Arbeit legt die neue Methode dar, Rauhigkeitsfunktionen aus numerisch ermittelten
Geschwindigkeits- und Temperaturprofilen zu bestimmen. Die ermittelte Rauhigkeitsfunktion beziiglich
des Geschwindigkeitsprofils stimmt gut mit fritheren halbempirischen Korrelationen iiberein, aber die
Rauhigkeitsfunktion fiir das Temperaturprofil weicht vom Verlauf fritherer Funktionen ab.
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AHAJIM3 TTEPUOJNYECKH HECTALIMOHAPHOI'O MOJIHOCTBIO PABBUTOIO
TYPBYJIEHTHOT'O TEYEHUA W TETUJIONMEPEHOCA B KOJIBLIIEBOM KAHAJIE
C MCKYCCTBEHHO! WEPOXOBATOCTBIO C TIOMOIIBIO k- MOJEIN

Annoraina—C NOMOIIBIO k—¢ MOLE/H NPOAHAH3IUPOBaHbI NEPHOAHYECKH NOJHOCTBIO Pa3BUTHIE TypOy-
JICHTHBIE TCYEHHR B KOJIBLUECBOM KaHAJIE C TEIUIONEPEHOCOM OT BHYTpPEHHEH TPyObl IPH HATTHYMH HCKYCCT-
BEHHOMH IEPOXOBATOCTH. JIJI% MOBBIICHHA TOYHOCTH ¥ CXOAMMOCTH YHCJIEHHBIX PELEHHH NIPEI0KEHbI
HOBBIE 3aBUCHMOCTH TYPOYJNIEHTHOMH BA3KOCTH M TEMIEPATYPONPOBOJHOCTH OT KPHUBM3HBI JIMHHH TOKa.
Ipenioxen HOBLIA METOA MOJyYeHHS QYHKUH 1IEPOXOBATOCTH, OCHOBAHHBIH Ha YHCICHHOM JIKCIEPH-
MEHTE ; IOJTySeHHas TakuM 06pa3oM GyHKUMA IIEPOXOBATOCTH, OTHOCALUANCS K CKOPOCTH, XOPOLLIO COr-
Jacyercs ¢ paHee NOJYYEHHbIMH TOJYIMIMPUYECKMMH 3aBHCHMOCTSAMH, B TO BpeMS Kak
COOTBETCTBYIOWIAS QYHKIMA A MPodHIA TeMNEPaTyPhl OTIMYAETCA OT PAaHEE IPEATOKEHHBIX,



