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SUMMARY

This report concerns itself with a study of the temperature structure
within a circulating-fuel that is flowing through a helical pipe in the
ANP In-pile Loop. This helix is exposed to the neutron flux field of the
MTR. An experimental study of the temperature distribution within a fluild
flowing through a glass model of the ANP In-pile Loop is presented; the
volumetric heat sources within the fluid are generated electrically. An
approximate mathematical analysis of the temperature structure in the helix
system is outlined and the resulting calculations are compared with experi-
mental results obtained in the volume-heat-source system. This study in-
dicates that large wall temperature differences can exist around the periph-
ery of the helix because of the asymmetry in the hydrodynamic structure.
The resulting wall-temperature asymmetry is an important parameter that must
be taken into account when analyzing the mass transfer and corrosion processes

in the ANP In-pile Loop.




NOMENCLATURE
Letters
A heat transfer cross sectional aresa, ft2
Ae electrical current cross sectional aresa, ft2
a fluid thermel diffusivity, ftz/hr
o, fluid heat capacity, Btu/lb °F
D pipe diameter, ft
E electrical potential, volts
K £1uid thermal comductivity, Btu/hr £t° (°F/ft)
L axial distance along helix, ft
P electrical heat source, watts
a heat transfer rate, Btu/hr
r radial distance, ft
rs radial position at which the reference temperature td is stipulated, ft
Ty radial distance from helix center, ft
T, inner sector radius, ft
ry outer sector radius, ft
Re electrical resistance, ohms
t fluid temperature, °F
t¢- fluid centerline temperature, Op
ty temperature datum, °F
ti inner wall temperature, Op
mixed-mean fluid inlet temperature, Op
tmzzt mixed-mean fluid outlet temperature, O

M o
i3




el |

ci

Pr

Re

-3 -~

outer wall temperature, p

axial fluid velocity distribution, ft/hr
maximum fluid velocity, ft/hr

mean fluid velocity in helix, ft/hr

mean fluid velocity of inner sector, ft/hr
mean fluid velocity of outer sector, ft/hr
mean fluid velocity of sector, ft/hr

fluid volume, ft3

volume heat gource distribution, Btu/hr ft3
mean volume heat source, Btu/hr ft3
radial distance from inner wall, It
fluid weight density, 1bs/ft3

eddy diffusivity, £t°/hr

kinematic viscosity, ftg/hr
electrical resisivity, ohm-ft

angle subtended by helical radii, Ty

Dimensionless Moduli

r.

i

vyc

T Prandtl Modulus

uD .

57 Reynolds Modulus for helix
E,Eri

2) N Reynolds Modulus for inner sector
u 2ro

i) ,  Reynolds Modulus for outer sector




INTRODUCTION

Upon examining the wall corrosion in pipe bends of out-of-pile corrosion
loops, the metallurgists discovered that the corrosion rate was not uniform.
It was observed that on the short radius or inner side the corrosion rate
was consistently several times as great as that on the long radius or outer
gide. It was suggested that this difference in corrosion was related to the
fact that the wall temperatures were likewise not uniform in the pipe bend,
thus perhaps creating a corrosion or mass transfer potential difference.

For this reason the task of obtaining informstion on the hydrodynamic and
thermal structures within the fluids circulating through pipe bends was in-
itiated.

The ANP Project has used a helix (see Figure 1) which is part of an
In-pile Loop located in & high neutron flux field in the MIR thereby yileld-
ing high volume-heat-sources both in the pipe wall and the fuel. Before
the first In-pile Loop was put into the MIR, approximate calculations were
made on the temperature asymmetry in the helix (reference 1). At present,
operational and thermocouple difficulties have made it impossible to obtain
much experimental information on the temperature structure in the helix
under actual operating conditions in the MIR. However, the data which were
obtained appeared to be in general agreement with the previous approximate
calculations.

Because of the difficulties and uncertainties that appeared to be associ-
ated with obtaining experimental temperature information from the In-pile Loop,

a simpler and more accurate experimental system was devised. In the following







paragraphs, experimental temperature distributions in a glass model of the ANP
helix are presented. The volume heat sources were generated electrically with-
in electrolytes which were circulated through the system; no volume heat
sources existed in the glass walls. An approximate mathematical analysis
of the temperature structure in the helix is outlined, and the results are

compared to experimental measurements.



EXPERTMENTAL STUDIES

Hydrodynamics

Prior to the heat transfer experiments which are described below, a
study of the velocity structure in the helix of the In-pile Loop was con-
ducted. A literature survey yielded useful although incomplete quantitative
information on the hydrodynamic structure in pipe bends. Also, the velocity
distributions within the helix were visually observed in a glass model with
the aid of the phosphorescent particle flow-visualization technique (refer-
ence 2).

It is known that the secondary flow which exists in a pipe bend or a
helix distorts the axial velocity structure in an asymmetrical fashion. Spe-
cifically, the fluid velocities are high near the outer wall and low near the
inner wall. The secondary flow patterns are generated because of the centrif-
ugel forces that exist in the system. Some typical qualitative velocity dis-
tributions in the established flow region for a range of Reynolds numbers were
determined for the ANP In-pile Loop helix and are shown plotted in Figure 2.
Note, that the degree of distortion decreases as the Reynolds number increases
and the flow becomes more turbulent in nature. Also, observe that the profile
at Re = 2,700 appears to be a distorted parabola which merely reflects the
known fact that the critical Reynolds numbers in helical pipes are signifi-
cantly higher (about 7,000 to 9,000) than those in straight pipes.

Heat Transfer

Figure 3 presents a schematic diagram of the volume-heat-source helix ex-

periment. A sulfuric acid solution (12% acid by weight) was circulated through
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a large scale model of the actual ANP In-pile Loop helix. An electric current
was passed through the flowing electrolyte in the helix by means of platinum
ring electrodes located at each end of the helix. The outer helix surface was
insulated which was very nearly the cese in the actual system. The helix was
go instrumented with thermocouples that peripheral wall temperatures and mixed-
mean fluid temperatures into and out of the system could be meesured. Acid
solution flow rates were also determined during the experiment. Heat balances
were within + 7.0 percent of being perfect.

A typical set of axial temperature distributions in the helix system with
insulated walls is shown plotted in Figure U4, where the conditions of the
experiment are also given. Note that the inner wall temperatures are signifi-
cantly higher than the outer wall temperatures; the latter fall near the
mixed-mean fluid temperatures. The inner helix wall temperatures are higher
than the outer wall temperatures because the fluid velocities are lower near
the inner wall than those near the outer wall.

In the Reynolds number range of 6,000 to 20,000, the inner-outer helix
wall temperature difference varies inversely with the Reynolds number (see
Figure 5); one would expect the radial temperature structure to become more
uniform as the Reynolds number or the turbulence level increases. A single
predicted temperature difference is also shown in Figure 5, the details of
which are described in the following section.

Detailed peripheral wall temperature profiles were measured in the helix
system at several axial stations. Typical profiles in dimensionless form at
L/D = 99 can be seen in Figure 6 for two different flow conditions. The pro-

files peak sharply at the inner wall.
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COMPARISON OF EXPERIMENTAL AND PREDICTED TEMPERATURE DISTRIBUTIONS

An approximate mathematical analysis of the temperature structure within
a fuel flowing in a helical pipe is presented in the Appendix, which accounts
for the asymmetrical fluid velocity and eddy diffusivity distributions which
are present. The results of the prediction are shown in Figure 7, together
with the experimental measurements. The calculated inner-outer wall temper-
ature difference was found to be within 12 percent of the experimental wvalue

for the specific case which was studied.
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CONCLUDING REMARKS

Several broad observations about the helix of the ANP In-pile Loop can

be made on the basis of the fluid flow and heat transfer research which has

been conducted:

1)

2)

3)

L)

Asymmetrical velocity distributions exist within the fluid
which flows through the helix. The velocities are high near
the outer wall and low near the inner wall.

Asymmetrical temperature distributions exist in the walls

of a helical pipe system as well as within fluids flowing
through it, if volume heat sources exist in the fluid or wall.
The inner well temperatures can be significantly higher than
the outer wall temperatures.

An approximate temperature solution for the case of turbulent
flow in a helical pipe containing a fluid with a volume heat
gsource has been outlined; it can be used to estimate the
temperature asymmetry in such systems.

When the helix radius of curvature is small, the pipe radius
is large, and the Reynolds number is low, large differences
in inner and outer wall temperatures can exist in a helix
system. Under these circumstances, the complicated corrosion
and mass transfer processes in an In-pile Loop system of the

ANP type may be significantly influenced.
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APPENDIX

APPROXIMATE SOLUTION FOR THE RADIAL FLUID
TEMPERATURE STRUCTURE IN THE HELIX SYSTEM

In order to derive an exact temperature solution for the helix system
under study in this report (as was done for the pipe system in reference 3),
it would be necessary to have very detailed information about the complicated
hydrodynamic structure which is not available at this time. In addition to
the velocity distribution, the shear stress structure would also have to be
known in order to determine the eddy diffusivity distribution. In lieu of
an exact analysls, the following approximate solution is presented at this
time.

In order to determine the difference between the inner and outer wall
temperatures of the helix, the differences between the minimum fluid temper-
ature and the inner and outer wall temperatures were first calculated. This

t

step was carried out on the presumption that heat transfer in the "inner and
outer sectors" (see Figure 8) is not influenced significantly by heat trans-
fer in adjacent sectors. This postulate is a good one 1f the controlling
thermal resistances are in the flow layers adjacent to the duct walls; this
condition exists for the low Reynolds number system being considered. Further,
it 1s postulated that there is no peripheral heat transfer in the pipe wall.
The experimental velocity measurements in a pipe bend by Adler (reference
4) were extrapolated to the curvature condition of the ANP helix; the veloc-
ity profile through the inner and outer sectors of the helix is shown in Figure

9 expressed in terms of a ratio of local velocity to maximum velocity. The

velocity distribution for the inner flow sector (which is the important one
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from & heat transfer standpoint) was found to be representable by a 1/1.6
power law. The outer flow sector (which is of less importance from a heat
transfer standpoint) was represented by the usual 1/7 power law. The Reynolds
moduli for the inner and outer flow sectors were next evaluated in terms of

the pipe Reymolds number. From Figure 9, the sector radii were found to be,

]

r, 0.9D and r0 = 0.1D. The mean velocity to maximum velocity ratios for

the inner and outer sectors were calculated on the basis of the 1/1.6 and

1/7 power law velocity distributions, respectively, and were determined to be

u. u

B = —l~— = O-h?, and L2 - —;—— = 0.82. On the basis of flow continuity,
u 201)“' u 1'23
max max

the mean velocity over the whole flow cross section to the maximum velocity

= 0+5T7. _ Thus, the sector

Imax M 0.7
to pipe mean velocity ratios were found to be, == 5L§7

Hence, the desired Reynolds modull for the inner and outer flow sectors are

(Figure9) was estimated to be about,

o

0.82

o _ 0.82
and = = 5o

u,2r —
i1 047w 1.8D _ B
Re, = = o7 5 = 1.5 Re = 1.5 (8,900) = 13,300
U 2r =
0.8 0.2D
and Re_ = 0= O-S? u 0:2D _ .59 Re = 0.29 (8,900) = 2,580.

The volumetric heat source, W, was not quite uniform across the flow cross
sectional area in the glass helix system because the electric potential gradient
was not quite constant with radius from the helix center. The volume heat source
in a differential volume is,

W= 3.413 %% (1)
where P is the electrical heat source and V is the volume. The electrical

heat source can be expressed as
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(ag)® _ (aE)®
dP = = 2
Re perh %%; (2)

The differential volume can be written in the form
vV = r, d®dA_ (3)
Upon substituting equations (2) and (3) into equation (1) and simplifying,

one obtains,

2
W= 'i' (rdg0> ()‘l‘)
Pe 'y
The angular voltage gradient in a helix is a constant and thus
constant
W= '—n‘—g— (5)
™

From equation (5) it was determined that the volume heat source in the fluid
at the inner wall was only 30 percent greater than the value at the apex of
the inner sector. Also, the volume heat source in the fluid at the outer wall
was only 7 percent smaller than the value at the apex of the outer sector.

Consequently, a uniform volume-heat-source distribution across the helix flow

cross-section equal to the mean value was used in the following analysis.

The boundary value problem being considered for each sector under establish-

ed flow conditions is defined as follows:

u(r)Wr Wr d dt
= - Cy:a;[(a+€)r'&;J
gy P
(6)
%% (r = T, ri) =0
t (r = rd) =ty

The radial heat flow in the helix system can be obtained by integrating the

differential equation of equations (6). The velocity distribution in the outer
flow sector possessed a 1/7 power-like velocity profile, therefore, the radial

heat flow solutions previously developed for the pipe system (reference 3) can
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be used. The radial heat flow distribution in the inner flow sector was
obtained by integrating the above differential equation utilizing a 1/1.6

power law velocity relationl,

~—/ (=) ¢ onjen +| 22

L.28 1.625 2.625| |.on + n°
—T-;l- [0.615 n - 0.381 n ]-f—{———i—_-ﬁ——]

elg

=
ml

(7)
Equation (7) was evaluated and is shown graphed in Figure 10 together with
the corresponding heat flow distribution in a pipe at a Reynolds number of
13,000 for purposes of comparison. The radial heat flow distribution for
the 1/1.6 power law is about 1.8 times greater2 than the corresponding quan-
tity for a pipe velocity distribution.

The differences between inner and outer wall temperatures were calculated
for the helix system for the specific conditions, Re = 8,900, Pr = 5.k,

3

W= 3.65 x 10° Btu/hr ft°, D = 1/12 ft, and k = 0.33 Btu/hr £t° (°r/ft).

Inner Sector Calculation

It is presumed that the eddy diffusivity structure in the sector is unique-
ly define@ by the Reynolds number and geometry of the system. Consequently the
results of the previous pipe analysis (references 3 and 5) can be used if they
are modified to account for the fact that the radial heat flow for the 1/1.6

power law sector system is on the average 1.8 times greater than that for a pipe

1. The velocity function of the inner flow sector is represented by the expres-
1/1.6

sion, u = 2.14 Un

2. This 1s & mean value which is weighted to account for the important thermal
reslstances in the vicinity of the sector wall.
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type of velocity structure. From Table 1 in reference 5, the dimensionless

difference between the wall and fluid centerline3 temperatures for the inner

N

sector conditions was found to be 3.8 x 10™ '+ Thus,

dgq
dA
Wri
t., -t —_ .
i ¢ 38510 2/ 1/1.6 vel. distr.
Wir? &
T wD
I pipe vel. distr.
+5 -5
or ty - tt = (3.8 x 1o'h) (3.65 x 10 (g.§g§2 x 10 7) (1.8) = 4.25° 7

Outer Sector Calculation

From Table 1 in reference 5, the dimensionless difference between the

wall and fluid centerline temperatures for the outer sector conditions was

found to be about k.8 x 107°. Thus,

t -t
,EL_Z?:£ = 4.8 x 1073
Wr
__9
n
or  t_ -t = (4.8 x103) {3:65% 10°) (693 x10°) _ 37° F
o~ ‘¢ : (0.33) )

Thus the difference between the inner and outer wall temperatures in the
established flow region of the helix for the specific conditions given above
is,

- — O 4
t; - to = 4,25 - 0,37 =3.9" F

This predicted temperature difference is within 12 percent of the experimental

temperature difference which was 4.4° F.  The comparision eppears in Figure 7.

3. Fluid centerline refers to the apex of the flow sector.
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