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1. GENERAL

The computer programme VELASCO provides the possibility to calcu-
late the isothermal and fully developed turbulent velocity field and friction

factor for parallel flow in the following types of rod arrays:

- infinite rod arrays, e.g. triangular, rectangular, mixed triangular-

rectangular arrays (examples A, B and C respectively in Fig. 1);
- semi-infinite rod arrays, e. g. the configurations D and E in Fig. 1;

- finite rod arrays.

The finite arrays may have the following characteristics.

a) They may be bounded by curved and/or straight channel walls as shown
in the examples F, G and H respectively of Fig. 2. Worth noting is that
the channel corner edges have to be rounded off as shown in Fig. 3,

since the physical model does not apply to corners with sharp edges.

b) They may be made up of rods of identical diameters and of rods of dif-

ferent diameters (example J in Fig. 4).

c) They may be characterized by a number of identical subarrays (see the
examples F, G and H in Fig. 2 with 12, 2 and 6 subarrays respectively)
or they may be completely asymmetric as is the case for the example

K of Fig., 4.

Account can be taken of wall roughness effects. The characteristic

roughness function employed is that pertaining to uniform geometries.

2. PHYSICAL MODEL

In the following, only a brief outline of the physical model is given,

More details are to be found in references [1,2] .

The physical model involves the assumption, that a flow section can
be divided into "momentum-balanced' zones around the wetted walls,
bounded in the liquid by '"zero shear''-lines, i.e. lines perpendicular to

which the momentum flux is zero. These zones, in principle closed around









a wetted wall, may be divided in two or more identical parts by radial
symmetry lines. The radial extent of the momentum-balanced zones is a
priori only known for the particular case where the zero shear line coin-

cides with a symmetry line.

Fig. 5 shows as an example the case of a thirfy-seven rod array in a
hexagonal channel. Because of symmetry one twelfth of the flow section is
representative for the whole array. It is emphasized that the division into

momentum balanced zones by zero-shear lines in Fig. 5 is only a qualita-

tive one. Only on the lines AB and A“B” the position of zero shear is dé-

termined by symmetry.
Within one zone a momentum balance for a differential volume element

rdgdr dz yields under conditions of steady flow

a(t . 1) X 8(1:(0) __op ‘ "
or R0 oz

r, 9 and z are the radial, peripheral and axial coordinate respectively,

T, and T(p represent the momentum fluxes in the r and ¢ direction respec-
tively. With the assumption of fully developed flow, the pressure gradient
8P/8 z becomes constant and can be determined from a momentum balance

applied to the entire flow section:

T
_8P_4' R.av o : K
9z  d ‘ : o (@)
h v

TR av is the average wall shear stress, dh the hydraulic diameter of the

rod array considered.

The solution of eq. (1) has to satisfy the following boundary conditions:

O<q><cpend, r = R, 'crzfcR ' ' (3)
r = rrr T =0
! n . drm
T = —. .
or (1), = gy (T, (4)
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R is the

4 is the momentum flux perpendicular to the zero shear line, T
n .
radial momentum flux at the.wa.ll, i.e. the wall shear stress.
Radial integration of eq. (1) between the limits R and r » taking ac-

count of eqs. (2) - (4), yields:

) 'm
T R Z(rm-R ) 4 T N -
"R T io T iR (5)
R.av dh LR R.av ,
The term »
2(r2 - R%) N .
1 ® R (6)

has the significance of a local hydraulic diameter. Consequently the rela-

tive wall shear stress variation is in first approximation proportional to

the variation of the relative local hydraulic diameter dh 1/d

Using the computer programme notations

T r- R
R S
T = s X = — s Y =
-R
R.av Pe r
r -
m Pe
YM = R’ DHI = f( DU = Rox
0 .

and integrating eq. (5) in peripheral direction, one obtains

TdX = DHI + 7~ { T—“’— dy - [ ;——‘P— dY:l } (7)
R.av - R.av X=0

S is the length on the wetted wall between zero and the position considered

Pe is the total length of the wetted wall in the zone considered

The second integral on the right hand side of eq. (7) is only different
from zero for the case of peripherally closed zones. In the case of zones
which are divided because of symmetry, the flux component ©_ is zero at

the symmetric positions.
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For the evaluation of the integral terms between the brackets, the fol-
lowing assumptions are made. -

The momentum flux "l.’(p is assumed to be made up of a turbulent diffu-

sion and of a convective transport term, as expressed by

AY)
T = e . »
® P. ' rd(p+p'U'v (8)

T _ is the eddy diffusivity for momentum transport in the peripheral direc-

tion, p is the density of the fluid, U is the axial velocity and v the periphe-

ral secondary flow component,

€ was found [3] to be represented well by the relation

?
TR '
£p=0.154. [ —H(x_-R) (9)

4,1,2
For the peripheral secondary flow component v the previously [+ 1,2]

T . N “.
Pe d R
sec \J o] (10)

. cos(%Y)

given expression

V= Z'Csec' Pe ° dX

is used with

C = 0.573
sec

Pesec is the peripheral extent along the wall of a closed secondary flow
vortex. By definition it is equal to the distance between two adjacent ex-
treme values of the wall shear stress curve. Only in the special case that
the wall shear stress curve has only two extreme values, i.e. that the pe-
ripheral extent of the vortex is equal to the perimeter of the zone, the para-
meter PeseC/Pe is known and has the value 1. In the general case first an
estimation has to be made of Pesec/Pe which is corrected during the itera-

tion procedure described below.

General expressions are used for the radial velocity distribution.

For the wall region the following relation[ 5] is adopted:
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+ )
vie y:: u+=y+(1-o,34Y—++o.o39<Y—+> ) (11)
U U
(o] o

For the center region of smooth channels the following expression was

(6] :

derived ~

+ 1 Te(2-Y)

* * * Iny +C+~1n >
2 +(Te-1)(1-Y)]

y>y:u=

(12)

1
o X,

The parameters u+ and y+ are defined as

fER
S U y  (=-R)
mT
p

+
Uo is a constant and has the value 14.7. Y, is a measure for the thickness
of the viscous wall region, which is assumed to have the value 21. x and Te
are parameters depending primarily on the local geometry. They are tabu-

6)

lated in . For VELASC® the following expressions for x and Te, derived
from the tabulated values, are used:

Ir
os—ﬁni <1l: x=0.407

rrn 1.4
Te =3.87 - 1.8 R - 0.32I
rm 1 rm
1 <? x=0'387(1+56'_R—)

,r J
-1, e
26

The integration constant C in eq. (12) is determined in such a manner

Te =10, ¢

+
that u predicted by eq. (12) under neglectance of the second logarithmic

expression is equal to that from eq. (11) at the position y+.
o

For rough channels use is made of the known effect of shifting of the
) . + +
velocity profile u = f(y ) to lower values of u+. This behaviour is governed

+
by the roughness parameter k , defined as



- 13 -

where k is the height of the roughness.

+ .
The increment AurOugh’ which is added to the right hand side of eq. (12), 1s
a function of the type of roughness, VELASC® contains the following ex-

pression applicable for sand roughness, based on NIKURADSE s data 7] :

In k+ <1: u =
rough
+
l<lnk < 5: At =l(1-1nk+)-5+
rough %
+ 7.4275 1n k+ - 2.80708(1n k-l-)2 +
3 4
+ 0.3975(1n k+) - 0.01792(1n k+)
5 <Ink -~ = l(1-1n k+) + 0,45
rough

In the case of rough walls the velocity profile in the wall region is matched

+
to the center region profile lowered by Aur at the radial position corres-

+ ough
ponding to y = 21.

With the eq. (8) - (12) it follows from (7)

T

/de = DHI + cg)EFQI - CQEF . <d—x> (13)

dX o \d
0 o :
COEF is essentially a function of the radial extent YM at the peripheral po-
sition X. It depends only weakly on the local wall shear stress. Consequent-
ly the local wall shear stress for the calculation of COEF can be put in first
approximation equal to the average wall shear stress. The necessary cor-

rections have to be made in subsequent iteration steps.

For the solution of the integro-differential equation (13) a Fourier se-
ries is introduced for the relative wall shear stress distribution T. For
zones bounded in peripheral direction by radial symmetry lines, the Fou-

rier series contains only consinus terms:
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0o
T = BTo + Z BT(n) . cos(nnX) (14)
n=1
For peripherally closed zones the Fourier series contains cosinus terms
as well as sinus terms. Additionally the continuity of T and all its deriva-
tes has to be guaranteed at the coinciding peripheral positions X = 0 and
X = 1. These continuity conditions are fulfilled by the series

oo

BT (n . sin(2n%xX) + Y BT (m) cos (2mTX) (15)

4-1 a=1

The first coefficient BTO in the series (13) and (15) respectively represents

TBT+

the relative average wall shear stress TAUM within the zone considered.
From a momentum balance over an entire momentum-balanced zone follows
with eq. (2)

(dh)zone

4

TAUM =

The right hand side of this equation equals to DHI at the position X =1, i.e

BT_ = TAUM = (DHI) (16)

X=1

The solutions (14) or (15), depending on the type of zone considered, are
introduced in eq. (13). Applying the resultant expression at a finite number
N peripheral positions X result in N equations used to evaluate the coeffi-

cients BT, if the Fourier series (14) or (15) are truncated after N terms.

For a rod array divided into NZ momentum-balanced zones, we dis-
pose of a system of NZ integro-differential equations of the type of eq. (13).
Relations between integro-differential equations pertaining to adjacent zones
are established by the condition of continuity of the velocity at common zero
shear lines. For the calculation of the velocity at a zero-shear line, use is
made of equation (12). This procedure involves the assumption that the zero-

shear line coincides with the position of maximum velocity.
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The solution for the complete system is found using an iteration pro-
cedure. In a first step the radial extent YM of the zones is prescribed ap-
plying the rule that zero shear lines have equal perpendicular distances to
neighbouring wetted walls. The integro-differential equation system can then
be solved in the above described manner. With the knowledge of the local
values of T and YM the velocity ratio VU on the zero shear line, which be-
cause of continuity has to be equal to unity, can be calculated. If this velo-
city ratio differs by more than a prescribed percentage from unity, it can
be used to compute a new value for YM and the whole procedure is repeated.
This iteration procedure requires a special topographic description of the

rod array which is outlined in the following chapter.

3. TOPOGRAPHIC MODEL

The first step in the topographic description of a rod array is to iden-
tify the smallest subarray representative for the whole rod assembly. This
is for the case of a thirty-seven rod array one twelfth of the bundle section.
The second step is to draw the qualitatively known zero-shear lines. The
resulting momentum-balanced zones are numbered in an arbitrary manner.

These two steps are illustrated in Fig. 5 for the thirty-seven rod array.

In a next step the zones are divided into subzones by lines perpendicu-~
lar to the wetted wall. Subzone boundaries have to be established at each

position, at which

A - a line perpendicular to the wall crosses the point of intersection of
zero shear lines;
B - two opposite zone walls have parallel tangents;

C - there is a change in curvature of the zone wall.

Boundary positions of type A move during the iteration calculations,
positions of type B and C remain fixed. In the case of peripherally closed
zones the origin of the coordinate X along the wetted wall is made to coin~

cide with a subzone boundary position of type B or C. In the other cases
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the natural origin of X is one of the points of intersection of the symmetry
lines with the wetted wall. The boundary positions are numbered starting

with the position X = 0.

For illustration the case of the thirty-seven rod array is considered

(Fig. 6):
number type

of subzone boundary position

zone 1: 1 (X
2

0)

3

4

5

6 (X
zone 2: 1 (X

fl 1}
o —

2
3
4

o v s v« B o < R I v R S o s .

o
[l
[¢]

etc.

Each boundary position XG is related by the radial extent YG at this posi-
tion to one or more corresponding positions in neighbouring zones. A num-
ber IXGACT is defined characterizing the manner the boundary positions

have to be determined.

IXGACT =1

For IXGACT =1 a boundary position is identified which is already in-

cluded in a previously defined set of boundary positions.

IXGACT =2

For IXGACT = 2 the special case is treated, in which a boundary posi-
tion has as corresponding partner an identical position in an adjacent and,
because of symmetry, identical subarray. Examples in Fig. 6 for the
thirty-seven rod array and in Fig. 7 for a sixteen rod array are the follow-

ing boundary positions (the first number in the brackets represents the zone
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number, the second one the boundary position number):

Fig. 6:(2,9), (6,5)
Fig. 7: (4,5), (5,5), (5,6), (5,7), (2,7).
XG and YG have to be specified as input data.

IXGACT =3

IXGACT = 3 characterizes the simplest two-point set of boundary posi-
tions, i.e. that occurring in the case of parallel tangents. The exception is
the symmetry situation already described under IXGACT = 2. The two boun-
dary positions are fixed positions and have to be specified as input data. In
the N %th iteration cycle the corresponding YG’s are determined by a two-

point iteration as follows:

YCTIZl,N _UMXIZZ,N—I (17)
YGIZl,N—l UMXIZI,N-I

UMX is the velocity on the zero-shear line, IZ1 and IZ2 are the numbers of
the zone considered and of the zone of the partner respectively. The value
of YG then follows from the geometrical situation. Examples in'Fig. 6

122, N
and Fig. 7 are the sets:

Fig' 6: [(102): (2: 1)]: [(1:4): (3: 3)]: [(2: 3): (3’ 5)] etc.
Fig. 7: [(1,2), (2,1)], [(1,4), (3,1)], [1,8), (3,5)] etc.

IXGACT =4

IXGACT = 4 concerns a two-point set where only one of the two boun-

dary positions is a fixed position. This situation occurs:

1. - if triangular or, generally, three-partner subchannels are halved by

symmetry lines; examples in Fig. 6 and Fig. 7 are the sets:

Fig. 6: [(1,1), (2,10)], [2,8), (4,1)], [(4,7), (6,4)], [(6,6),(7,2)]
Fig. 7:[(1,1), (2,8) 1, [(1,11), (4,4)]

2. - if there is a change in wall curvature; examples in Fig. 6 and Fig, 7

are the sets:
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Fig. 6:[(1,5), (2,2)]
Fig. 7: [(1,5), (3,2)], [(1,7), (3,4)].

YGIZl, N corresponding to the fixed boundary position XGIZl is ca.lcula.te(\i
from eq. (17).

YGIZZ, N and XGIZZ, N follow then from the geometrical situation.
IXGACT =5

IXGACT = 5 characterizes a two-point set without any-fixed boundary
position. This situation occurs if a quadrangular subchannel is halved by
a symmetry line. Examples in Fig. 7 are the sets [(4, 6), (5,4) ] and

. - is cal . ; XG, Y
[(5,8), (2,6)] YGIZl,N is ca.lcula.ted from eq (17.) XGIZI, N’ GIZZ, N

and XG followthen from the geometrical situation.
1Z2,N

IXGACT =6

IXGACT = 6 characterizes a three-point set of subzone boundary posi-
tions. The corresponding situation occurs in three-partner subchannels.
Examples in Fig. 6 and Fig. 7 are the sets:

Fig. 6: [(1,3), (2,2), (3,4)], [(2,4), (3,6), (5,3)],
[(2,6), (4,3), (5,4)], [(4,5), (5,6), (6,2)]
Fig. 7: [(1,3), (2,2), (3,10)], [(1,9), (3,6), (4,2)]

In the N %th iteration cycle the set of XG- and YG-values is determined ap-
plying a three-point iteration explained below (for the geometrical represen-

tation of the single steps, see Fig. 8):

- keeping constant in a first step YGIZl N1 & DeV (but not yet definitive)
value YGIZZ is calculated using the two-point relation
YG* UM
I1Z2, N XIZ3,N-1 . (18)
YGIZZ, N-1 UMXIZZ, N-1
+
. e <G . 1 ;
with YGIZl,N-l and YGIZZ,N the definitive value 121, N is calculated
- in a second step YG is defined by the relation

1Z1,N
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YG
IZ1,N _ 2 . (19)
YG - !
121, N-1 UMXIZl,N-l + UMXIZl,N-l
UMX
1Z22,N-1 UMXIZ3,N-1
ith X Y i
wi GIZl,N and GIZl,N all other data, i.e. XGIZZ,N, YGIZZ,N'
Y
XGIZ3,N and GIZ3,N’ can then be calculated.
IXGACT =7

IXGACT = 7 concerns the four-point set of subzone boundary positions
occurring in quadrangular subchannels. An example in Fig, 7 is the set
[(2,4), (3,8), (4,8), (5,2)] . The procedure described for IXGACT = 6 is

adopted also for this case, adapting the relations (18) and (19) as follows:

YG;tzz,N _ 2 (20)
Y7o, N1 IME7o No1 +UMXIZZ,N—1
UMX 73,821 IME 74 no1
YG71, N _ 3 (21)
YGr71 N1 IM¥y ey . UMX 71, N-1 s UMX 71, N-1
UMX72,n-1 OM¥73 o1 IME 74 nel

To the NXG subzone boundary positions within one zone correspond
NUZ = NXG-1 subzones numbered consecutively beginning with the subzone
near X = 0. Each subzone has one boundary position of the type B. This
simplifies the standardization of the description of the subzones. Three
types of subzones can be distinguished according to the manner in which
the radial extent YM is determined. They are characterized by the number

IUZACT.

IUZACT =1

IUZACT =1 denotes a subzone within which the position of the zero
shear line is known because of symmetry. The radial extent YM at the peri-

pheral position X can be calculated using a simple geometrical relation.
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2.3.1 The velocity ratios VUMX at the positions XG
2.3.2 The velocity ratios VUMAX at the positions X

2.3.3 Decision on the continuation of the iteration

3. Output-data

3.1 Punch of data needed for an eventual continuation of the iteration
calculations

3.2 Preparation and writing of final results

3.2.1 General results

3.2.2 The velocity field U/UB

The following remarks pertain to the single sections.

1, A separate chapter is dedicated to the preparation of the input
data.
1.3 A special control is provided primarily for variables determining

the size of DO -loops. Similar controls are executed in the itera-
tion loop for variables of this type determined during the itera-
tions. This guarantees that the dimensions specified in the pro-

gramme are not exceeded.

oY
.

The iteration cycle is represented by the loop 2000,

Before initiating the calculations, it is decided whether - accor-
ding-to the corresponding input data - the principal variables
and functions calculated during this iteration cycle shall be writ-
ten out (NWRITE = 1) or not (NWRITE = 0). In any case an addi-
tional cycle with this output is made after the cycle in which the
final condition was fulfilled, if in the latter cycle NWRITE had
the value zero and if the time available is still sufficient.

2.1.1 In the double loop 800 (the outer one with the zone number 1Z,

the inner one with the subzone boundary position number IXG as
variable) the subzone boundary positions XG(IZ, IXG) and the
corresponding radial exténts YG(IZ,IXG) are calculated. Accor-
ding to the value.of the characteristic number IXGACT, either

" no calculations are needed (IXGACT = 1 and 2) or new approxi-
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mative values have to be computed for the corresponding set of
subzone boundary positions (IXGACT = 3 to 7). To each value of
IXGACT corresponds a special geometrical formulation, each
departing in the first iteration cycle (IZYKL = 1) with the con-
dition of equal perpendicular distances from the zero shear line
to the neighbouring wetted walls. In this section also a consecu-
tive numbering of all subzone boundary positions involved in the
iteration is executed resulting in a total number of NGG.

In the double loop 1200 (the outer one with the zone number 1Z,
the inner one with the consecutive number IC of the peripheral
position X(IZ,IC) as variable), the radial extent YM(IZ,IC) is
calculated. In the inner loop first the consecutive number IUZ
of the subzone, in which the position X is situated, has to be de-
termined. For the calculation of YM the formulation specific

to the type of the subzone considered, is used, which is speci-
fied with the characteristic number IUZACT. In the first itera-
tion cycle (IZYKL = 1) these formulations start with the assump-
tion of equal perpendicular distances of the zero shear line to
the neighbouring wetted walls.

These three sections are parts of the outer loop 1700 with the
zone number IZ as variable. In the inner loop 1590 with the posi-
tion number IC as variable (section 2.2.1), the geometrical term
DHI(IC) is calculated. For this purpose the zero shear line be-
tween two adjacent positions X or between a position X and the
neighbouring boundary position XG (in the case that this bounda-
ry position is crossed in the corresponding calculation step) is
approximated by a straight line. In the first iteration cycle
(IZYKL= 1) the loop 1700 is passed twice. The first time the
sections 2.2.2 and 2. 2. 3 are bypassed and the still unknown re-
lative hydraulic diameter DHTQT is put equal to unity in order
to determine this parameter, using the results of the loop 1590,

In terms of DHI for DHTQ@T then can be written:
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%z DU(1Z). DHI(X=1,1Z)

(23)

DU(1Z)

The second time the loop 1700 is completed with the final aim
to determine the Fourier coefficients BT. COEF(IC) (section
2.2.2, inner loop 1635) represents a radial integral containing
the velocity relations (11) and (12), their derivates with respect
to X, the expressions (9) and (10) for the transport properties
and the velocity profile parameters x, Te, C and Au-:ough(in
computer notation CA, TE, CE and DUR respectively). The
latter are determined in the subroutine PRPPA as a function of
the parameters G = rm/R and RLN = 1n(k+). The radial integra-
tion is carried out using a numerical five-point integration for-
mula represented by the function FSUM, The third part of the
loop 1700 (section 2. 2. 3) starts with the alternatively used in-
ner loops 1670 and 1685. These loops calculate the matrix of
the coefficients of the linear equation system which results from
the application of the integro-differential equation (13) at a num-
ber NC@F(IZ) peripheral positions, using as solution the Fourier-
series expressions (14) (loop 1670) and (15) (loop 1685) respec-
tively. According to the specifications given later on in chapter
5 NCOF(IZ)is not necessarily equal to the number NC(IZ) of
peripheral positions used for geometrical calculations. The
coefficients BT are determined using a matrix inversion tech-
nique (subroutine INMAT). If the Fourier series contains sinus
as well as cosinus terms, the first half of the coefficients BT
pertain to the sinus terms and the second half to the cosinus
terms.

Using the previously determined Fourier coefficients in the se-

ries (14) and (15) respectively, the wall shear stress distribu-
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tion T(IZ,IC), its gradient DT(IZ,IC) and the positions of zero
gradient are determined in the double loop 1800 (with the loop
variable I1Z)/1770 (with the loop variable IC). To determine the
position XDT(IZ,IDT) at which the wall shear stress gradient is
zero, the variation of the latter is assumed to be linear near
XDT. At the end of the loop 1800 the relative distances VZUV
between neighbouring extreme values are calculated, which cor-
respond to the parameter PeseC/Pe in eq. (10).

Using the computer notation the general expression for the fric-

2
tion factor[ ] becomes
NZ 1

1
Z DU(IZ)/ /2 YM/ uf [14Y(G-1)] avax
0

1 2 1Z=1 0

_> = RE = DHTOT NZ

8
\ DU(I1Z)
[
I1Z=1

(24)

For u+ the relations (11) and (12) in their respective region of
validity have to be used. RF is calculated in the triple loop
1850/1835/1820 adopting for the evaluation of the two integrals
the numerical five-point integration formula (function FSUM).
The radial integral of eq. (24) is proportional to the local mean
velocity ETA, For this reason ETA, which has no significance
for the iteration procedure, is calculated in this section.

First the NGG velocity values UMX on the zero shear line are
determined in the loop 1870. Then the velocity ratios within the
boundary position sets are calculated in the triple loop 1920/
1920/1915 and it is verified whether they fulfill the end condi-
tion. In order to avoid excessively sharp differences between
the radial extents in two subsequent iteration cycles the values
of the velocity ratios VUMX to use in the iteration relations are
limited to a maximum value of 1.2 and to a minimum value of

0.8. These limitations are applied also to the velocity ratios
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calculated in the following section.
In the double loop 1993/1990 after the identification of an itera-
tion unit, the velocities UMX on the zero shear line within this
unit are calculated, first using the data pertaining to the active
iteration subzone (loop 1950), then using the data pertaining to
the passive iteration subzone. In a third step (loop 1980) the
velocity ratios VUMAX are calculated and it is verified whether
they fulfill the end condition.
The iteration calculations are discontinued when:
1) the maximum number NZYZUS of cycles, which is specified
as input, is reached;
2) the time TIT, which is specified as input and which is esti-
mated to be needed for the total number of NZYZUS cycles,
is not sufficient;
3) the end condition (NENDE = NENSP) is fulfilled (NENSQ is
the total number of calculated velocity ratios, which does not
differ more than a prescribed percentage - GRENZ - from unity).
All data are punched which are needed for an eventual continua-
tion of the iteration calculations in a next step.
The preparation and writing of the final results can be bypassed,
specifying in the input for the selection number NFIRE 1 the
value zero.
In a first loop (2380) the bulk velocities UB in the subchannels
of the rod array, made dimensionless with the bulk velocity in
the whole array, are calculated.
Employing the notation of the computer programme, the bulk
velocity in a subchannel may be written as

NIZ XG(o)

ETA.YM.DU [1+G-1)/2]dX

=1 XG({H)
“NIZ XG(o) (25)

\7 / YM. DU [1+(G-1)/2]dX
1=-1 XG(i)

UB
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NIZ is the number of zones in the subchannel, which may not
exceed the number of 4; XG(i) and XG(o) are the lowest and
highest subzone boundary positions respectively coinciding with
the subchannel limits. The two integrals in eq. (25) are deter-
mined numerically using the function FSUM. In a second loop
(2460) the peripheral distributions of various parameters are
calculated. In the final output for each zone, the following re-

sults are presented:

- the coefficients BT of the Fourier series for the wall shear
stress distribution;

- the coordinates X of the peripheral positions, at which the
following parameters are specified;

- the radial extent YM(X);

- the wall shear stress T(X);

- the local mean velocity ETA(X);

- the local Reynolds number REL@C(X);

- the wall shear stress gradient DT (X);

- the radial amplitude AMPSEC(X) of the peripheral secondary
flow component;

+
- the parameter DUPR(X)(= Aur characterizing the local

ough)
roughness effect.

The calculation and writing of the velocity field U/UB can be

bypassed specifying in the input for the selection number NFIRE 2

the value zero.

5. SPECIAL FEATURES

In this chapter five particular points are discussed. The first point con-

cerns the possibility to reduce the amount of calculation in the case of very

large but regular rod arrays. In the second point it is illustrated how to re-

duce the number of Fourier coefficients in cases, in which a great number

of peripheral positions is needed only for the geometrical calculations.
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The third point deals with the definition of the wall curvature used in
VELASC®. The fourth point deals with the question in which manner qua-
drangular rod configurations have to be handled. In the last point it is shown,
for which cases convergence of the Fourier series for the wall shear stress

distribution is not to be expected.

1) In the case of very large rod arrays like a 169-rod triangular array in
a hexagonal channel, the amount of calculation would be considerable.
Fig. 13 a and b represent a one twelfth section as the smallest represen-
tative subarray of a hexagonal 169-rod bundle. The correct application
of the procedure described results in 21 zones related to each other
(Fig. 13 a), of which 9 are closed, which give rise to a great number of
Fourier coefficients and hence lead to large computer times. Applying
the below simplified procedure, this amount of calculation can be signi-
ficantly reduced. Theoretically in the subarray represented in Fig., 13,
there would not be zones with an identical velocity distribution. In prac-
tice, the disturbing effect of the channel wall will not extend into the cen-
tral region (region I in Fig, 13 b). Therefore this region can be charac-
terized by only one zone (zone 1 in Fig. 13 b). Assuming that the influ-
ence of the corners is restricted to the corner region III, the wall in-
fluenced region II may be reduced to one that is characterized by 4 zones
(zones 2 to 5 in Fig. 13 b). The corner region III itself has to be divided
into 5 zones (zones 6 to 10 in Fig. 13 b). In consequence of these simpli-
fications only three non-related groups of 1, 4, and 5 zones respectively
have to be considered. As additional input data in the case of the simpli-
fied procedure only the frequency of occurrence NNZ of the representa-

tive zones has to be specified.

2) Generally the number of peripheral positions is chosen with the criterion
of a good convergence of the Fourier series for the wall shear stress dis-
tribution. In some cases this may not result in a sufficient number of pe-
ripheral positions to justify the assumption, that between two adjacent
peripheral positions the zero shear line is a straight line (see sections

2.1.2 and 2.2.1 of the programme).
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In such cases the number NC of peripheral positions is chosen high
enough to justify the above assumption on the zero shear line, whereas
for the determination of the Fourier coefficients only a reduced number

NCQ@F of these positions is used according to the relation

The number NC then has to fulfill the condition

NC-1

m = integer.

NPASC has in normal cases the value 1 and it has to be specified as in-

put data in each case.

3) For each zone one has to specify a "principal" curvature, and for each
subzone the real curvature (see chapter 6 on the input data). The curva-
ture of a wetted wall is defined as the ratio of the reference length or
reference radius to the radius of the wetted wall. Consequently a flat
wall has a curvature of 0. A curved wall, of which the convex side is
wetted by the fluid, has by definition a curvature greater than 0; a wall,
of which the concave side is wetted, has by definition a curvature less
than 0., The "principal”curvature of a wall is the dominant curvature in
this zone. The principal curvature for example of the wall of a rectan-
gular channel with rounded corners is the curvature of the flat wall, i.e.

zero,

4) In the case that a configuration of 4 rods is not arranged in a square, it
will be sometimes difficult to decide, how the set of subzone boundary
positions within the 4 rods has to be described. The following rules may

help in such a situation:

- each configuration of 4 rods can in principle be divided in two configu-
rations of 3 rods; within a configuration of 3 rods a "three-point'" set
of boundary positions (IXGACT = 6) has to be assumed;

- within a configuration of 4 rods a "four-point' set of boundary positions
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(IXGACT = 7) can only be assumed in the case that all four rods are
tangent to the inscribed circle;

- in the case that during the iteration calculations not all 6 velocity ra-
tios of a '"four-point" set converge towards unity, this configuration

of 4 rods has to be divided into two configurations of 3 rods.

In Fig. 14 a few examples of 4-rod configurations are represented. If
the subzone boundary positions within a configuration of 4 rods are des-
cribed with IXGACT = 6 as shown in Fig. 14, example (b), the subzone
boundary positions corresponding to the positions (1,2) and (3,2) in
Fig. 14 have to be denoted as the no. 1 of the corresponding sets (see

chapter 6 on the input data).

5) In some extreme cases the coefficients of the Fourier series describing
the wall shear stress distribution imposed by the geometrical boundary
conditions does not converge. Examples are eccentric annuli with a small
ratio of the inner to the outer radius and with an eccentricity of 100% as
shown in Fig. 15. In general also in the case of contacting walls, the
Fourier series describing the corresponding wall shear stress distribu-
tions may converge well. But in the case represented in Fig. 15 the va-
riation of the wall shear stress in the outer zone is too abrupt to be re-
presented well by a Fourier series. An approximate solution in these
cases can be obtained by a parameter study initiating with a less extreme
case and approximating as closely as possible the extreme case. For the
example in Fig. 15 this would mean that the parameter study is to be

started with a smaller value of the eccentricity.

6. INPUT DATA

Each zone, each subzone, each peripheral subzone boundary position and
each subchannel is described on a separate data card., The following data

have to be specified on these cards.

Card type I, Zone characteristics
(Format: 515, 3D 10.6)







Symbol
NC

NUZ

NSIN

NNZ
NPASC

ACH

RAU

PK
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number of peripheral positions X used for geometrical cal-
culations; NC has to fulfill the conditions (NC-1)/NPASC =
integer and (NC-1)/4 = integer

number of subzones

selection number

NSIN = 1(0): peripherally closed (open) zones

frequency of occurrence of the zone (see chapter 5, point 1)
factor determining the number of Fourier coefficients (see
chapter 5, point 2)

= 1/DU; DU is the perimeter of the zone divided by the refe-
rence length and o

roughness height divided by the reference length

principal curvature of the zone (see chapter 5, point 3)

Card type II, Subzone characteristics

(Format 615, 3D 10.6)

Symbol

MCHI

MCH2

MCHS3

MCH4

MCHS5

MCHBS6

ACHI1

Meaning

number characterizing the type of the subzone (sIUZACT,

see chapter 3)

IUZACT = 1; no significance

IUZACT = 2,3 ; consecutive number of the iteration unit
IUZACT = 1; no significance

IUZACT = 2,3 ; zone number of the partner subzone
IUZACT = 1; no significance

IUZACT = 2, 3; consecutive number of the partner subzone

consecutive number of the subzone boundary position of pa-
rallel tangents minus the consecutive number of the subzone
IUZACT =1 ; no significance

IUZACT = 2,3 ; same significance for the partner subzone as
MCHS5 has for the subzone described

distance between the zone wall and that of the partner zone
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Sympbol Meanin

at the position of parallel tangents divided by the reference

length
ACH?2 wall curvature in the subzone
ACHS3 wall curvature in the partner subzone

Card type III, Characteristics of the peripheral subzone boundaries
(Format IZ, 10 I3, 4D 10.6)

Symbol Meaning
LCHI number characterizing the type of the subzone boundary posi-

tion (= IXGACT, see chapter 3)

The following variables are specified as a function of IXGACT.

IXGACT =1

no other information is needed

IXGACT =2

LCHZ2-LCHI11l no significance

BCHI1 peripheral coordinate of the boundary position divided by the
zone perimeter

BCH2 radial extent at this position divided by the reference length

BCH3-BCH4 no significance

IXGACT = 3
LCH2 zone number of the partner boundary position
L CH3 consecutive number of the partner boundary position

LCH4-LCHI11 no significance

BCHI1 peripheral coordinate of the boundary position divided by the
zone perimeter

BCH2 peripheral coordinate of the partner boundary position divi-
ded by the perimeter of the partner zone

BCH3 distance between the zone wall and that of the partner zone
divided by the reference length

BCH4 no significance



IXGACT =4

LCH2

LCH3

LCH4

LCH5

LCH6

LCH7

LCH8-1L.CHI11
BCHI1

BCH2.

BCH3

BCH4

IXGACT =5

LCH2
LCH3
LCH4

LCH5

LCH6-LCHI1
BCHI1
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zone number of the fixed boundary position

zone number of the partner boundary position

consecutive number of the fixed boundary position
consecutive number of the partner boundary position
consecutive number of one of the neighbouring positions of
parallel tangents minus LCH4

consecutive number of the partner to this position of paral-
lel tangents minus LCHDb5

no significance

peripheral coordinate of the fixed boundary position divided
by the zone perimeter

distance between the zone wall and that of the partner zone
at the position of parallel tangents used in the definition of
LCH6 divided by the reference length

wall curvature in the subzone bounded by the fixed position
and the position of parallel tangents used in the definition of
LCHS6

wall curvature in the corresponding partner subzone

zone number of the partner boundary position

‘consecutive number of the partner boundary position

consecutive number of the position of parallel tangents with

the partner zone minus the consecutive number of the boun-

dary position

consecutive number of the position of parallel tangents of the
partner zone with its image in the neighbouring symmetrical
subarray minus the consecutive number of the partner posi-

tion (consequently LCH4 and L.CH5 may assume the values

1l or -1)

no significance

distance between the zone wall and that of the partner zone



BCH2

BCH3

BCH4

IXGACT =6

LCH2 |
LCH3
LCH4

LCH5 |
LCH6 ¢
LCH7 |
LCHS8
LCHY [

LCHI10,

LCHI1
BCHI1
BCH2
BCHS3

BCH4

IXGACT =1

LCH2
LCH3
LCH4
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at the position of parallel tangents divided by the reference
length

distance between t};e partner zone wall and its image in the
neighbouring subarray at the position of parallel tangents
divided by the reference length

distance between the zone wall and its image in the neigh-
bouring subarray at the position of parallel tangents divided
by the reference length

no significance

zone number of the first, second and third partner position
respectively; in the case that the wall of one partner zone
has a curvature less or equal to zero, this partner has to
be quoted as the first

consecutive number of the first, second and third partner

respectively

consecutive number of the position of parallel tangents to
the walls of the first (second, third) and of the third (first,
second) partner zone minus the consecutive number of the
first (second, third)partner position. (consequently LCHS,
LCH9 and LCH10 may assume the values 1 or -1)

no significance

distance between the wall of the first (second, third) partner
position and the wall of the second (third, first) partner po-
sition of the position of parallel tangents divided by the re-
ference length

no significance

zone number of the second, third and fourth partner position

respectively
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LCH5

4

LCH6

LCH7? J
LCHS |
LCH9

LCHI10

LCHI11,

BCHI1 |
BCH?2
BCH3

BCH4 |
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consecutive number of the second, third and fourth partner

position respectively

consecutive number of the position of parallel tangents to the
walls of the first (second, third, fourth) and of the fourth
(first, second, third) partner zone minus the consecutive nun
ber of the first (second, third, fourth) partner position.
(consequently, LCH8-LCH11 may assume the values 1 or -1)
distance between the wall of the first (second, third, fourth)
partner position and the wall of the second (third, fourth,
first) partner position at the position of parallel tangents di-

vided by the reference length

Card type IV, Subchannel characteristics

(Format 14I5)

Symbol
NCHI1

NCH2 )
NCH3
NCH4

NCH5
NCH6 ]
NCH?7
NCHS
NCH9 |
NCHI10 ]
NCHI1 |
NCHI12
NCHI13 |

NCH14

Meaning

number of zones in the subchannel (the maximum value is
limited to 4)

consecutive numbers of the zones in the subchannel

lower consecutive number of the boundary positions at the
limits of the subchannel pertaining to the zones NCH2, NCH3
NCH4 and NCHS5 respectively

higher consecutive number of the boundary positions at the
limits of the subchannel pertaining to the zones NCH2, NCHS3
NCH4 and NCH5 respectively

number of peripheral positions between the boundary posi-
tions NCH6 and NCH10, NCH7 and NCH11, NCHS8 and NCH12,
NCH9 and NCHI13 (including these positions);for the numeri-
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cal integration NCH14 has to fulfill the condition
(NCH14-1)/4 = integer

Additionally to the data on card types I to IV the following general and

global data have to be specified.

Card 1 (Format 141I5)

Symbol Meanin
NWRIZY selection number

NWRIZY = 1(0) signifies writing (or not) of intermediate
results in the iteration cycles determined by the value of
NDIFWR

NDIFWR if NWRIZY = 0 : no significance
if NWRIZY =1 : intermediate results are written if the cycle
number IZYKL is equal to
1, 1+NDIFWR, 1+2.NDIFWR, 1+3.NDIFWR, ...

NFIRE1 selection number
NFIRE1 = 1(0) signifies calculating and writing (or not) of

the final results

NFIRE?2 selection number, no significance for NFIRE1 = 0yif
NFIRELl =1 :
NFIRE2 = 1(0) signifies calculating and writing of all final

results (or only the first part of the final results, section

3.2.1 in the programme)

"Card 2 (Format 7D10, 6)

Symbol Meaning
TIT time in seconds which is estimated to be needed for the ite-

ration calculations
Card 3 (Format 14I5)

Symbol Meaning

NZYZUS maximum number of iteration cycles to be executed in this
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step

Card 4 (Format 7D10.6)

Symbol Meanin
GRENZ maximum allowed relative velocity difference on the zero

shear line

Card 5 (Format 7D10. 6)

Symbol Meaning
RE Reynolds number for which the velocity field has to be cal-
culated

Card 6 (Format 1415)

Symbol Meanin
NZ total number of zones
N@RDN total number of iteration units
NUK total number of subchannels

Card 7 (Format 14I5)

Symbol Meanin
NZYKL number of iteration cycles passed in preceding calculation
steps ‘

The following input cards give the possibility of an individual descriptio:

of each case in the output.

Card A (Format 14I5)

Symbol Meaning
NTEST1 numbers limited to the range 0 to 9 for establishing the case

NTEST?2 R number ranging from 0000 up to 9999
NTEST3

NTEST4 |
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Card B (Format 14I5)

Symbol Meanin
NTITLE number of title cards C

(limited to 5 by the dimensions foreseen)

Card C (Format 18A4)

Symbol Meanin
TITLE text description of the case considered

The whole package of input cards is composed as follows:

Card A
Card B
NTITLE %= Card C

Card 1l
Card 2
Card 3
Card 4
Card 5
Card 6

NZ * (Card 1l
NUZ % Card II
(NUZ+1) %+ Card III

NUK * Card IV
Card 7

If NZYKL equals zero, card 7 concludes the package; if NZYKL is

greater than zero, card 7 has to be substituted by the data card punch of

the preceding calculation step.
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APPENDIX II

INPUT FOR THE REFERENCE CASE

(for the graphical representation of this case see

figs. 5, 6, 9 and 11)



VELASCU CASE-NRevC27
LR T L R e P
VELULITY UISTRIBUTICN IN A HEXAGONAL THIRTYSEVEN-RID BUNDLE
P/D = 1,425 Pd/D =1415
IHPUT-UATA
g S T
KE = 10C0vu. CRERNL = 0.00050
NL = 7 NORON = 1% NUK = 9
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ZUNKE 1
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CHARACTEKISTIC

NUZ

>

CHARAL TEKISTIC

M1l

wow o e W

CHARAL TEKRI STIC DATA UOF THc

LGi

[PUR I VI« N T

N3IN
0

M2

[C R VO A

LO2

[N N N

DATA OF THE JZUNE
NNZ APASC

1 1
DATA JF THL 5UBZJHES
M3 44 15 16
é 10 1 L
2 1 G J
3 3 1 Q
3 2 9 L
i 1 ¢}

2 1 10 1
1 0 J
2 3 3 2
3 V] J 0
3 5 2 -1
1 v J 0

ou
l.428

Lu7

C = © 4+ C =

LO8

o Cc O ~ C O

RAJ
0.0

Al

0.32)
0.300
0302
0.300
Ceabs

PERI PHERAL SUBLAONE BOUNDARIES
LC3 LUS LUS Lo

LOY

G
0

L10

cC ©C O =~ O O

K
.0

A2

0.0
0.0
Ve
V.0

-3.571

L11

c O O C o ©

A3

1.000
1.000
1.000
1.000
1.000

B1

0.0

0.279
0.300
0. 836
0. 967
1. 000
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0.0
0.500
0. 157
0. 300
0.0
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0.0
0.458
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0.0
0.0
0.0
1.000
0.0
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0.0
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CHARACTERISTIC DATA OF THE ZONE

NC NUZ  NSIN NNZ  NPASC DU RAU 0K
25 6 0 1 1 1.000 0.0 1.000
CHARALTERISTIC DATA OF THE SUBZOHES
. Ml M2 M3 M4 M5 Mo Al A2 A3
1 2 17 5 6 0 1 0.53) 1.000 1.000
2 2 15 4 5 1 1 04500 1.000 1.000
3 2 16 4 6 0 0 0.500 1.000 1.000
4 1 0 o 0 1 0 0.500 1.000 1.000
5 1 0 0 0 0 0 0500 1.0C0 1.000
6 3 18 7 1 1 0 0.52) 1.000 1.000
CHARACTERISTIC DATA UF THE PERIPHERAL SUBZONE BOUNDARIES é
IXG L0l  LO02 LG3  LO4 05 LOG LOT LO8 LOY L10 L1l Bl B2 B3 B4 .
1 1 0 0 0 0 0 0 0 0 0 0 0.0 0.0 0.0 0.0
2 1 0 o U 0 0 v 0 0 0 0 0.0 0.0 0.0 0.0
3 1 0 v o 0 0 o 0 0 0 0 0.0 0.0 0.0 0.0
4 1 0 c 0 0 0 v 0 0 0 0 0.0 0.0 0.0 0.0
5 2 0 0 o 0 0 0 0 o 0 0 0. 667 0.250 0.0 0.0
6 4 7 6 2 5 -1 1 0 0 0 0 1.000 0. 500 1.029 1.200
7 3 7 1 0 0 0 0 0 0 0 0 1. 000 0.0 0.500 0.0
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wRE e RhEREERRE

NO1 Nz NQ3 NO4 NO5 N6 NO7 NO8 NO9 N1O N11 N12 N13 N14
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17
17
17

11

0
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APPENDIX III

OUTPUT FOR THE REFERENCE CASE

(only the final results)



FINAL RESULTS PAGE 1

VELASCO CASE-NR. 0027
d e ool e ek ek Nk gk R ek HOR ARk Rk

VELUCITY DISTRIBUTION IN A HEXAGONAL THIRTYSEVEN-RID BUNULE

P/D = 145 Pi/D =1,15
KEYNOLDSNUMBER 190000, FRICTION FACTOUR 0.01874 HYDRAUL IC DIAMETER
SUBCHANNEL BULK VELUOCITIES

SUBCH.NR. 1 2 3 4 5 6 7 8
Je 589 0. 944 U948 1.033 1. 034 1.037 1.038 1.039

uB Jubl TUT)

0.6590

1.039
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FINAL RESULTS PAGE
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2
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0.75420-04
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