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Abstract—The paper describes shortly the heat transfer experiments performed with two bundles of 12
and 19 electrically heated rough rods in a high pressure helium loop. The fundamentals of the computer
code SAGAPQ are given. SAGAPQ calculates the friction and heat transfer coefficients in turbulent flow
by integrating the logarithmic universal law of the wall for velocity and temperature in the various
coolant channels confined by rough surfaces. The code accounts for turbulent mixing and cross flow
among the channels, for spacer effects on wall temperatures and pressure drop. for fin efficiency effects due
to the roughness ribs, and for inlet effects on wall temperatures in case of smooth rods. Also laminar flow
can be calculated. The agreement between experiments and computer calculations is very good for
turbulent flow. Two further effects, conduction in the rods in the circumferential direction and thermal
radiation, have yet to be considered in the code. These two phenomena play an impartant role for low

mass flows and high temperatures.

NOMENCLATURE
coefficient in the logarithmic velocity
profile relative to a smooth surface
[dimensionless];
coefficients in the logarithmic temperature
profile relative to a smooth surface
[dimensionless];
= ah/k,, Biot number [dimensionless];
specific heat at constant pressure
[Wskg 'K '];
= K,,/¢*, modified drag coefficient
[dimensionless];
hydraulic diameter [m];

Tow.— Ty .
=2 fin efficiency
Ty = Ta

[dimensionless];
= 2¢,/(p;u?), friction coefficient
[dimensionless]:

G(h™), parameter in the logarithmic temperature
p p

profile for rough surfaces [dimensionless];
height of the roughness ribs [m];

= hpyuf/uy, = (h/Dy)Re, xr"".fi‘/’/2~
dimensionless height of the roughness ribs
[dimensionless];

= hpwu¥/iw = h/D,Rew \/./'1,//2,
dimensionless height of the roughness ribs
evaluated at the wall temperature Ty
[dimensionless];
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thermal conductivity of the canning

[Wm™'K~'];
thermal conductivity of the coolant gas
[Wm™'K™'];

smooth to total wetted perimeter ratio;

drag coefficient for the inlet pressure loss

[dimensionless];

drag coefficient for the pressure loss due to

the spacer grid [dimensionless] ;

Tw. Ty
Ty, — Ty

[dimensionless];

= (yCpy)/ky, Prandtl number

[dimensionless];

pressure loss [Nm~?];

inner radius of the canning [m];

volumetric radius of the rod [m];

average radius of the t = 0 line [m];

average radius of the shroud walls {m];

roughness coefficient in the logarithmic

velocity profile relative to the shroud wall

[dimensionless];

. fin efficiency

R(h™), parameter in the logarithmic velocity

profile for rough surfaces [dimensionless];

R(hy)gy. R(1) value reduced to Ty /T, = 1

and h/(ro—r,) = 0.01 [dimensionless] ;

R(hw)oy .+ R(hy)o, value in the region of

AR(h

Re,

“fully rough flow™, where R(hy, )y, is quasi
constant [dimensionless] ;

*), coefficient in R(h™) for the

transition region between fully rough and
hydraulically smooth turbulent flow
[dimensionless]:

= (piD,)/f, Reynolds number
[dimensionless];

heat power per unit surface, heat flux
[Wm™2]:
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St, = o/(pgUgCpy), Stanton number
[dimensionless];
Twoe — T)pucppuf . .
tt, = M, dimensionless gas
q

temperature [ dimensionless] ;

T, temperature of the gas at the considered
point [K];

T,,  bulk temperature of the gas in the zone of a
flow sector inside the 7 = 0 line [K];

Ts.  bulk temperature of the gas in a whole flow
sector [K];

Tz, gas temperature at bundle inlet [K7;

Tws, wall temperature of the shroud [K];

temperature of the rod wall at the

radial position where the thermocouple is

placed [K];

Ty, surface rod temperature [K];

Tw.. surface rod temperature averaged over a
roughness rib axial pitch [K];

Ty, maximum surface rod temperature
over a roughness rib axial pitch [K];

Two, surface rod temperature corresponding to
an infinite conductivity in the canning [K]:

u, gas velocity [ms™'];

u, = u,, average velocity of the gas in
the zone of a flow sector inside the T = 0
line [ms~'];

Tmicas?

n?

uy,  average velocity of the gas in a whole flow
sector [ms™'];
u;, average velocity of the gas in the inner or

outer zone (separated by ¢ = 0 line) of a
flow sector (for i = 1 or i = 2, respectively)

[ms™'];
u*, = u/u* dimensionless gas velocity
[dimensionless];
w¥, = ./1/p;. friction velocity [ms~']:
JiA radial distance from the wall of the

considered point in the subchannel cross
section {m];
V“* . 3 R
v, = LL, dimensionless radial
K
distance from the wall [dimensionless];
y»  value of y at the shroud surface [m].

Greek symbols

o, convective heat transfer coefficient
[Wm™'K™'];

g, blockage factor of the grids
[dimensionless];

a, dynamic viscosity of the gas [kgm~'s™'];

0, density of the gas [kgm ~3];

T, shear stress at the wall [Nm™2].

Subscripts
av,  average;
b, gas physical properties evaluated at the
bulk temperature T, ;
B, gas physical properties evaluated at the gas
bulk temperature Ty;
c, canning;
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E, inlet;
h, hydraulic;
i average in the zone i (i = 1 inside the 1 = 0

line, i= 2 outside the t = 0 line);
max, maxifum;
meas, measuied;
S, shroud’; smooth;
sp, spacer ;
1, for temperature profile;
T, whole bundle cross section;
W, wall;
s infinite conductivity of the cauning.

Special signs
—,  average;
+,  dimensionless.

1. INTRODUCTION

For THE design of Gas Cooled Fast Reactors
(GCFR) it is necessary to predict accurately the
thermo-fluid-dynamic behaviour of the fuel element
bundles. The steady state thermo-fluid-dynamic pro-
blem can be described by means of the
Navier—Stokes, the continuity and the energy equa-
tions. However, the exact solution of these equations
at present is impossible, first of all because the flow is
turbulent in the normal flow conditions of the
reactor and secondly owing to the very complicated
geometry of the flow section, the rods (which are
artificially roughened in their part where both the
temperatures and the heat fluxes are high) and the
grid spacers. A third reason for the impossibility of
the exact solution of the thermo-fluid-dynamic pro-
blem is due to the spacer and inlet effects both on the
mass-flow and on the temperature distributions.

Y
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F1G. 1. 19-rod bundle: vertical cross section.



27

1
H

|
}——0.3’“—%}

02

3

3

i}

pfh=8
hlb=1

189,

=

FiG. 3. 19-rod bundle: roughness of the heated rods
{dimensions in mm).

Because of the complicated geometry and of the
spacer and inlet effects it is impossible to solve the
thermo-fluid-dynamic problem exactly, in case of
laminar flow also.

Thus it is necessary to develop a computer code
which allows a detailed thermo-fluid-dynamic ana-
lysis. In such a code the bundle flow section must be
finely subdivided and balance equations must be
used, which contain terms for the mass, momentum
and heat exchange in the transverse directions.

To date no computer code is available which is
able to solve the thermo-fluid-dynamic problem with
the necessary precision. Therefore we have developed
the SAGAPQ-code. We have also performed heat
transfer tests on bundles of electrically-heated partly
roughened rods (a 19-rod bundle and three 12-rod
bundies), which allowed to test the code, this because
detailed measurements of temperature distributions
in roughened rod bundles similar to GCFR fuel
elements were not available to us.

This paper describes shortly the fundamentals of
the code SAGAPQ. It also presents comparisons
between experimental and computed pressure drop
and rod and shroud temperatures for the 19-rod
bundle and for a 12-rod bundle (Figs. 1-6).

2. FUNDAMENTALS OF THE SAGAPQ CODE

The physical model and the mathematical pro-
cedures used in the code SAGAPQ and the structure
of such code have been described in detail in [1-3].
Here only the fundamentals of the code will be
shortly presented.™

The mathematical model used in SAGAPQ was
initially developed for turbulent flow [4]. Later it
was extended to allow the thermo-fluid-dynamic
analysis in case of laminar flow as well [1,5], to test
the thermo-fluid-dynamic behaviour of bundles of
roughened rods at very low Reynolds numbers.

As usual in thermo-fluid-dynamic codes, the bundle
length is subdivided in SAGAPQ into axial sections,
in order to approximate the differential equations of
continuity, energy and momentum by means of finite
difference equations. However, a finer subdivision of
the bundle flow sections is possible in SAGAPQ than
that normally used in the other codes, both in the
case of turbulent flow and of laminar flow. The

+The fundamentals of SAGAPQ have been presented in
a previous paper as well [4]. However, at that time, some
important effects were not yet considered in SAGAPQ,
which are now taken into account.
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FiG. 4. 12-rod bundle: sketch of the axial geometry {dimensions in mmj}.
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F1G. 5. 12-rod bundle: sketch of flow section and of grid used.
The black dots indicate the position of the thermocouples. The
numbersare the identification numbers of the rodsand the thin
straight lines separate the channels used in the SAGAPQ

reasons for such a fine subdivision -which is
described below separately for turbulent and laminar
flows—depend essentially on the model applied in
SAGAPQ for calculating {riction factors and Stanton
numbers. These reasons are described in detail in

(1,3]

2.1. Friction factors, Stanton numbers and bundle flow
section subdivision

2.1.1. Turbulent flow. In case of turbulent flow it is
assumed that the velocity and temperature profiles
normal to the rod bundle and shroud surfaces in the
cross-sections of the bundle coolant subchannels are
given by the logarithmic universal laws of the wall:

ut =251n '§:+R{11*) 1
i
(= 2.51n;+G(h*}, @
i
in case of roughened surfaces, and:
" = Any*+355 (3)
t" = A, Iny"+B, 4)

calculations. in case of smooth surfaces.
1.214
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FiG. 6. 12-rod bundle: roughness of the heated rods {dimensions in mm).
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central channels

and subchannels

wall channels

1359

corner channels

and subchannels

part ! = wall part

part 2 = central part

F1G. 7. Division of the flow section into channels and subchannels.

These relationships had been originally established
for simpler geometries such as tubes, annuli and
parallel plates.

It must be pointed out that in the application of
equations (1) and (2) to the rough rod bundle
geometry it is implicit that the parameters R(h*) and
G(h*) and the effect of the determining parameters
on them (shape and geometrical parameters charac-
terizing the roughness ribs, cavity Reynolds number
h* based on the roughness rib height, temperature
effects Ty/T, on R(h*) and Ty/T, on G(h™*), length
of the velocity and temperature profiles respectively)
are considered as invariant in the transformation
from the simpler geometries to the bundle [6].

The flow section geometry can be so finely divided
that flow regions are defined, which can be con-
sidered as perfectly equivalent to sectors of annular
sections or to parts of the regions between parellel
plates. More precisely, a first division is made into
channels of three different types: central channels,
wall channels and corner channels (see Fig. 71).

Each central channel is divided in three sub-
channels, each wall channel into two subchannels. In
the wall subchannels two portions are considered,
the separation line of which is the line connecting the
center of the rod to the point where the zero stress
line (t = 0 line) intersects the channel symmetry line.

Furthermore it is assumed that the t = 0 line lies
on the symmetry lines separating the three central
subchannels for a central channel and on the channel
symmetry line for the central portion of a wall
subchannel. The position of the =0 line is
computed with the method of Dalle Donne [6] in
the corner channels and in the wall portion of the
wall subchannels.

+Figure 7 refers to the shroud geometry of the twelve-rod
bundle (angular corner channels, blocking triangles with
straight sides and base angles of 30° in the wall channels).
The shape of the shroud of the nineteen-rod bundle is
obtained taking the-height of the blocking triangles equal
to zero. For different shroud profiles (for example with
round corner channels), “equivalent” corner and wall
channels of the type shown in Fig. 7, with the real area, and
correction factors for the wetted perimeters of such
equivalent channels are assumed (see [3]).

The zero-heat-flux line (g = 0 line) is assumed to
lie on the walls of the bundle shroud in the corner
channels and in the wall portion of the wall
subchannels. In case of heated shroud walls the real
position of the ¢ = 0 line is not computed, but the
real rod and shroud temperatures are evaluated
applying the Superposition Principle [1]. In the
central subchannels and in the central portion of the
wall subchannels it is assumed that the g = 0 line is
coincident with the T = 0 line.

Central subchannels, both portions of the wall
subchannels and corner channels can be subdivided
into sub-subchannels (Fig. 8).7 These are defined by
means of lines normal to the rod walls in the zones
inside the t = O line. In the outer zones the lines are
parellel to the channel symmetry lines in the wall
subchannels. It must be pointed out that these lines
should be normal to the shroud walls to define zones
of sub-subchannels which are, similar to flow zones
between parallel plates. However, in the case of the
12-rod bundles (see Figs. 5 and 8), it is impossible to
define such lines in the whole portion, because,
otherwise, a part of the flow section would not be
computed. Thus in the wall sub-subchannels of the
12-rod bundles the outer zones are assumed to be
equivalent to rectangular flow zones with the same
areas as in the real trapezoidal zones (but the
equivalent diameters are evaluated by means of the
real wetted perimeters). In the corner channels there
is a first step in the calculation of the sub-
subchannels, where the lines are assumed as normal
to the shroud walls in the outer zones, to follow the
direction of the velocity profiles; but, this way, a
small part of the channel is not computed. Then a
second calculation is performed, where the ¢ = 0 line
is assumed to lie at the same position as computed in

+The subdivision into sub-subchannels is normally not
needed in case of central and corner channels, if only the
calculation of average subchannel rod temperatures is
required and not that of the circumferential temperature
profiles along the rod perimeter (see [3]). On the contrary,
in case of wall subchannels, a fine sub-subchannel sub-
division is essential, to assess the position of the line which
separates the two portions with the necessary precision
[1,3].
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FiG. 8. Subdivision into sub-subchannels.

the first step and the sub-subchannels are defined by
means of lines normal to the rod walls, in the outer
zones also, to follow the direction of the temperature
profiles.

The preceding definition of the sub-subchannels
allows the use of the equations derived by the
integration of the logarithmic velocity and tempera-
ture profiles obtained for annular flow sections and
parallel plates: the zone of the sub-subchannels
inside the t =0 line can be considered to be the
inner zone of a section of an annulus; the outer zone
is assumed to be a section of one of the two zones
between parallel plates (only in the second calcu-
lation step of the corner sub-subchannels the outer
zone is considered to be a section of the outer zone
of an annulus).

In the case of the roughened rods, the friction
factors and the surface temperatures are obtained by
integrating the velocity and temperature profiles
[equations (1) and (2)] in the sub-subchannels. The
friction factors in the outer flow zones (relative to the
shroud walls) of the sub-subchannels of the wall and
corner channels facing the rough rods are also
calculated by integration of the logarithmic velocity
profile normal to the shroud surface:

u* =A]lIny" +55R, (5)
whereby:

The slope A, of the logarithmic profile is taken as
a function of the friction factor of the facing rough
rod, as explained in [6] (if the facing rod is
smooth, then A, is set equal to 2.5 as in the case of
turbulent flow in smooth tubes [ 7]);

R, is a parameter taking into account the
roughness of the shroud walls (R, = | for smooth
walls and R, < | for rough walls).

By these integrations the average values #* and 1+
of these profiles are obtained. These average values
are directly correlated to the friction factors and
Stanton numbers by the expressions:

a =2, (6)

—
B Stp Uy’

where i = 1 for flow zones inside t = 0, i = 2 for flow
zones outside t = 0; B refers to the whole flow zone,
1+42.

The surface temperatures of the shroud wall facing
the rough rods are obtained directly from the
temperature profile of equation (2), writing (2) at the
shroud position yq.

The mentioned equations do not contain any
adjustable coefficients: the computed friction factors
and rod and shroud temperatures differ, for the
different flow zones, only because of the different
geometries, velocities and temperatures.

In the case of smooth rods, the friction factors are
also computed by integration of the logarithmic
velocity profile, in a way similar to that previously
described for roughened rods, while the rod and the
shroud temperatures are evaluated directly with the
general equations suggested by Petukhov and Roi-
zen for annular flow sections [8] and corrected for
the temperature effect due to the gas property
variations with temperature in a channel cross
section normal to the flow ((T/T;) ¢ as suggested
by Dalle Donne and Meerwald [9] or (Tw/T;) "¢ ¢
being an input parameter, the value of which
depends on the nature of the gas coolant [3]).

Thus, in this case, no direct use is made of the
temperature profiles for calculating rod and shroud
temperatures.}

It must be pointed out that general equations
would be too complicated for cooling channels
around both smooth and rough surfaces, due to the
complicated infiuence of the roughness parameters.

Both in case of roughened and smooth walls, the
subchannel friction factors and rod and shroud
temperatures are obtained combining the sub-
subchannel values. In a similar way, by combination
of the subchannel values, the friction factors of the

tFor smooth rods the velocity profiles are given by
equation (3) with A, = 2.5, as previously pointed out, and
R, = 1, for the profiles relative to the rod walls.

1However, an integration procedure of the temperature
profiles is used in case of smooth rods also, for the
calculation of the bulk temperatures of two zones separated
by the t = O line, which slightly affect the friction factors

[1,9].
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channels and that of the whole bundle flow section
are evaluated.

2.1.2. Laminar flow. In case of laminar flow no use
is made in SAGAPQ of velocity and temperature
profiles for calculating friction factors and rod and
shroud temperatures. Instead theoretical equations
are used for their evaluation. Since these equations,
partly derived approximating tabulated analytical
results available in the literature (see Refs. [I,
10-12]), are valid for the entire corner channels,
central subchannels and portions of wall sub-
channels, the sub-subchannel analysis 1s not
performed.

2.2. Continuity, energy and axial momentum equations

The continuity, energy and axial momentum
equations for the flow zones previously defined
(whole bundle flow section, channels, subchannels,
portions of wall subchannels and sub-subchannels)
are evaluated by means of balances on each axial
section. In the model applied in the SAGAPQ code
each channel interacts with the adjacent ones, as
usually assumed in the most advanced thermo-
fluid-dynamic codes. The further subdivision of
channels into subchannels allows to compute dif-
ferent values for mass-flow rate and bulk tempera-
ture around the single rods bounding each channel.
In order to limit the calculation time, SAGAPQ
assumes that each subchannel of a channel interacts
with the other subchannels of the same channel and
with the channels adjacent to it (a subchannel is
adjacent to two channels). Thus, as soon as the
channel calculation is performed, the subchannel
mass flow rates and temperatures can be computed
separately for each channel, since the variables for
the adjacent channels are already known and the
knowledge of those for their subchannels is not
needed. A similar simplification is made for the two
portions of the wall subchannels (the definition of
which is necessary because a whole wall subchannel
cannot be considered as equivalent to an annular
sector [1]): the mass flow rates and bulk tempera-
tures of the two portions are computed separately for
each wall subchannel, as soon as the subchannel
calculation is performed, under the assumption that
each portion interacts with the other portion of the
same wall subchannel, with the other subchannel of
the same wall channel and with its adjacent channel
(a portion of wall subchannel is adjacent to only one
channel). The procedure used for the sub-
subchannels is further simplified and will be shortly
described below.

The interaction terms between adjacent flow
zones, which are taken into account in SAGAPQ,
are the following:

1. Turbulent mixing (in case of turbulent flow);
2. Cross-flow;
3. Transverse conduction within the gas.

Obviously turbulent mixing does not lead to any
redistribution of the mass-flow. However, it causes a
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redistribution of momentum and enthalpy, if the
velocities and the temperatures are not equal in the
adjacent flow zones. The effect of turbulent mixing
between channels has been taken into account in the
code with the method of Kjellstrom [13], using the
mixing coefficients of Ingesson and Hedberg [14],
corrected as suggested by Stiefel [15] (correction
coefficient equal to 0.5 for the 19 and the 12 rod
bundles}). The Kjellstrdm method has been also
applied for evaluating the turbulent mixing exchange
between the subchannels of each channel and
between the two portions of each wall subchannel,
but assuming, in this case, mixing coefficient values
equal to one. This was done because, failing the gap
at the boundaries between these flow zones, the
transverse velocity and temperature profiles do not
present any peak at these boundaries.”

Due to cross-flow a net redistribution of the mass
flow occurs. This can be understood considering that
in case of gas cooled bundles the transverse pressure
gradients are very small {they are neglected in
SAGAPQ). Without a net mass flow redistribution,
in case of different velocity and/or friction, and/or
spacer blockage, and/or heating, the pressure would
be different in adjacent flow zones: thus, there must
be a net mass-flow redistribution, which eliminates
the transverse pressure gradients. The cross-flow is
then directed from the zones where, in case of no
cross-flow, the axial pressure drop would be higher
to those where it would be lower.

The assumption of no pressure gradients in the
transverse directions, together with that of appro-
priate average values for cross-flow velocities and
temperatures, allows neglecting the transverse mom-
entum equations {see [ 1]).

The third mentioned interaction term, conduction
within the gas, is obviously present only in the
energy equations. It is of importance only in case of
low Reynolds numbers.

The mentioned interaction terms are taken into
account explicitly for the calculation of the mass-
flow rate and temperature distributions of channels,
subchannels and portions of wall subchannels. On
the contrary, for the sub-subchannel calculation
{performed only in case of turbulent flow), in order
to simplify the mathematical model and thus to
avoid unbearably high calculation times, the contri-
butions of the transverse interactions to energy and
axial momentum equations are assumed to be
uniform for all sub-subchannels of the same sub-
channel or portions of wall subchannels. Thus these
terms can be evaluated iteratively in a simple way. A
detailed discussion about this procedure is presented
in[1].

From the above considerations it is evident that a
rather complicated iterative procedure is applied in
SAGAPQ to solve the balance equations. Schemati-
cally the procedure is, for each axial section, the
following:

+For a more detailed discussion of this topic see [3].
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1. An initial value is assumed for the whole bundle
friction factor fy;

2. The axial section pressure drop is computed,
which corresponds to the current value of f;, by
applying the balance equations to the whole bundle
flow section:

3. The friction factors of sub-subchannels are.

computed, and, from their combination, the cor-
responding subchannel and channel values are
evaluated ;

4. The channel calculation is performed

5. The subchannel calculation is performed ;

6. The calculation for the two portions of each
wall subchannel is carried out;

7. A new value of f7 is computed and the procedure
above is repeated until convergence is reached.

Finally it must be pointed out that in the most
recent version of SAGAPQ [3] the calculation of the
subchannels and that of the two portions of the wall
subchannels has been made optional to allow less
accurate but faster calculations.

2.3. Other features of SAGAPQ

With SAGAPQ it is possible to consider smooth
and roughened rod surfaces. The shroud walls can
also be considered as rough [1,4].

Inlet and spacer effects on pressure drop and on
heat transfer are taken into account, in the cases
where correlations or at least enough theoretical or
experimental data were available at the time at
which SAGAPQ has been developed. More precisely
the following effects have been considered:

(a) The pressure losses at the spacer grids are
taken into account with a method suggested by
Rehme [16];

(b) The influence of the spacers on the wall
temperature of the rods is evaluated with equations
obtained from experiments of Marek and Rehme
[17];

(c) The inlet effects on pressure drop and rod and
shroud wall temperatures in case of laminar flow are
calculated with equations which approximate tabu-
lated theoretical results available in the literature for
pressure [18] and temperature distributions in
annuli [19];

(d) The inlet effect on rod wall temperatures in
case of turbulent flow and smooth rods is calculated
with the equations of Petukhov and Roizen [8].

The code computes isothermal flows as well as
mass flow and temperature distributions in case of
flow with heat transfer. The rods can be equally or
unequally heated. The shroud can be heated or
unheated. A constant or a not constant power profile
in the rods and in the shroud can be considered.

Some corrections are applied in the code.” The
most important one refers to the so-called “fin
efficiency effect”. This effect derives from the fact that
the local heat transfer coefficient between a rough-
ened rod surface and the cooling gas is not constant

M. DALLE DONNE, A. MARTELLI and K. REHME

in the region between 1two roughness ribs and on the
ribs themselves, and that the thermal conductivity of
the gas is not negligible with respect to that of the
cladding material [20-22]. The fin efficiency effect
depends on the geometry parameters defining the
roughness, on the dimensionless group B; = ah/k,,
known as the Biot number, as well as on the
thickness of the cladding, on the distribution of the
heat transfer coefficient and on the distribution of
heat input, and may be expressed in terms of E  and
K, as defined by the following equations:

Ex = (TW1 - ﬂx)"/(TWm,.\— TB) (8)
H, = (Ty, - K)/(Ty, - Tp). 9

Another correction is possible if it is necessary
to make a comparison between computed and mea-
sured rod temperatures, and the thermocouples do
not measure the surface temperatures, but are placed
within the thickness of the rod walls. In case of
electrically-heated tubes, as in the. tests for the
nineteen- and the twelve-rod bundles described in
this work, the correction is performed by means of
the following equation:

J‘TWM

k (T)dT

2 2 A
r 1~ Ficas 2 Foeas
- <\‘ +r;,1n—), (10)
Py

1= 2

/

which takes into account the radial heat conduction
in the tube walls.

Finally, SAGAPQ is able to correct the input
dimensions to take into account the thermal expan-
sion of the structure.

To date, heat conduction in the rods both in the
axial and in the azimuthal directions, heat radiation
and natural convection are not considered in
SAGAPQ. Especially azimuthal conduction and heat
radiation are of importance in case of laminar flow
[23]. They will be introduced in SAGAPQ as soon
as possible.

3. COMPARISON BETWEEN COMPUTED

AND EXPERIMENTAL RESULTS
The methods described above were used for the
evaluation of the experiments with two bundles of
electrically heated nineteen and twelve rough rods
respectively. These experiments have been carried
out in the Helium High Pressure Loop of the
Institute of Neutron Physics and Reactor Engineer-
ing of the Karlsruhe Nuclear Center. The results of
these experiments and a description of the experi-
mental apparatus and experimental techniques used
are given in [4, 24, 25]. Here we will present only a
comparison of these experimental results with the

computations performed with SAGAPQ.

3.1. Comparison berween computed and experimental
results for the 19-rod bundle

The experiments covered a Reynolds number
range between Rep = 1.1 x 10* and Rep = 1.1 x 10°,
Re;. being the Reynolds number at the bundle inlet.
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The maximum rod linear power achieved was
116 Wem ™!, resulting in @ maximum heat flux of
20 Wcem ™2 The maximum measured wall tempera-
ture was 880°C. The experimental results are
contained in [24]. The comparison between the
experimental and the computed results for the
turbulent thermal tests (tests 1-3, 8-11) and for a
laminar test (test 4) are presented in Reference [1].+
In this reference some effects are also accurately
described, which probably affect’the measurements
(as bowing of some rods, natural hydraulic rough-
ness of the shrouds, etc.).

In the present paper the comparison between
experiments and calculation is presented only for a
turbulent test (test 1 of [1]). No comparison for
laminar flow tests is given here, because there are
still uncertainties on the accuracy of the measure-
ments at low flow and because SAGAPQ does not
consider yet circumferential thermal conduction and
thermal radiation among the rods and among
shroud and rods, which play an important role in the
tests at low flow and high temperature (see [23]).

Dalle Donne and Meyer, on the basis of their
experimental results and of a large amount of data
from the literature, were able to establish a general
correlation for the friction and heat transfer data
of surfaces roughened with two-dimensional rec-
tangular ribs [26]. With this correlation, the R(h")
and G(h*) parameters for the roughness used in the
nineteen-rod bundle (two-dimensional rectangular
ribs with p/h =9, h/b=1) are given by the re-
lationships (in case of coolants like air and helium):$

h
h*)y=271+AR(h")+04In| -
R(h™) +AR( ™)+ n(0.0l(ro—rl)>

5 TWao >2
NR. ~1) an
V@( T,

Ght) = 3.81(hv+v)04274pr044<Tw4>0'5

B

h 0.053
X | —— (12)
(0.01(;‘2—r1)>

The only uncertainty of the correlation proposed by
Dalle Donne and Meyer in [26] refers to the term
AR(h™), which takes into account the variation of
R(h*) in the transition region between fully rough
flow regime (where AR(h*)=x 0) and turbulent
hydraulically smooth flow regime. For the SAGAPQ
calculations of [ 1], since specific experimental results
at low hy;, values were not available vet for the rods

+1In [1] the comparison is not shown for tests 5 and 6 for
which the flow is in the transition region between laminar
and turbulent conditions: equations were not available at
the time of the calculations for this Re-range.

+In case of other gases (for instance CO, or steam) the
exponent of the temperature correction factors in equations
(11) and (12) could be quite different, due to the different
variations with temperature of the relevant gas physical
properties in the considered flow cross-section.
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of the nineteen-rod bundle, it was assumed:

ARG 5100

LRSI
as suggested in [26] on the base of experimental
results for isothermal tests performed for a rough rod
different from the rods of the nineteen-rod bundle.
However, since the subchannel values of hy; were
high enough in the calculations of [1] (hy > 20), it
was really not very important, for these calculations,
to make use of an accurate equation for AR(h™).
Recent experiments for one single rod of the
nineteen-rod bundle tested in an annulus [27] have
shown that the AR(h ™) function depends strongly on
the roughness geometry and, furthermore, the equa-
tion to be used in case of the thermal tests is different
from that valid for the isothermal ones (the
transition with isothermal flow is more rapid with
decreasing flow velocities, i.e. the negative exponent
of hg; is higher). In fact, in presence of heat transfer,
the following equation must be used for the nineteen-
rod bundle:

(13)

AR(h") = 10?4,
ha

(see Fig. 17 in [27]), which at low hy; values gives
considerably smaller R(h") values than those derived
from equation (13). For the hy, values of the thermal
tests investigated in [ 1], and especially for test | (hy,
= 150+ 190), the results of which are presented here,
the effects due to the use of equation (14) in place of
equation (13) are small (about 2% error for R(h™) in
test 1).

Inthe SAGAPQ calculations uniforminlet mass flow
and temperature distributions were assumed. Figure 9
shows a comparison between measured and computed
pressuredrop for test 1. The shroud walls were assumed
to be hydraulically smooth (i.e. R, = 1;see [1]). The
coefficient K for the inlet pressure loss:

(14)

2
Prily

Apg = —Kg - 5

. (15)

was assumed equal to 1.2 for all tests, which is an
acceptable value for a rod bundle.t

The pressure losses due to spacer grids (there are
spacers in the smooth part of the bundles only, in
case of the nineteen-rod bundle}) were computed
according to the correlation suggested in [16] as:

2
2 Prln

Ap, = —c. > (16)

The function ¢, = ¢,(Re) was not directly measured
in the Water Loop of the Institute of Neutron

TBeside the assumption on the shroud roughness
parameter R, (reasonable because of the type of the shroud
surface), this is the only other assumption, not sub-
stantiated by experimental data, performed in the calcu-
lations. This assumption was necessary, because the inlet
pressure drop could not be directly measured. The same
value for K¢ has been assumed for the twelve-rod bundle as
well.
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Comparison between calculated and measured temperatures of the rods and of the shroud wall

in the corner channels (19-rod bundle, turbulent flow: Reg = 1.12 x 10°).

Physics and Reactor Engineering (contrary to the
case of the grids for the 12-rod bundle), thus ¢, had
to be derived from the values available for similar
grids [16]. For the performed turbulent calculations
(Re >4 x10%) a constant value of ¢, = 6.5 was
assumed as suggested in [16]. No pressure recovery
was assumed at the bundle outlet. It can be
concluded that the agreement between the measured
and the computed pressure losses is good, especially
if one remembers that no adjustable factors were
introduced in the calculations (the maximum differ-

ence between computed and measured pressure drop
for all tests reported in [1] is ~ 8%).

Figures 10-16 show the measured and computed
rod and shroud temperatures in the various sub-
channels (the position of the thermocouples is
indicated in the figures). Some remarks are necessary
about the calculations:

(@) Due to the relatively low heat flux (< 20W
cm™2) it has been found that the correction given
by the parameter E_ , and due to fin efficiency effect,
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FIG. 11. Comparison between calculated and measured temperatures of the rods and of the shroud wall
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F1G. 12. Comparison between calculated and measured rod temperatures at the intersection between a
corner and wall channel and of the shroud temperatures in a wall channel (19-rod bundle, turbulent flow:
Reg = 1.12 x 10%).

is very small in the case of the 19-rod bundle [1].
As a result of this and because no equation is
available for the evaluation of the fin efficiency
parameter K (the use of which is more reasonable
to correct the surface rod temperature than that of
E,, because in the 19-rod bundle the thermocouples,
due to their relatively large size, tend to give the
average temperature value between the two ribs and
not the maximum, although they are placed in the

middle between two ribs), the “fin efficiency effect”
has been neglected for the 19-rod bundle;

(b) No correction has been performed to take into
account the position of the thermocouple inside the
canning walls, because this correction is small and
because the thermocouples are not all set at the same
radial position, some of them being closer to the rod
surface and some more inside the cladding wall;

(c) The temperature factor for the correction of
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FI1G. 14. Comparison between calculated and measured rod temperatures in the central subchannels
relative to the outer row of rods (different position of the thermocouples from that of Fig. 13, 19-rod
bundle, turbulent flow: Rep = 1.12 x 10°).

the Nusselt numbers relative to the smooth walls has
been assumed to be (Tw/Tg) ™2 according to [9].
since the coolant is helium.

All the figures show clearly the inlet effect on the
rod temperatures. The computed temperature pro-
files are shown from about one equivalent diameter
after the beginning of the heating, at the point where
the Petukhov—Roizen equations [8] start to be valid.

The effect of the first spacer on the pin temperature is
also evident. After the influence of this spacer has
vanished, the rod temperatures increase linearly, up
to the end of the smooth portion. At the beginning of
the roughened portion, the rod wall temperature
decreases abruptly due to the considerable increase
of the heat transfer coefficient owing to the rough-
ness. The effect of the second spacer cannot be
noticed because this spacer is near the end of the
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relative to the outer row of rods (different position of the thermocouples from those of the previous Figs.
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F1G. 16. Comparison between calculated and measured rod temperatures in the central subchannels
relative to the inner row of rods (19-rod bundle, turbulent flow: Re;. = 1.12 x 10°).

axial smooth portion of the rods. At the end of the
roughened portion there is a small heated smooth
axial section, thus the rod temperatures increase
suddenly. This temperature increase is observed in
the measurements as well (see Fig. 14). The com-
puted rod temperatures decrease then again, due to
the effect of the third spacer. Figures 10-12 show
also a comparison between the computed and
measured shroud temperatures.

No equations were available to take into account
the inlet effect on the shroud temperatures, thus
the shroud temperature was assumed to be equal
to the inlet temperature up to the axial position
at which the value computed using the equation
valid in case of fully developed flow was higher
than the inlet temperature. Furthermore, no spacer
effects on shroud temperature were taken into
account, again due to the lack of equations. The
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temperature of the shroud walls facing rough
portions of the rods are higher than those of the
shroud walls facing smooth portions of the rods,
because the temperature profiles in the coolant
subchannels confined by the rough heat transfer
surfaces are flatter than those for channels sur-
rounded by smooth surfaces only.

Considering the scattering of the experimental
results, the agreement between calculations and
measurements is good both for the rod and the
shroud temperatures.

3.2. Comparison between computed and experimental
results for the 12-rod bundle

The experiments were performed 1n the Reynolds
number range Reg =7 x 10 to Reg = 8 x 10*. The
maximum rod Imear power achieved was
460 Wem ™Y, resulting in a maximum heat flux of
185 Wcm ™ 2. The maximum measured wall tempera-
ture was 790°C. Some of the directly measured
experimental data are given in [28].

A comparison between computed and measured
pressure losses, and rod and shroud temperatures for
a thermal test for the [2-rod bundle at Rep = 5.45
x 10* (test 3 for CEIII)t has already been shown
[4]. More precise measurements of the shroud
dimensions have shown that the distance between
the center of the external rods and the shroud wall is
a little larger than the nominal value assumed in [4]
(6.03mm instead of 6.0mm) and that the height of
the “blocking triangles” is a little smaller (1.54 mm
instead of 1.57mm). This means larger external
coolant channels. As it has been noticed that small
variations of the flow section parameters give origin
to considerable changes in the rod temperatures [4],
the calculations for test 3 have been repeated.

Furthermore in these calculations, the pressure
drop at the spacer grids is computed by means of the
modified drag coefficients ¢, obtained by measure-
ments of the pressure drop of the grid of CEIII in the
shroud of CEI [29]1 carried out in the water loop of
the Institute of Neutron Physics and Reactor
Engineering, and transforming them to take account
of the different values of the blockage factors of the
spacers in the two shrouds. The ¢, values obtained in
this way are higher than those used in the calcu-
lations of [4], which were directly obtained from the
measurements performed with helium in the test
section CEIII This is probably due to the fact that,
evaluating the ¢, values with the mentioned pro-
cedure, the influence of other important parameters
beside the grid blockage factor, like the ratio
between the wetted perimeters inside and outside the
spacer region and especially the axial profile of the

+For an explanation of the names of the different 12-rod
bundle test sections see [4].

1 The shroud of CEl has been used for the measurements,
because the CEII bundle was needed for further experi-
ments and, thus, could not be disassembled. These
measurements were not available yet at the time of the
calculations of [4].
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flow section inside the spacers, 1s neglected. In fact
there is no concrete reason to have doubts about the
clear tendency shown by the measurements in
helium. Moreover, as pointed out in [4], the shroud
walls of test section CEIII were clearly rough, due to
the presence of some small bolts fixing the two
halves of the shroud together (the eflects of the
shroud roughness had been taken into account in
[4]). But a good agreement between computed and
experimental pressure drop is found, in these latter
calculations with ¢, values measured in water, only
assuming smooth shroud walls.

Furthermore, in the present calculations, in order
to try to establish more accurately the mass-flow
redistribution due to the spacers, we decided to use
the correlation suggested by Jung and Bohner for
evaluating the spacer pressure drop in the single
subchannels [30], which was based on the cited
measurements performed in water and reported in
[29]. This correlation is more detailed and probably
better than that suggested in [16] (where the
function ¢, = ¢ (Re) is assumed to be the same for all
subchannels, also in case of spacers placed in the
rough portion of the bundle); in fact at least it takes
into account the fact that for rough rods, due to the
larger friction inside the spacers (see [ 28, 29]), the ¢,
values are higher in the central channels than in the
external ones, because all surfaces bounding the
central channels with the exception of the grid walls
themselves are roughened, while the walls bounding
external channels are partly smooth.

According to [30] the spacer pressure loss [cf.
equation (16)] is computed with the equation:

¢, = 6.82K’(1 +891 .Re—oAsms)

+10.7(1— K'){1 +6026Re™1-19%), (17)

where, for the spacers in the axial smooth portion of
the rods:

K =1, (18)

and for the spacers in the axial rough portion of the
rods:

0.2747 for the whole bundie flow section
K = 0 for the central channels (19)
l 0.366  for the wall channels
0.575  for the corner channels.

Anyway, in spite of the above mentioned assum-
ptions made for the present calculations, with respect
to those of [4], no considerable differences in the
computed mass flow and temperature distributions
have been obtained, as can be seen from a
comparison of the presently calculated temperatures
of shroud and rods and the corresponding ones
shown in [4].

For the calculations of the friction and heat
transfer coefficients for the rough surfaces of the 12-
rod bundle, the R(h*) and G(h™) were given again
by the general correlation of Dalle Donne and
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FiG. 17. Comparison between calculated and measured pressure drop in the 12-rod bundle by turbulent
flow (turbulent flow: Rep = 5.45 x 10%),

Meyer for two-dimensional rectangular ribs [ 26]:

+y + h
R(h™) = R(hy)o1 +041n (0*—'0100_“))

i (TW“’—/>2 (20)
Jhg \ T

T 0.5
G(h*) = go(h*)Pr°<44<—;“,°°>

B

h 0.053
X (0.01(r2—r1)> @)

Originally the asymptotic value of R(hy)o;, R(Fw)o1 >
was taken equal to 4.3. This value is obtained from
the Dalle Donne and Meyer correlation [26]
assuming that the trapezoidal roughness ribs on the
rods can be considered equivalent to rectangular ribs
with their average width. However experiments
performed in the Institute of Neutron Physics and
Reactor Engineering with one of the rods of the 12-
rod bundle inside a smooth tube, have shown that
the R(h*)q,,, values are slightly higher than 4.3, ie.
4.7 [31]. This is probably due to the fact that the
equivalence between trapezoidal and rectangular ribs
is only approximate. In [4] the value of R(hy;)o, used

in the calculations was:
359
Rhw)or = 47+,
(hw)o1 (hi)?
based on some preliminary isothermal tests of [31].
However the subsequent tests with heat transfer have
shown that R(hy)o, remains more or less constant
down to low values of hy,, thus the constant value:

R(h\;)m = R(hc\—/)oloo =417, (23)

(22)

was used in the present calculations with equation
(20).

According to [26], from the value R(hy)o,,, = 4.7
the following equation was established for the
function go(h*) of equation (21) and used in the
calculations:

gy = 44(hy,)° 2 if g, = 10

. (24)
10 if g, < 10.

golh™) = %
As for the 19-rod bundle, further assumptions for the
calculations were uniform mass flow and tempera-
ture distributions at the bundle inlet, and no pressure
recovery at the bundle outlet.

Figure 17 shows a comparison between computed
and measured pressure drops for the test 3 here
considered. As for the 19-rod bundle, the coefficient
K¢ for the inlet pressure loss (cf. equation (15)) was
assumed equal to 1.2. The agreement between
calculation and measurement is excellent (maximum
discrepancy 3%), although some doubts remain, as
already pointed out, about the ¢, values given by the
equations (17)-(19) and the assumption of smooth
shroud walls. Figures 18-21 show the comparison
between the computed and the measured rod
temperatures in the various subchannels. In the
ordinate axis of the diagrams Ty +K is plotted,
where T,y is the real rod temperature and K a
fictitious temperature increment which allows a
comparison of results for similar cases in the same
plot. Due to the considerably higher heat fluxes at
the rough rod walls and therefore higher Biot
numbers than in the case of the 19-s0d bundle, the
fin efficiency effect is not negligible for the 12-rod
bundle. The surface rod temperatures were thus



1370

M. DarLe DoNNE, A. MARTELLI and K. REHME

1 i i 7 1
700} o~ |
5 600 —
"
L B
500}
- EXPERTMENTAL | —
DATA
1] e 0 O
400t 20 2 -50 A -
3] o | -100 0
| | | ! |
400 500 600 700 800 900
X (0

FiG. 18 Comparison between calculated and measured rod wall temperatures relative to the central
channels (12-rod bundle, turbulent flow: Re; = 5.45 x 10%, rough portion of the rods only).
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F1G. 19. Comparison between calculated and measured rod wall temperatures relative to the wall
subchannels with 172 standoff of the spacer grid (12-rod bundle, turbulent flow: Rep = 5.45 x 10%, rough
portion of the rods only}.

corrected by means of the parameter K ., with

K, =1-12B, (25)

according to the correlation suggested in [22], which
refers to roughness ribs very similar to those on the
surface of the rods of the 12-rod bundle. As the

thermocouples are set midway in the canning width,
another correction was performed to evaluate the
rod temperatures at this position, using equation
(10). In the case of the 12-rod bundles even this
correction cannot be neglected. In all the figures the
spacer effect on the computed rod temperatures is
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F1c. 21. Comparison between calculated and measured rod wall temperatures at the gaps between
external channels {12-rod bundle, turbulent flow; Rep = 545 x 10% rough portion of the rods only).

evident. No inlet effect on the rod temperatures
could be taken into account because of lack of
correlations. Nevertheless the agreement between
computed and measured rod temperatures is good.
In fact the maximum differences are normally less
than +20°C {ie. less than 10%, of the film drop)

HMT, 22101

often being less than +10°C and only in one case
being 30°C.¥

tAs shown by Figs. 1821 the scattering of the
experimental points is of approximately the same order of
magnitude.
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F1G. 22. Comparison between calculated and measured temperatures of the shroud wall (12-rod bundle,
turbulent flow: Rep = 5.45 x 10*, relative to the rough portion of the rods only).

Figure 22 shows the comparison for computed
and measured shroud temperatures. As for the 19-
rod bundles, where the first heated portion was
smooth, the shroud temperature is assumed to be
equal to the inlet gas temperature up to the axial
position at which the value computed by means of
the equation valid in the case of fully developed flow

[6]:

ng = TWa: -

4 (2.5 In21ty G(h*)), (26)
[ h

becomes higher than the inlet temperature. Again the
computed and measured temperatures agree well. It
is worth pointing out that, the shroud wall tempera-
ture being computed as the gas temperature in the
immediate vicinity of the shroud wall, equation (26)
stems from the direct application of the logarithmic
temperature profile (cf. equation (2)) and the good
agreement between experimental and computed
shroud temperatures is again a proof of the
applicability of the logarithmic universal laws of the
wall to the case of turbulent flow in a bundle of
rough rods.

4. CONCLUSIONS
The good agreement between measurements and
SAGAPQ calculations for two so different bundles as
the 19- and 12-rod bundle leads to the following
conclusions:

(a) The method of integrating the logarithmic
velocity and temperature profiles in turbulent flow in

the various coolant subchannels of the bundle to
obtain the friction and heat transfer coefficients of
the subchannels is not only more satisfactory
theoretically than the direct use of the integral values
friction factor, Stanton number and equivalent
hydraulic diameter,t but leads to good results as
well ;

(b) The computer code SAGAPQ is a good tool
to predict the wall temperature and the pressure
drop of gas cooled rough rod bundles, at least for
turbulent flow conditions. Due to this the SAGAPQ
code has been already used for the heat transfer
design of the 12-rod fuel element bundle to be
irradiated in the BR2 reactor (Mol Experiment) [4].
SAGAP@ has also been successfully applied to
different Benchmark problems in the frame of the
GCFR collaboration (for example for a CO,-cooled
37 rod-bundle tested at EIR [33]);

(c) SAGAPQ can calculate laminar flow as well.
However agreement with experiment is not as good
as for turbulent flow [23]. This is partly due to the
fact that experimental errors increase with low flows
and high temperatures, but also because SAGAPQ
does not yet make allowance for conduction in the
rods and heat transfer by thermal radiation which
play an important role by low flows. The in-
troduction of these two effects is under way.

tFor instance Walker, White and Burnett were forced to
use for each coolant channel of different form a different
empirical equation for f and S$i to correlate their
experimental data for a rough rod bundle [32].
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M. DatLe DONNE, A. MARTELLI and K. REHME

EXPERIENCES THERMO ET AEROHYDRODYNAMIQUES SUR DES FAISCEAUX
D’AIGUILLES RUGUEUSES, REFROIDIS PAR GAZ, ET INTERPRETATION A L’AIDE DU
PROGRAMME DE CALCUL SAGAPQ

Resume—On décrit brievement des experiences relatives au transfert thermique, effectuées sur un banc
d’essai @ hélium a haute pression avec deux faisceaux de 12 et de 19 aiguilles respectivement, chauffées
electriquement. On présente les bases du programme de calcul SAGAPQ. SAGAPQ calcule les
coefficients de frottement et de transfert de la chaleur pour un écoulement turbulent en intégrant les lois a
la paroi pour la vitesse et la temperature dans les différents canaux de refroidissement pour des surfaces
rugueuses. En outre, le melange turbulent et I'ecoulement transversal entre les canaux, les effets des
espaceurs sur les températures de paroi et la perte de pression, le rendement des nervures des rugosites
ainsi que les effets d’entree sur les températures de paroi pour des surfaces lisses sont pris en compte.
L’écoulement laminaire peut également étre calculé. L’accord entre les données calculées et mesurées est
excellent. Deux autres effets, a savoir la conduction thermique circonférentielle dans les aiguilles et le
rayonnement ont été négliges jusqu'a présent; ces effets ne jouent un role important que pour de petites
vitesses d’écoulement et des tempeératures ¢levées.

THERMO- UND FLUIDDYNAMISCHE EXPERIMENTE AN GASGEKUHLTEN, RAUHEN
STABBUNDELN UND DEREN AUSWERTUNG MIT DEM RECHENPROGRAMM SAGAPQ

Zusammenfassung-- Experimente zum Wirmeubergang in einem Hochdruck-Heliumversuchsstand mit
zwel Stabbiindeln mit 12 bzw. 19 elektrisch beheizten, rauhen Stdben werden kurz beschrieben. Die
Grundlagen des SAGAPQ Rechenprogramms werden dargelegt. SAGAPQ berechnet die Re-
ibungsbeiwerte und Wirmeiibergangs koeffizienten fiir turbulente Stromung durch Integration der
universellen logarithmischen Wandgesetze fiir Geschwindigkeit und Temperatur in den verschiedenen
Kiihlkanilen bei rauhen Oberflichen. AuBerdem werden turbulente Vermischung und Querstromung
zwischen den Kandlen, Auswirkungen der Abstandshalter auf Wandtemperaturen und Druckverlust, der
Rippenwirkungsgrad der Rauhigkeiten sowie Eintrittseffekte auf die Wandtemperaturen bei glatten
Oberflichen beriicksichtigt. Laminarstromung kann ebenfalls berechnet werden. Die Ubereinstimmung
zwischen berechneten und gemessenen Daten ist fur turbulente Stromung sehr gut. Zwei weitere Effekte,
namlich die Wirmeleitung in Umfangsrichtung in den Stidben sowie die Warmestrahlung werden bisher
vernachlissigt ; diese Effekte spielen nur bei kleinen Stromungsgeschwindigkeiten und hohen Tempera-
turen eine bedeutende Rolle.

3KCHNEPUMEHTAJIbHBIE TEPMOIMAPOAUHAMWYECKHUE MCCIEJOBAHUA
OXJTAXIEHUA TA30M NYUYKOB WEPOXOBATbBLIX CTEPXKHEW U OBPABOTKA
PE3VJIBTATOB HA 3BM C [TOMOUIBIO [MPOI'PAMMBI CATATIO

Annorauns — JlaHO KpaTKOe ONMMCAHHE IKCIEPHUMEHTOB MO TEmI0oOMeHy ABYX I1yukoB u3 12 u 19
LIEPOXOBATBIX CTEPXHEH, HArpeBaeMbIX JIEKTPUYECKHM TOKOM H PAacCliOJOXKEHHBIX B [EJIHEBOM KOH-
Type ¢ BBICOKHM AaBiieHMeM. M30xeHbl OCHOBHbIC NpMHUMILI cocTanenus nporpammel CATATIO.
JlaHHas nporpaMMa HCIO/Ib3yeTcs UTA pacuéra kodQGHULUHEHTOB TPeHHA H TelutonepeHoca B TypOy-
JNIEHTHOM MOTOKE C NOMOLIBK MHTEPHPOBAHHUS JTOrapH)MHYECKOTO YHHBEPCAJIbHOTO 3aKOHA CTEHKH
LU CKOPOCTH M TEMIIEPATYphl B Pa3jIMHbIX OXJIaXIAFOILMX KaHaJaX, OTPAHHYEHHbIX IUEPOXOBATHIMHU
NOBEPXHOCTAMH. B mporpamme yauThIBalOTCA TYpOY/IEHTHOE CMEIUEHHE M MEPETOK XMIKOCTH MEXAY
KaHalaMH, BJIMSHHE PACIOPOK Ha TEMIEPATYPY CTCHOK M Nepenai AaBieHHUs, 3GEKTUBHOCTD 1LIEPOXO-
BATOCTH, a TAKXKE BJHMsHME YCJIOBMH BXOJa Ha TEMNEPAaTypy CTEHKH I/ CTEPXHEH ¢ TrIanakoH
noBepXHOCTh0. C IOMOLUBLI [aHHOW NPOrpaMMbl MOXHO TakXe MPOBECTH DPacy€T JTaMHHAPHOIO
TeueHus. Jns TypOyJeHTHOro NOTOKa MOJIyYeHO XOpOllee COBMAJAEHHE JIKCTIEPUMEHTANbHBIX JAdHHBIX
¢ pesy/ibTaTaMH pacyéToB. B mporpaMme He yuMTBIBAIOTCH Mepedaya Temjia 3a CYET TENJIONPOBOA-
HOCTH MO OKPYXHOCTH CTEPXHEH H Ter1oBoe uijyueHHe. DTH IGEKTbl MrpaloT BaXHYIO pOJib NPH
HeDOJIBLINX CKOPOCTAX IOTOKA M BHICOKHX 3HAUEHHSAX TEMIMEPATYpbI.



