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OBJECT

Work was carried out in the following fields; pressure drop
calculations in heated channels, heat transfer in a fuel rod and obser-
vation of a LOBI (Loss of Boiling Investigation) test on a pump.

1.1 Pressure Drop Calculations

Earlier Tast year, a group of workers at WCL carried out over
fifty tests to study the premature heat transfer crisis in heated channels
covering a range of pressure values, subcooling temperatures, heat
fluxes, hydraulic diameters and flowrates. A1l these tests were carried
out in horizontal, electrically-heated channels, with either an orifice
or tubing to provide the outlet feeder resistance.

The prime objective of these tests was to determine the adequacy
of using a pump with flat head characteristics and a single channel to
simulate a multi-parallel channel system. If successful, this would
allow single channel results to be used to predict multi-channel dynamics.
A schematic diagram of the experimental set-up is shown in Fig. (1).

Therefore, a series of pressure drop calculations was done to
see how theoretical values are compared to the experimentally measured
readings. Also, graphs of single and two-phase flow were plotted for
each test. Fig. (2) shows a typical curve of a test in single and
two-phase flow conditions, where the total pressure drop is plotted
versus flow rate. Test data with the same conditions'but having one

of the parameters different, were also plotted on a single graph to



see the effect of changes of that particular parameter. Fig. (3)
shows a comparison of this type.
It has been found for the single phase pressure drops, that

“calculations based on either the imperical friction factor formula,

namely,
£ = 0.0014 + 9-_[‘)%
Re™
or
¢ . 0.079]
ReO.ZS

gave lower values than the experimental readings. Therefore, some
modifications had to be done to the friction factor to give consistant
results with the experimental data. For example, in the channel region,
the first term in the first formula was increased to 0.0016, and it

was found that calculations based on this modified friction factor were
within 10% of the measured data in all tests. Also, it was checked

that frictioﬁ factors calculated in this way would lie within reasonable
values on the Moody diagram (a graph of friction factor versus Reynolds
number) for all conditions.

For pre-channel and post-channel conditions, a different friction
factor formula had to be used in order to take into account all firction
losses due to bends, reducers, tubing or orifice meter and turbine
flowmeter.

For the two-phase conditions, three different correlations
were used to estimate the pressure drops. These are Martinelli-Nelson,

Thom and HTFS (AECL) correlations. It has been found that the first



correlation gives higher values for the pressure drops compared to

the measured readings, whereas Thom's correlation gives lower values

than the measured ones. The last correlation gives values between the
measured and Martinelli-Nelson correlation. Possible cause for dis-
crepancies between measured and calculated values is that both Martinelli-
Nelson's and Thom's correlations were developed for mass flow rates
different from the mass flow rates used in these tests. Also, HTFS
correlation is valid for hydraulic diameters greater than the one used

in the tests. A sample of calculation using these correlations is

given in Appendix A.

1.2 Heat Transfer in a Fuel Rod

Heat transfer calculations in an electrically heated fuel rod
were carried out. The purpose of these calculations was to design
and estimate the power requirement of the heater for the most critical
situations; that is, when the material around the heater begins to
melt. The design will be used in future in tests related to critical
heat flux in reactors.

To calculate overall heat transfer, some temperature had to be
assumed on the outside surface of the fuel vod. (In this case it was
assumed to be 300°C). Also, a practical diameter for the heater was
assumed, (0.783 inch). A schematic cross-sectional view of the rod
arrangement is shown in Fig. 4.

Heat transfer due to conduction, convection and radiation was
calculated to estimate the power of the heater and to obtain the

maximum temperature which the rod elements near the centre can stand



without melting. Therefore, it was required to contact some companies
to get some information on materials suitable for the above design.
The materials investigated were, zirconia, alumina, thoria and brellia.
Complete information on the Tast two materials was not available, so
the choice was between zirconia and alumina. Although zirconia can
stand higher temperatures than alumina (about 4000°C for zirconia and
3500°C for alumina), the'cost was much higher. Therefore, the choice
fell on alumina and all the calculations were based on this material.
A sample calculation is given in Appendix B.

It was found that the effect of radiation heat transfer is not
very significant and calculations can be simplified greatly by neglecting
the radiation heat effect in this type of heat transfer problem.

1.3 LOBI Pump Tests

These are two-phase flow test which are called LOBI (Loss of
Boiling Investigations) pump tests.

Several tests on the characteristics of a pump (supplied by
EURATOM) and its behaviour under various flow conditions in the two-
phase flow region were carried out at WCL Taboratories. The purpose
of these tests was to simulate a rupture condition in a pipe and observe
the consequences. These tests are related to safety conditions in a
nuclear reactor.

Some of these tests were run for two or three days continuously,
and it was required to attend these tests and control or record some
of the test parameters. Three heaters which were enclosed in vertical

isolated pipings, provided the heat source, and the power on these



heaters was controlled manually and varied as required. Various
temperatures, such as in the pump bearing and pressures at various
points along the flow Tine were obtained, and the speed of the pump

was controlled manually and adjusted as required. Void fractions were
measured using two gamma-densitometers situated at the inlet and at the
outlet of the pump. A1l experimental data were recorded by a computer

when steady-state conditions were obtained.



CONCLUSIONS

Theoretical pressure drop calculations based on the imperical
friction factor formula will give Tower values than the experimental
readings. Therefore some modifications needed on friction factor
value to match the two. cases. Heat transfer calculations in a heated
fuel rod have shown that the contribution of radiation heat is very
small and therefore it can be neglected in this case and in similar

cases.
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FIG. 4. CROSS-SECTIONAL VIEW OF THE FUEL ROD



APPENDIX A

The following are sample calculations of two-phase pressure
drops in the heated channel.
Test data:
Exit quality, x = 24.3%
Coolent flow rate, Q = 0.224 kg/sec
Coolent inlet temperature = 210°C
Coolent inlet pressure, Pin = 6273.7 KPa
Hydraulic diameter of the channel, Dy, = 3.87 x 1073 m
Chénne] length = 4 m
Power, q = 160 KW

Measured pressure drop across the channel = 131 KPa

R R 3 2
Mass flow rate, -G = X-sec area 1.76 x 10 kg/m"~ sec

Solution:

To find the friction factor, the following formula was used:

0.125
f =0.0014 + ——=5
Re.32

From steam tables:

Wo1gec = 127.9 1078 kg/m sec

v = 1.1726 x 1073 m3/kg

2210°C

12
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6D
, M
_1.76 x 105 x 3.87 x 107°
127.9 x 107°

- 53254

v f = 0.0014 + 2125
53254
= 0.00524

Assuming the pressure drop in the channel is single phase only,

then:
2
9E.= 2fG V2
dz Dh
3,2 -3
_ 2 x 0.00524 x (1.76 x 10°)" x 1.1726 x 10
3.87 x 1073

9.84 KPa
For uniform pressure drop, AP along the channel length, we get:

AP = 9.84 x 4 = 39.36 KPa

.. Outlet pressure, Pout = 6273.7 - 39.36

6234.34 KPa
From steam tables,

Enthalpy at the outlet, h = 1226.7 KJ/kg

out
Enthalpy at the inlet (at 210°C), hin = 897.7 KJ/kg
.". Maximum heat removed = Q(hOut - hin)

i

0.224 (1226.7 - 897.7)
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Qrax - 73.7 KW

.+ Some boiling is required to remove the input power of 160 KW.
Assuming a uniform heat distribution, then if Z is the single

phase Tength, then:

_73.7 _
Z= T60 x4 =1.8n

., The two-phase length, L = 4 - 1.84 = 2.16 m

'.Single phase pressure drop, AF%P is given by:

.

AP 1.84 x 9.84

SP
18.1 KPa

The pressure at the inlet of the two-phase region, PTP is therefore:
in

P

1]

. = 6273.7 - 18.1
n

it

6255.6 KPa

Properties at this pressure are, (from steam tables):

u, = 98.144 x 107 Kg/msec

L= 18.66 x 10°° Kg/msec

g
v, = 1.3268 x 107 m3/kg
Vg = 31111 X 1073 w/kg

The followings are the three correlations used to calculate
theoretical pressure drop across the channel.

1 - HTFS (AECL) correlation [4]




15

Reg = Gth
Mg
_1.76 x 10° x 0.243 x 3.87 x 107°
18.66 x 10°°
- 3.8699 x 10
G(]-x)Dh
Re, = ——o"f
L u
: 2
3 -3
_1.76 x 103(1-0.243) x 3.87 x 10
98.144 x 10°°
= 5.2536 x 107
Now £=0.0014 + 0"%2
Re"
fg = 0.0014 + 2122
Re °
g
= 0.00466
) 0.125
f, = 0.0014 + -
2
= 0.00526
2 2
[QE_]=2fGXVg
dz D
3.2 2 -3
_ 2 x 0.00466(1.76 x 10°)° x 0.243° x 31.111 x 10
3.87 x 1073

1.3704 x 10% Pa/m
2f, GZ‘(1-x)2v

[ %g'} ) D -

2 h



http:0.00466(1.76
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2 1.3268 x 1073

gE'] 2 % 0.00526 x (1.76 x 10°)(1 = 0.243)
% 3.87 x 1073

= 6.402 x 10° Pa/m

L, @0

1/2
(6.402 x 10° |

1.3704 x 10%)

= 0.6835
f1(6) = 28 - 0.3 /G
=28 -0.3/1.76 x 10°
= 15.414
0.2
(2
I
g - ¥g
3 0.2
_ 1.3268 x 10 [ 98.144 x 10 ]
31.111 x 1073 L 18.66 x 107°
= 0.0594
T (log A + 2.5)2
T1 = exp - k! _4' ]
2.4 - 107% g

" (log 0.0594 + 2.5)% }
3

= exp i
L 2.4 -170  x1.76 x 10

= 0.482

C=-2+ f1(G)T]

1

2 + 15.414 x 0.482 = 5.43



Re

L0

t)

C 1
1+ S+ L
X X2
5.43 1
S T S
Rk I—
T+ 7.944 + 2.141
11.085
6D
Hy
_1.76 x 10° x 3.87 x 107°
98.144 x 1073
6.94 x 10*
0.125
0.0014 +
(6.94 x 10%)-32
0.00493
f
(1—X)2{L—
2
0
2 0.00526
0.757" X 550493
0.611
2
o Tp
11.085 x 0.611
6.773
2. 2
2 G2V ¢
Q’O ,Q,,Q,O
D
3,2
2 x 0.00493 x (1.76x10°)

17

x 1.3268 x 10~

3

X 6.773

3.87 x 107

3
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dp .
- = 70.92 KPa/m

" (AP 70.92 x 2.16

¢

TP)friction

153.19 KPa

AP = AP, *+ (AP

TOTAL Sp + (ap

TP)f TP)acc

18.1 + 153.19 + 11.92

(using pressure drop due to acceleration, (AP from Martinelli-

TP)acc
Nelson correlation, see later)

2. Martinelli-Nelson Correlation

The two-phase pressure drop due to friction and acceleration in

a horizontal pipe is given by:

_ 2 L 2 2
APyp = 2f G7 v, 5;'[¢0] + Gy, [r2]

X
where [¢g] = two-phase frictional multiplier = %-J ¢§de
0

[rz] = acceleration pressure drop multiplier for boiling flow of
water and steam.
From Figs. 2.5 and 2.7, ref. [1], for inlet pressure of 6255.6 KPa we
get:
24 _ -
[6g] = 5.9 and [r,] = 2.9

Using average friction factor,

_ 0.00526 + 0.00466
av 2

0.00496

1
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32 . (1.3268 x 10°

AP

2 x 0.00496 x (1.76 x 10 3y x2.16 .

P 3.87 x 10

x 5.9 + (1.76 x 105)% x (1.3268 x 10™3) x 2.9

134 x 10° + 11.92 x 10° Pa

145.92 KPa

SO AP = APep + AP

TOTAL SP TP

18.1 + 145.92

1]

163.02 KPa

3. Thom's Correlation

The two-phase pressure drop due to friction and momentum in a
horizontal pipe using this correlation is the same as Martinelli-Nelson

correlation, except that the values of the multipliers are different.

2

. : _ L 2 2
f.e. APgp = 26" v, 5;—[¢0] + 67V, [rz]

From Figs. 7 and Fig. 9, ref. [3]

24 _ _

[¢0] - [r3] - 3-5

[r2] = 3.7

“ APy = 2 x 0.00496 x (1.76 x 10%)% x (1.3268 x 107) x —=18

3.87 x 10
3,2 -3
x 3.5+ (1.76 x 10°)°(1.3268 x 10 ~) x 3.7
= 79.5 x 10° + 15.21 x 10° Pa

94.71 KPa



S AP

TOTAL

20

= APgp * APpp

18.1 + 94.7
112.8 KPa



APPENDIX B

Heat Transfer in a Fuel Rod

Referring to Fig. 4, consider first heat transfer due to
conduction and convection only.
Assuptions:
(a) Surface temperature of the fuel rod is maintained at 300°C
(b) Maximum temperature at the centre is 2900°K

1. Inner Sheath Temperature, T6

r
= 4 _S
Te =T * o ¢
C 6
where 's' refers to surface
q = power input in KW/m
5: = thermal conductivity of Zr
= 0.01276 KW/m°K
n s
LT =573+ 4 50 576.01278
ffT6 = 573 + 1.773q T TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

2. OQuter Pellet Temperature, T5

_ 1
5= Tg +d 2wr6ﬁ gap

where hgap is thermal convective heat transfer coefficient

21
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Nu x Kf
h = —
gap D
where Nu = Nusset number
=5
Kf = thermal conductivity

Ke = 0.251 x 1073 KW/m°K (at 700°K-assumed)
= gap spacing in meters
b= 5x0.251 x 107 o 20
" gap 0.003 )
39.37
T =T, 4 q 1
0 T2y 25,4 x 1073) x 16.47

(573 + 1.773q) + 1.8q

573 + 3,57 q =-mmm=mmmmmmmmmmmmm e oo

3. Inner Pellet Temperature, T4

‘ 1 Vs
T4=T5+q—2?K—p—2nq
(K, = 3.116 x 1073 Ki/mK at 1350°K-assumed)
413
T T i 260

2r x 3.116 x 10~

(573 + 3.57q) + 23.64q

573 + 27.2q —mmmmmmmm oo oo oo

4, Quter Insulation Temperature, T3

1

T:T +q______
3 2mrgh'gap
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Nu x K%

h' ='*‘——D—r-‘-

Kt = 0.429 x 1073 Ku/meK (at 1250°K - assumed)

Sy . 5.x0.429 x 107
7 gap 0.0025
39.37

0

33.78 Ki/m2°K

Ty Ty

q
2ﬂ(94%§-x 25.4 x 1073) x 33.78

NN

(573 + 27.2 q) + 1.429 q

573 + 28.63  =-=m-=m==mmmmmmmmmmmm oo mmmms

5. Inner Insulation Temperature, T2

r

- a4 .4 3

T2 T3 + 5% an r2
- q .255
T3 % 57 x 0.005 ¥ 785

"

(573 + 28.63 q) + 10.22 g

573 + 38,85 G —mmmm=mmmmmmmmmmm oo

6. Quter Coil Surface, T1

T, =T

1 2

9 1
* o h"gap
2
Nu x K"
it - f
h gap = v

K"e = 0.620 x 1073 Ki/m°K, (at 2000°K-assumed)

_5x0.620 x 1073

gap =001
39.37

) hll
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= 122.0 Ki/m>°K

1
x 25.4 x 107

T, = T2 +q

1 85

2

o (- 3y x 122

(573 + 38.85 q) + 0.561 g

573 + 39.41  mmcmmmmmmmmmmmmmmc e cmmmmmm e

For maximum temperature of T1 = 2900°K we get

2900 = 573 + 39.41 q

_ 2327
39.41

59 KW/m
If the insulating material used around the heater is the
alumina, with a melting point approximately 2000°C, Tet us check the

temperature of the alumina, T2 using above results:

= 9 _
We have, T1 T2 + 2wr2h“gap
2900 = Ty + ——ge—— -
Zw('2 X 25.4 x 107°)122
= T2 + 59 x 0.561
[.TZ = 2900 - 35
= 2865°K

This is obviously much higher than the M.P. of alumina. Therefore
using the M.P. value (2273°K ) we get:

T 2273 + 0.561 x 59

1

n

2306°K max. temperature at centre.
The new value of q will therefore be:

2306 = 573 + 39.41q (using equation in (6))



1733
=97 397
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= 44 KW/m

To check this value to see whether it is agreeable with the

" heat equation, we have:

Tmax

which is very close. Therefore we will assume that Tmax =T

n

2273 + 0.561 x 44
2298°K

1° 2300°K.

Now in the following lines, heat transfer due to radiation will

be included in the above equations.

Heat radiated between two concentric cylinders is given by:

92

where,

12

where M2=

oA (T3 - T3)
[7]
1, M
S il A
!

= rate of heat transfer, Watts

Stefan-Boltzmann constant
5.669 x 1070 w/moek?
surface area, m2
emiésivity

temperature, °K

3 1 4
= Ky (Ty = T))
GA]

7
1 11
Logdd o
€1 Ay ey

Using values shown in Fig. 4, we get:
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3

_5.669 x 107 x 7 x 0.184 x 25.4 x 107°L

K
12 T, 0.18

1
75+ 255 g3 - 1)

where L is the length of the fuel rod.
-11

= Ky, = 22.7 x 1071
Similarly,
_ -1
Kyq = 31.096 x 107 'L
and
K.. = 86.430 x 10711L
56 :
. ) 4 4
Radiated heat 15 = Ky (T] - TZ)
= 22.7 x 10711 L (2300% - 2273%
= 0.29 L Xy
= 0.29 Ki/m
9% 7 9% 92
= 44 + 0.29
= 44.29 Ki/m
T, = 573 + 28.63 x 44.29
- 1841°K
Ty = 573 + 27.2 x 44.29
T, = 1778°K
) 44
930 = Kyy (T3 - Ty)
= 0.47 Ki/m
5 = 93 * 934
- 44.76 KW/m

Te = 573 + 3.57 x 44.76
= 732.8°K
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T6 =573 + 1.773 x 44.76
= 652.4°K

56 = Ks6 (Tg B Tg)
= 0.09 KW/m

droTAL = 97 T 95 T 956
44.85 Ki/m

. Radiation effect ~ 0.85 Ki/m
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