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NOMENCLATURE

area
critical heat flux
specific heat

mass flux

solder layer thickness

heat content

heat transfer coefficient

thermal conductivity

mean thermal conductivity, defined in Eq. (16)

length of test section

total number of nodal points in radial direction
heat transfer rate

heat flux (or heat transfer rate per unit area)
radial coordinate

temperature

thermocouple

time

axial coordinate

thermal diffusivity
radial increment
inlet degree of subcooling

time increment
axial increment
tubing thickness
density

boiling heat flux

vin

Subscripts

amb

c

i

in

J

n

out
sat

Lad

~

ambient

copper

nodal point index in radial direction; initial condition
inner wall

nodal point index in axial direction
nth nodal point in radial direction
outer wall

saturated

tubing material

wood's metal

Zircaloy



TRANSITION BOILING HEAT TRANSFER
IN FORCED VERTICAL FLOW
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K. T. Heng, S. Roy, and K. T. Poon

ABSTRACT

The study using high thermal capacity and inertia test
sections to construct boiling curves for distilled water at
atmospheric conditions has been continuing for the third year.

In order to investigate the effect of heated surface thermal
properties, boiling curves were generated from various composite
test sections using one-dimensional three-layer model. A general
empirical correlation including the effect of thermal properties
as well as mass flux and inlet subcooling has been proposed. The
earlier two-dimensional model, considering axial conduction, was
modified and an application in Inconel-copper composite test
section demonstrated.

An investigation for the surface wetted area during transition
boiling based on the electric probe study was conducted.
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[.1

DERIVATION OF TWO MODELS

In the earlier version of 2-D model [1,2], certain simplification
was nmade in connection with perfect insulation assumption, e.g. Eq.
(11) of [1,2]. This will be further discussed in Section I.1.1.

As a result, it artificially increases the local boiling heat flux,
especially near the entrance and exit of the test section. For
improvement, a more realistic boundary condition will be considered
here. A modified 2-D model will be derived first, followed by ap-
plication in Inconel-copper composite test sections. Detailed
analysis of local axial heat flux at various radial locations will

also be included. Finally, a special case incorporating the solder

layer effect in composite test sections, such as Zircaloy-copper

test section, will be presented.

Modified Two-Dimensional Model

For the purpose of derivation, a typical composite test section
and its nodal network are shown in Figs. 1 and 2. The net heat trans-
fer Qj from a given section j (inside the test section as shown
in Fig. 2) to the fluid at time t can be expressed as the rate of
change in heat ccntent Hj of that section, plus axial conduction
from neighboring sections at the same time -  Note that the heat
loss through the outer wall is very small, hence it can be neglected

in the calculation of Qj'
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NJ can be expressed as

Tout
HJ(z.t) -0 ¢ A2 g 2nr Ti.j dr (1)

rin

The function T(r,z,t) 1s obtained as the solution to the two

dimensional Fourier equation in cylindrical coordinates:

W 3 3Ty 1, 3T, 3 . 3T (
et~ ko) *rlkgp) e z (k37 (2)

and is subject to the following initial and boundary cenditions:
(1) T=7(r,z,0) ... The initial test section temperatures are

measured by the thermocouples, for simplicity, an average

value is used. (3)
(2) T(ry, z;) = T.C. 2, (M<ie?) (4)

where r, and zJ are the coordinates of data thermocouple

T.C. 2,j.
(3 -k %% ) =MThs  Tams) (Tsis?) (5)
™ Yout
@ -kX)y “nr.-T.,) (3<i<n) (6)
c 3z >0 amb ¥4 - -
aT .
(5) -ke3z)  =MT ;- Tum) (3<1c<n) (7)

The solution of Eq. (2) can be obtained by reducing it to a system
of linear first-order differential equations in t. Thi- is achieved by
discretizing along both r-direction and z-direction as shown in Fig. 2

using the approximation

3 Ti.l_TM.J (t)_- Tiq.q (V) 14/7 108 "
r 2ar

2T T (t) - 2T, .(t) + T (t)
i - 1-] .J i"l 1*]41
aré o (ar)< (9)




and

327 To o o(t) = 2T, (t) + T, . .(t)
1, _ 'i,4-1 i,4 i,4+1
el -l Taz)? (10)

Using Eq. (8) to (10), the following system of equations can be
inferred from Eq. (2).

74 [NJJ'ZHA'TVLJ]+E%THI EERE
t %

(ar)® Ty aAr
T 3 PRE PN
+ o[ atlppprlal—tael | e

(3cicn1cjc7)
where

Py = Pip * 8¢ (1-20r

The three boundary conditions, Eq. (5) to (7), can also be discretized

in the following forms:

k T -T T -T
C n_j n'lnz n+1 1.1 n,Jj - o
- ( ar * Ar ) h(TnJ 1'amb) (12)
(M<j<7?)
k T -7 T - T
-3 maz o mAz 1 = MTamp = T4,1) (13)
(3<1iz<n)
k T -T T -T
¢ Aty S UL ) it 5 - T i
(3<1iz<n)

The imaginary temperatures Tm] j* Ti 0 and Ti 8 in Eq. (11) can be
eliminated by using Egqs. (12), (13) and (11). . .
‘ 5/_’_ ] U



Eq. (11)contains a system of 7x(n-2) equations with the same number
of unknowns in Ti.J(3 <ien;1¢j<7). Once Ti,J have been
solved and de.J/dt determined from experimental data, the inner wall
temperature 71.3 can then be calculated in the following Fourier
equation based on the nodal point (2,j)

[': - (r; 'i‘)z] otcg +[(r2 + QE )2 - r: Joc. dTs .
(rp + AE ) - (rp - %-)2 o

T i -T I { i -T
kc 2 ar ~ad Ky : B 1d

T -T T - T
g sy, DT,
ra Cc ar - §

?(Ar +6)
T -2,  + T
. kl! [i&-‘irA_zT;.ul__ztt]] (] <j< 7) : (]5)
2 8 Ar 2
-(rp, - 52 . 2 .
where k= k [r2 - (2 2 )] + k [(rz « X rz ] (16)

Pl g5 - (ra-§) (e 852 (rp - § )2

Eq. (16) is the expression of mean thermal conductivity based on the Ohm's
law in laminae parallel. In solving Eq. (15), T, 0 and T, g are needed.
Since these temperatures are not available, they can be extrapolated from

three neighbouring interior nodal points in the z-direction.
Eq. (1), expressed in terms of summztion, becomes

Hj - 2nAZ [0.5 Tl.j Fin sotct + 0.5 Tz,j(rin + 8)8 p,C

t't
n-1
*0.5 T, 4(ry + 8)arpc. + ( ) Ty, Tiarec) +0.5T ,roar PeC)
i=3

(17)
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The expression of net heat flux qJ (based on inner wall area) fror

section j through plane j to the fluid in terms of HJ and a ial

conduction is:

“ 1 dH 3
9 r“‘?t‘t*"m.s es )

in
dh
1
=g & Yy Yy )

where QJ’] j the axial conduction from section j + 1 to section j,

can be expressed as

Q1,5 = 25 (0.5 ryp 8ky(Ty juq = Ta g) + 0.5(r; + 6)8ky(Ty 40q = T2 j)

n-1
i’ .
+ 0.5("1" + 6) Ar kC‘TZ.J*] - Tz’J) + Z riar kC(Ti.J"l - Ti.,j)
i=-3
+ 0.5 r, or kc(Tn.j+l - Tn,J)] (19)
Qj j-1 can be obtained in a similar manner.
The net heat flux qj can be approximated by
« . Y2 g=Tig
qy = ky 7 (20)

It has been found that 9 calculated from Eq. (20) in general results

in less than 10% error compared to that of Eq.(18).



[.1.1

Application in Inconel-Copper Composite Test Sections

A typical Inconel-copper composite test section is shown in
Fig. 1 and its nodal network is shown in Fig. 2. Since T.C. 2,]
and T.C. 2,7 are not available, it has to rely on approximate
values. After studying the trend of axial data thermocouple tempera-
ture distribution [1,3], one can estimate T.C. 2,1 by extrapola-
tion from three interior points (T7.C. 2,2, T.C. 2,3 and T.C. 2,4).
T.C. 2,7 can be obtained in a similar fashion. Because of this
approximation, it is more reaconable to obtain T].] and T]'7
by extrapolating from thre< axial interior points instead of Eq. (15).
It is believed that all these extrapolations may affect slightly the
resultant boiling curves on plane 1 and 7. This definitely is a vast

improvement over the earlier model [1,2] which assumed T,  , =T

i.]
and T1 6~ Ti 7 (1 <i <n) (implying T.C, 2,1 = T.C. 2,2 and

i,2

T.C. 2,6 = T.C. 2,7) 1in connection with perfect insulation assump-

tion.

A1l calculations were performed via CSMP computer package. The
Runge-Kutta fixed-step size method has been used in numerical inte-
gration with selection of n=9 and at = 0.1 sec and its conver-
gency checked. NLFGEN function generation (non-linear function
generation) capability of CSMP was used to generate Tz’j from
measured data and DERIV (derivative) module used to compute de’j/dt

from T, j and dHJ/dt from HJ. The heat transfer coefficient h
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was set equal to 18 W/m2°C which has been determined experimentally
under a no-flow condition. All the thermal properties used in this

report are presented in Table I.

A typical set of boiling curves for a mass flux of 136 kg/m?s
and an inlet subcooling of 13.9%C from 1500 run series was construc-
ted using the modified 2-D analysis as shown in Fig. 3. For obvious
reasons, plane 1 and 7 boiling curves are not shown. A large spread
in boiling curves is noticed for the 2-D analysis. However, the
spread is somewhat reduced in comparison with the results of earlier
model (1,3]. This is due to the removal of the simplification asso:
ciated with perfect insulation assumption. The higher values of
boiling curves on plane 2 and 3 are attributed to (a) Tlower bulk
fluid temperature, (b) thermal boundary layer not being fully
astablished, and (c) end effects. Other discussion of the 2-D and

1-D results is presentru :n [1.2,3], and will not be repeated here.

In order to gain some insight into axial conduction, the local
axial heat flux will be analyzed. The local axial heat flux at
nodal point (i,j) from section j + 1 to section j can be expres-

sed as

- T,

T
PR (21)

G
941,5(1) K ¥:

and similarly, q‘1 j-1(4) becomes

T, . - T
K 1. i,j-1 (22)

%,3-1(4) © Az
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For the purpose of comparison, the average local radial heat flux at

nodal point (i,j) can be defined and written as

T - T. . -T
| . N PTR  X Thall C ULL C ald 2S
7 441, 1) " Y,i-15) )~z (K AT s )

(3 <1<n) (23a)

T - T T -T.
] + _l 1+]:J 11.1 * i:j 1'11.’
7 Qiayigg) * %,ia5) " 2k o k ; )

(1 =2) (23b)

Fig. 4 presents the local axial heat flux at the mid-section at
185 sec and 213 sec, and the average local radial heat flux is also
include” for comparison. At 185 sec, the corresponding wall tempera-
ture is 284°C which represents a typical state in transition boiling
régime (see plane 4 boiling curve in Fig. 3). Whereas, at 213 sec,
the corresponding wall temperature is 200°C which is very close to
CHF. Additional local axial heat flux at 108 sec (T =367°C) and
199 sec (Tw =258%C) is presented in Fig. 5. Following observations
referring to the mid-section (Figs. 4and 5), can be made:
(a) The local axial heat flux from above (qj+],j(i))
and below (qj,j-1(1)) at 185 sec is approximately
the same as that at 213 sec. This, in fact, is the
case for the most transition boiling régime covering
the wall temperature between 320°C and CHF. Above

320°C, the local axial heat flux is smallar. At all
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times, the minimum local axial heat flux occurs at
nodal point 1 due to low thermal conductivity of tubing
material, whereas, the highest local axial heat flux
occurs at nodal point 2.

(b) At 185 sec, the net local axial heat flux is relatively
large in comparison with the average local radial heat
flux especially at the nodal points 2 and 3. Whereas,
at the nodal point 1, the net local axial heat flux is
relatively small by virtue of Tow thermal conductivity
value of tubing material.

(c) At 213 sec, the net local axial heat flux is relatively
small in comparison with the average local radial heat

flux.

[.2 One Dimensional Three-Layer Model

For certain types of composite test sections, e.g. Zircaloy-
copper test sections, due to problems in brazing copper to Zircaloy,
a liquid metal gland (wood's metal) was used instead to provide
good thermal contact between the two materials as shown in Fig. 6.
Note that wood's metal is in the liquid state (melting point 70°¢)
at test conditions. It is, therefore, suspected that the data
thermocouple T.C. 1 (Fig. 6), may not be maintained at the interface
position of the tube and wood's metal. As a result, a new thermo-
couple T.C. 2 was used for the data thermocouple in this application.

T.C. 2 is located on the copper side, but very close to the interface
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10

of wood's metal and copper. It was found out later that the
temperature measured at T.C. 1 location, is much higher than
that predicted. This is to confirm the earlier suspicion about

the measurement of T.C. 1.

For simplicity, the 1-D model (twc-layer) [4], after some
modification was used in data reduction. Because of the location
of the new data thermocouple T.C. 2, the low value of thermal con-
ductivity of wood's metal (Table I) and its thickness (almost three
times thicker than silver solder), the effect of solder layer has
to be included in the analysis. The derivation for 1-D thre: layer
analysis in this case is essential, the same as that of 2-D case,
except two extrapolations (based on Fourier equation) are required

to determine the inner wall temperature.

For 1-D model, the Fourier equation on the copper side can be

obtained from Eq. (11) after neglecting axial conduction

&_Q(Ti-l'ZTi+Ti+IJ+°_c(T1+1'Ti-l)
dt ch (ar)= rs 2ar
(3<i<n)
where
Py =P, t8+g (i-2) ar
and
k. T -1 i
28 ¢ n-1 n+1 n ., .
"7 (T ’ v ) =T - Tom)

(24)

(25)



11

where Eq. (25) is the boundary condition at the outer wall of the
test section. A1l the symbols in this derivation are referred to

Fig. 6.

Equation (24) contains a system of n-2 equations with n-2

unknowns in Ti(3 <i<n), where T in the equation is to be

n+l
eliminated from Eq. (25). With Ti available and dT,/dt determined

from experimental data, T, can be calculated from the Fourier equa-

tion based on the nodal point 2

.2 2
lrz - (rz - g')ZJ O Sy ¢ [(r2 * A% )2 - vz Jocce

a2
(rp +55)2 - (rp - )2 dt
e LN TR RS (T
e - ]Ar win 9 +l ]_(k Il_il+k IL-_T.L) (26)
! (ar + g) rz2'c Ar wm g

With T, known and from which dT,/dt determined, the inner wall’
temperature T0 can then be computed from the Fourier equation based

on the nodal point 1

2
[r1 - (ry - %')ZJDZC + [(ry % )2

(ry+ 302 - (ry - )2

~N

2
- "1 ]pmcm g%L

§ 1 1
" E (kwm

_TLj_T.L+kzIJ._;_TO.) (27)
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Finally, the heat content of the test section H and the

average heat flux q to the fluid can be expressed as

H=2nL|0.5 T3rin5°zcz + 0.5 Tl(rin + 8)6o,C, ¢ 0.5 Tl(ri

n * 8)ee

n-1
wnCum” 0:5 Talry + 6 + glarp c + p3

=3
+ 0.5 annAroCCC) (28)

+ 0.5 Tz(rin* § +g)go

I dH

Bl =yl 7
2 rinL dt
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EXPERIMENTAL RESULTS FOR COMPOSITE TEST SECTIONS

During this report period eleven run series for composite test
sections were conducted, the specifications of test sections and
highlights of these run series are described in Table II and their
thermal properties used in calculations presented in Table I. Most
run series were analyzed via 1-D three-layer model using wood's

metal as a solder.

1600 Run Series (Inconel-copper) [5]

The Inconel-copper test section in 1600 series was specifically
constructed for steady-state operation. To ensure the boiling curve
covering the full range, more heaters with higher power rating were
used. The detailed test section configuration and controlling methods
are described in [6.7]and (6] appears in APPENDIX I. As seen from
Fig. 2, in Appendix I, good agreement between the transient and
steady-state results in film and transition boiling is observed.
However, it is noticed that the transient boiling curve in nucleate
boiling is shifted to higher wall temperatures. This is possibly
due to bubble clouding on the heated surface during quenching experi-
ments thus retarding the boiling heat transfer process. Since our
earlier copper transient and steady-state data in nucleate poiling
showed good agreement, thus it is suspected that the bubble clouding
may depend on the thermal properties of heating surface in general

and more specially depend on the thermal conductivity.
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I1.2 1700 and 1800 Run Series (Zircaloy-copper) [5,8]

These are first two Zircaloy-copper composite test sections
using wood's metal for soldering with a solder layer being 0.0178 c¢m
for 1700 run series and 0.025 cm for 1800 run series. Because of
problems in brazing copper to Zircaloy, wood's metal was used
instead to provide good thermal contact between the two materials.
The schematic diagram for the test section is shown in Fig. 7. To
ensure that no air was trapped when filling the gap, three evenly
spaced vents were drilled at the bottom of the test section for allow-
ing air to escape. These vents were plugged during the tests. At
the top of the test section, a recess containing an excess quantity
of wood's metal was provided to compensate for any possible leak of
wood's metal. A cylindrical enclosure was placed on the top of test
section with argon gas blown inside to minimize oxidation on the

surface of wood's metal in the recess during experiments.

Many different schemes were attempted in data reduction to
construct boiling curves using T.C. 1 or T.C. 2 as data thermocouple
(Fig. 7). At this time, 1-D three-layer model was not developed yet.
Some of these tries are shown in Fig. 8. All three boiling curves
in Fig. 8 show a similar trend. The boiling curve I was constructed
using 1-D two-layer analysis (assuming R ™ kc) with T.C. 1 as
data thermocouple; the boiling curve II was constructed in a same
way except kwm value being lumped into kc. Whereas, the boiling

curve III was obtained again via 1-D two-layer analysis, but using
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T.C. 2 as data thermocoupie instead with k value being lumped

into kz.

wm

The difficulties associated with data reduction in these series

can be attributed to:

(1)

(2)

(3)

Wood's metal melts (melting point 70°C) at the test
temperature range, in addition, during this range, the
value of k could vary from 25-50 N/moc.

The existence of contact resistance when using wood's
metal as a solder has been found in a separate experiment.
Unfortunately, this experimental result is only valid

for the test section temperature at about 100°C and,
therefore, it cannot be generalized to cover the entire
test temperature range. The presence of contact resist-
ance is thought td be due to (a) wetting character
betweer Zircaloy surface and wood's metal, (b) transition
of phase change for wood's metal, (c) violent shaking of
test section, especially near CHF, this shaking may pos-
sibly prevent the liquid wood's metal from completely
filling the gap, and (d) oxidation due to trapped air.
Because of the conditions described in (2), it is doubt-
ful that T.C. 1 can be maintained at close contact on

the outer Zircaloy tube as originally assumed.
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In light of the aforementioned uncertainties, (a) the lower
limit of k value of wood's metal is adopted in the analysis to
offset the contact resistance, and (b) T.C. 2 is chosen as data
T.C. instead of T.C. 1. As a result, the 1-D three-layer analysis

drived in Section 1.2 is required in data reduction.

Fig. 9 presents boiling curves for ATsub =13.9%C with
G = 68, 136 and 203 kg/m?s. Note that CHF's are lower, TCHF'S
higher and the minimum heat flux points unchanged in comparison
with those of Inconel-copper 1500 run series under the same flow
conditions. Another family of boiling curves for ATsub = 0%,

as illustrated in Fig. 10, shows a similar trend.

A simulation run was attempted to see the effect or a higher
value of k for wood's metal. Using k =50 W/m°C, the resultant
boiling curve shows i1ittle change with the exception that TCHF

occurs at 8°C higher wall temperature.

1900 Run Series (Inconel-copper) [9].

The purpose of this silver soldered test section was to compare the
boiling curves generated using three-layer and two-layer analyses
via T.C. 2 and T.C. 1 (Fig. 7), respectively. It has been found that
the resultant boiling curves based on these analyses give good
agreement as shown in Fig. 11. However, the overall boiling curves

are somewhat lower than those of 1500 run series. This is because
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the test section was soldered first by wood's metal to study the
affect of wood's metal soldering on resultant boiling curves.
After that, it was cleaned and resoldered by silver solder, as a
result, due possibly to some residual wood's metal or changing

surface conditions, it could not reproduce 1500 run series results.

Note that T.C. 1 is located at the interface between the tube
and solder and it remains there under the test conditions due to
silver soldering. This may not be true in the case of wood's metal
soldering. Thus, it is concluded that whenever wood's metal is
used as a solder, the 1-D three-layer analysis will be employed with

T.C. 2 as the data thermocouple.

2000 Run Series (Zircaloy-copper) [9].

The "shrink fit" method was attempted in constructing this test
section with the bore inside the copper block being 0.0152 cm smaller
than the tube diameter. The copper block temperature was raised to
a "red hot" condition (650°C) in a cylindrical enclosure with argon
gas circulated inside, before forced fitting. Apparently, due to
severe oxidation on Zircaloy surface and subsequent scale built up,

no quenching was observed in the ensuing experiments.

2100 Run Series (Zircaloy-copper) (9]

This is the third wood's metal soldered Zircaloy-copper compo-
site test section with a solder layer of 0.0356 cm. It was found out

in Section I11.6 that the gap size of 0.0356 cm is the optimum one in
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minimizing contact resistance. Nine complete runs were obtained;
Fig. 12 shows the effect of subcooling, whereas the effect of mass
flux is presented in Fig. 13. Note that the overall boiling curves
in this series are higher than those of 1700 run series, in which

the gap size of 0.0178 cm was used.

2200 and 2400 Run Series (Inconel-copper) [9].

These two test sections were constructed to study the effect of
wood's metal soldering and to find out the optimum gap size of
solder. The gap size is 0.0533 cm for 2200 run series test section
and 0.0356 cm for 2400 run series test section. Comparing boiling
curves among these two series and 1900 run series, it seems that the
2400 run series gives the highest overall boiling curves. Thus,
the gap size of 0.0356 cm apparently is the optimum value in
yielding minimum contact resistance. The boiling curve for 2400 run

series is shown in Fig. 14.

2300 Run Series (Aluminum-copper) [9].

2500 Run Series (Copper-copper) [9].

These two composite test sections were constructed to study
the effect of aluminum and copper heated surfaces using wood's
metal solder on boiling curves with the gap size of 0.0356 cm.
Their boiling curves are presented in Fig. 14. Due to high value
of thernal conductivity for both aluminum and copper, severe heat

losses were incurred at the piping connections. Separate heat
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losses tests were conducted at no-flow conditions. The boiling
curves presented in Fig. 14 have been corrected by subtracting

the heat losses.

I1.9 2700 Run Series (Brass-copper)

At this time, it was evident that wood's metal soldered compo-
site test sections could not produce satisfactory boiling curves due
to solder contact resistance. In order to see the effect of thermal
properties on boiling curves,a new material such as brass, which can
be silver soldered, was tested. A family of boiling curves for a

constant ATsub - 13.6°C, is illustrated in Fig. 15.

I1.10 Conclusions and Discussion

1. Good agreement has been cbserved between transient and steady-
state data for silver soldered Inconel-copper test section
(1600 run series) especially in the transition boiling regime.

2. For wood's metal soldered composite test cections, the optimum
gap size is 0.0356 in minimizing the effect of contact resistance.

3. For wood's metal soldered composite test sections, the 1-D
three-layer analysis using T.C. 2 as data thermocouple to
construct boiling curves proves to be most satisfactory.

4. A comparison for thermocouple signals from silver soldered
Inconel-copper composite test section and wood's metal soldered
Inconel-copper composite test section under same flow conditions
is shown in Fig. 16. A large fluctuation of thermocouple signal

at high heat flux region up to CHF for wood's metal soldered
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test section is observed. Apparently, the contact resistance

impedes the supply of hecat flow from neighbouring material,

thus causing a large, temporary lozal temperature drop. It

then requires some time to recover the temperature before

cooldown can be continued.

In light of 4., the boiling curves generated from wood's

metal soldered test section do not anticipate to have good

agreement with those of silver soldered results. This, in

fact, is the case as shown in Fig. 17. For comparison, the

boiling curve produced from wood's metal soldered copper-copper

test section is also shown in Fig. 17 along with that of copper

blrzk data. Again, large discrepancy between these two boiling

curves is observed.

Fig. 14 shows the comparison of boiling curves for four dif-

ferent heated surfaces, namely, Zircaloy, aluminum, Inconel and

copper, all using wood's metal solder with a constant thickness

of 0.0356 cm. This provides some qualitative observation on

the effects of thermal properties on boiling curves, i.e.,

(a)

(b)

The boiling curve on Zircaloy surface is very similar
to that on Inconel surface, this is expected as both
materials have the similar value of k. The same con-
clusion can be drawn on aluminium and copper surfaces.
The rewet temperature is dependent on the value of *k
of a heated surface -- the higher the value of kR the

lower the rewet temperature.
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(¢; A1l four boiling curves give the same value of CHF,
whereas TCHF shows a slight decrease with increasing k.

(d) The ocp effect on the boiling curves is not clear since
it never charges more than one order of magni.ude among
these four materials tested. However, it is believed
that pcp will influence the boiling curves in the same
way as k .

Based on the findings of 6., the boiling curves on Zircaloy

surface can be approximated by those of Inconel surface through

1500 run series.

The results for brass-copper composite test section will be

discussed in the next section (III. CORRELATIONS).

A comparison of 150C run series data with the correlations of

Hsu [10], Ramu and Weisman [11], and Tong [12], is shown in

Fig. 18. Hsu's correlation seems to give the best prediction.

Work has been continuing on the electric probe studies. A

recent development involving the fraction of surface wetted

area during transition boiling is presented in APPENDIX II [13}.
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CORRELATIONS

Most of the correlation studies up to this point has been
concentrated on empirical correlations due to simplicity. Two
separate empirical correlations for copper surface and Inconel
surface have been completed. A general empirical correlation

including the effect of thermal properties has been proposed.

Copper Empirical Lorrelation (5]

An empirical correlation based on 500 run series copper test

section data [1] has been developed as follows:
-1.71788
= 8 -
¢ = 6.565 x 10°(aT,,) exp(0.0177 aT, o + 0.00571 G) (30)

This correlation was derived based on 225 data points from nine

experimental runs with an rms error of 8.7%. A typical comparison

is shown in Fig. 19.

Inconel Empirical Correlation [5]

An empirical correlation based on 1500 run series Inconel-

copper composite test section data [1] has been developed as follows:

. 0.75 . 1
¢ = 0.820(5266.6(aT, ) 107910.0 aT_, . exp(-0.025 aT_,.)].
exp[(0.0045 aT  \ + 0.0005 G)in aT ] (31)

This correlation was derived based on 425 data points from nine

experimental runs with an rms error of 9.7%. A typical comparison

is shown in Fig. 20.
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I11.3 Development of General Empirical Correlation

111.3.1

In order to develop a general empirical correlation including
the effect of kpCp. boiling curves on at least three different
heated surfaces are required. Boiling curvas on copper surface
(500 run series) and Inconel surface (1500 run series) were
available. All wood's metal soldered test sections data at best
can only provide some qualitative effect of kocp on boiling
curves, therefire, they cannot be used for correlation purposes.
This prompts the construction of brass-coppercomposite test section
(2700 series). Unfortunately, brass cannot be siiver soldered with
copper as well as Inconel with copper. This casts some doubt about

the results. A brass block test section arrangement similar to

that of 500 copper run series seems worth trying at this point.

2800 Run Series (Brass block)

This test section is exactly the same as that of 500 copper run
series using the bracket arrangement to minimize axial heat loss
through both ends of the test section connections. A typical
family of bc*ling curves for a constant of ATsub =13.9% s
shown in Fig. 21. Note that some large drops of boiling curves
occur. It is believed that this is associated with the low value
of thermal conductivity of brass block. Fortunately, these drops
occur at difizrent wall temperatures for a fixed flow condition run.
In other words, several repeated runs are required to construct a

complete boiling curve under a given flow condition. For high

- 1372 129
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inlet subcooling and high mass flux conditions, only partial

transition boiling curves are obtainable.

2900 Run Series (Brass block)

This test section was constructed to produce steady-state data.
Work is still in progress, however, preliminary results show that

it agrees well with those of transient data from 2800 run series.

General Empirical Correlation

Fig. 22 shows the effect of kpcp on boiling curves. It is
apparently that the transition boiling curves shift upwards and
towards the right with a decrease value of kpcp. This is consistent
with the findings of wood's metal soldered test sections (Fig. 14).
With this in mind, the following preliminary general empirical cor-

relation has been proposed:

-5
¢ = 9.267x10%aT,_ )"+ 18910-0.22599x10 " Jkoc ) o 00 02012 oT,,

sat b

5770 )
Jkoc

+ 0.00393.G + (32)

P

This correlation was derived based on 601 data points with an
rms error of 12.65%. It consists of 225 points from 500 copper
run series, 223 points from 1500 Inconel-copper run series and 153
points from 2800 brass run series. Three different families of
boiling curves corresponding to three different heated surfaces

appear in Fig. 23 to 25.
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I[IT1.4 Conclusions and Discussion

1.

A1l three empirical correlations show good agreement with experi-
mental data. Continuous refinement for the general empirical
correlation undoubtedly will be required as more experimental
data become available.

An empirical correlation based on local equilibrium quality
rather than inlet subcooling is under investigation. It was felt
that this approach may be more useful in practical applications.
The rewetting for a lower kpcp material such as Inconel

occurs at a higher wall temperature as illus*--ted in Fig. 22.
This can be explained from the cold spot concept. The cold

spot is formed due to liquid droplets evaporating upon colli-
sion with wall and is thus associated with a momentary tempera-
ture drop. For a lower kpcp material, this sudden local
temperature drop can be quickly recovered only at a higher

wall temperature. Otherwise, the cold spot will take hold and
start spreading to initiate rewetting. Conversely, for a higher
kocp material, it can prevent the establishing and spreading

of cold spot at a lower wall temperature. Henry [14], and Yao
and Henry [15], found that for a lower kocp material, a higher
minimum film boiling temperature is required to sustain stable
film boiling.

A phenomenological approach starting from CHF would give a more
general and perhaps more accurate correlation, but the task is

certainly a very difficult one to say the least.
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IV. RECOMMENDATION FOR FUTURE WORK

In the next twelve-month period, the following aspects

of the studies will be conducted:

|

To refine the general empirical correlation, and to
derive a phenomenological correlation;

To produce boiling curves under slightly pressurized
conditions (< 200 psia), a proposed system is shown in
Fig. 26;

10 continue the work on electric probes.

- 1572 152
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TABLE I Thermal Properties of Heated Surfaces & Solders

Heated Surface k (W /m°C) p (kg/m3) cp (J/kg°C)

Copper 379 8938 385
Inconel 17 8169 435
Zircay 15 6549 316
Aluminium 222 2707 896
Brass (70% cu, 30% Zn) 144 8522 385
Solder

Silver solder 50 8938 * 385 *
Wood's metal 25 ** 9134 145 =

*  Assuming the property of copper

** Approximate value
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Table II

Tubing Dimension

1600

1700 &
1800

1900

2000

2100

2200 &
2400

2300

2500

2700

Inconel

Zircaloy

Inconel

Zircaloy

Zircaloy

Inconel

Aluminum

Copper

Brass

0.0. =1.27 cm
§ = 0,038 cm
g =0.013 cm

0.0. =1.31 cm
§ = 0.0559 cm
g = 0.0178 cm for
1700 series
g = 0.025 cm for
1800 series

0.0. =1.27 cm
6 =0.038 cm
g = 0.0178 cm

0.0. = 1.31 cm
8§ = 0.0559 cm

0.0. =1.31 ¢cm
§ = 0.0559 cm
g™= 0.0356 cm

0.0. = 1.27 cm
§ =0.038 cm
g = 0.0533 cm for
2200 series
g = 0.0356 cm for
2400 series

0.0. = 1.40 cm
§ = 0.0635 cm
g = 0.0356 cm

0.0. =1.27 cm
§ = 0.038 cm
g = 0.0356 cm

0.0, = 1.27 cm
§ = 0.038 cm
g=0.013 cm

Composite Test Sections

Solder

Silver
solder

Wood's
metal

Silver
solder

Wood's
metal

Wood's
retal

Wood's
metal

Wood's
metal

Silver
solder

Comment

24 heaters with 250

W to each; used for
both steady state and
transient runs

Using 1-D two-layer
and three-layer
analyses

To compare the results
of two-layer and thre:-
layer analyses using
silver solder

Using "shrink fit" with
the bore inside the
copper block being
0.0152 cm smaller than
0.D. of tube.

Using 1-D three-layer
analysis

Using 1-D three-layer
analysis

Using 1-D three-layer
analysis

Using 1-D three-layer
analysis

Using 1-D two-layer
analysis



TUBING MATERIAL
SILVER SOLDER/—CARTRIOGE HEATER

l

W

rf///
// A

///,

///

SSSSSSh

e T T .

NN

.

NN

\ NN "
\\~ .\\;‘\\‘ U T N

NN

/ Fr // / /
/
TC.2.4 // COPPER /]

" ’ ,////‘///l///,A

ONTC. 3,4

SN

‘\ W N .

\ \\x L\L.‘
;\

\\\
5
N \\ \\\\ %

/ e

i 1
T

\

L/
7
7

/

\

N
i, Y

NN\
N

\

AN NN
e N
S <0, T

T N
N N
N N\ \
N N N
o e
OSSOSOV N
\ \
WA
N

L\‘ \\\

N
o W W
a

S
b

NOTE:
fin =0.597cm

& =0.038cm
g =00127¢m

r, =0.635¢cm
'cu' 953Cm
L 5.08cm

Fig. 1. Location of Thermocouples in Inconel-
Copper Composite Test Section




32

PLANE 7 I R
PLANE 6 Mol Y2e ['se
|
T, T. T T| j
PLANE & 5] I'25 |'3s L SECTION j+!
’ T ‘5 T, | T T. -t
i i) iehj ¥
3 14l |24 B4 hi N0 [lieh B —FFSECT'ON i
N
)
T, T, T T, l
PLANE 3 | 1,3 53 13%3 hi-! i SECTION -1
, " T2l |22 |32 uisiad N
|
. Wl 12 T
-ol" ~~.| 6
."‘n'z o
Eamm——— 'i NOTE :
- fout Tz'i = TC- 2

Fig. 2.

Nodal Network for Two Dimensional
Model in Composite Test Section

1372 '38



HEAT FLUX @ (W/m?2)

661 2L

T T T T T 4 Al T T ! 1 1 U
COMPOSITE TEST SECTION (INCONEL - COPPER)

- TRANSIENT RUN WITH T;=450°C (INITIAL TEME) vl
RUN 1504
- ©  PLANE 6 1
o PLANE 5
- O PLANE 4 -
- 0 PLANE 3
B 89 ZD - [~.] PLANE 2 3
ow 2
o o 2 v
@ ]
o © s o
e o o A
6 s - R
10 o o o
= ° 5 @ =
- o o e wel
o o
- v B o -
- o 8 e -
Tl o
a ° i
= o
o )
v © o o
. & 4 o —
o < = o 't

|
(s}
Q
D
00
o

T
W e o " D
8 A i
e}y — -
'/A r”/'l o 2 1
= S A 1 —
| | ’ | | | | | 1 | 1 | | | ]
120 i60 200 240 280 320 360 400

WALL TEMPERATURE (°C)

Fig. 3. Boiling Curves of Distilled Water, 1500 Run Series for
G = 136 kg/m’s and T, = 13.9°C, Using 2-D Model

€€



(W/m?)

LOCAL HEAT FLUX

34

= T T T T T T
F RUN 1504  MID -PLANE
o t=185s t:=213s "
. o] (o) LOCAL AXIAL HEAT FLUX FROM ABOVE EQ.2i |
L] L] LOCAL AXIAL HEAT FLUX FROM BELOW, EQ.22
L e @ AVERAGE LOCAL RADIAL HEAT FLUX, EQ. 23
P
IO6 a2 4
L §
o O j
- o :
1 o .
. ‘
a
o 2 .
o : °
5 0 a
- o 3 .
" a . :
4 0 ° :
¢
L 8 ® -
t D n ;
&
o ¥
0
Q
r
a a
10 L l 1 l l 1 l ]
I 2 3 - 5 6 7 8 9
NODAL POINT
Fig. 4. Local Axial Heat Flux Distribution at Mid-Section

for Inconel-Copper Composite Test Section for
G = 136 kg/m?’s and AT, = 13.9°C (Part I)

1372 140



(w/m?)

HEAT FLUX

LOCAL

1 T T T T T 1
P RUN 1504  MID-PLANE )
- t=I08s t=199s -
=] 0 LOCAL AXIAL HEAT FLUX FROM ABOVE, EQ.2!
L . [ ] LOCAL AXIAL HEAT FLUX FROM BELOW, EQ. 22
@ @ LVERAGE LOCAL RADIAL HEAT FLUX, EQ. 23
6
10° | .
: 1
. 4
- J ~
- o -
= o -
i
i - O @ i
e .
@
3 @ 0
10 | 3
- - . @ -
: - ®) -1
- r‘ -4
$ . 8 ;
- () . g -
L ]
- @ (o) ‘g
o " -
N e @ =
(o) “
4 » :
10 | o
i . :
Y | | 1 | 1 | ks
I 2 3 4 5 6 7 8 9

35

NODAL POINT

Fig. 5. Local Axial Heat Flux Distribution at Mid-Section
for Inconel-Copper Composite Test Section for
G = 136 kg/m?’s and AT, = 13.9°C (Part II)

372\



36

CARTRIDGE HEATER

TUBING MATERIAL
/__

)
ol T Ta N T v !
! 4 LN
(o -
nt —
po- 1} ’IP.‘ 9
sl g Mo . =0.597
N —— . f;: = 0. cm
out . 8 =00553cm
g =0.0356cm
fourt =9.53 cm
L =503cm
T2 =T.C.2

Fig. 6. Zircaloy-Copper Composite Test Section
and Its Model Point Distribution

'\372 \&2



37

=)
PYREX GLASS iE
RECESS | §
1753 DIA 5
BORE SIZE :
.38 :
WOOD's r
ME TAL ~
. ‘ [ N N-—
\‘h “rl ] —  ARGON GAS
E
) ~AT.C.\ .
\ LT A THREE EVENLY
o % | | - SPACED VENTS
. 0. DIA
B W7 ASBESTOS
{! “H Y ,  PLATE
| 1.308 0.0. ZIRCALOY TUBE
| 0056 THICKNESS WITH
., CLEARANCE 0.036
——

ALL DIMENSION IN cm

Fig. 7. Detailed Zircaloy-Copper Composite Test Section

POOR ORIGINAL 312 14



ppl 2180

HEAT FLUX @ (W/m?)

440

» NSRS RN ST CRRNN NN HENE SHMc iy Da e cages i e
x ] o uSNG TC.1 AS DATA T.C. WITH NC CORRECTION MADE ON -
SOLDER THERMAL PROPERTIES
- Il & usng T.c.1 AS DATA T.C. WITH CORRECTION MADE ON -
SOLDER = HERMAL PROPERTIES

= -

© USING T.C.2 AS DATA T.C. WITH MADE

I SOLDER 'THERMAL PROPERTIES o -

— D -

a

% a0

F'aY o] g

10° |- 8 - -
" ) & 8 o -
= 8
iR 58 § 8 ]T
— o —
L__ —
,05 | © | 1 | ] | 1 L ] | ] ! | | |
120 160 200 240 280 320 360 400
WALL TEMPERATURE (°C)
Fig. 8. Boiling Curve for Distilled Water, 1700 Run

Series for G = 203 kg/m’s and AT = 13.9°C

sub

8t



TSN ¥oog

gy A%

(W/m?)

HEAT FLUX @

T I I I | 1 I 1 I 1 I | | i T
- COMPOSITE TEST SECTION (ZIRCALOY - COPPER ) il
TRANSIENT RUNS WITH T, = 500°C
B & RUN 1703 G = 68 kg/m?s
© RUN 1701 G =136 kg/m?s
O RUN 1702 G =203 kg/m?s
o
6 - 0
107 9 & 00 -
L a o —
(8] o] Pay 6
- o P Qo —
- a o S a g -l
A 3 .
8 § o
- a o)
- g .
oY
]
o
5
10 | e | | | ] | ] ! | | L1
120 160 200 240 280 320 360 400
WALL TEMPERATURE (°C)
Fig. 9. Boiling Curves for Distilled Water, 1700 Run Series for 2T = 13,9°C

sub

440

6€



%

(W/m?)

HEAT FLUX @

TIRE

: T I ) | I I | L . T | I T T !
- COMPOSITE TEST SECTION ( ZIRCALQOY - COPPER) il
TRANSIENT RUNS WITH T; = 500°C
¥ & RUN i709 G = 68 kg/m?s o
© RUN 1708 G =136 kg/m?s
O RUN 1707 G =203 kg/m?s
- 00 O o -
- (o) -
Ba s 5 @ R A © 00 o —
- o s @ a &80 - ]
- 8 = - 2 -
§ R
- o - o
e 2 a a
o 8 8 8 8
o
= —
8
r_ —
o
| | | * IO 1 1 | | I | L [ 1 1 |
120 160 200 260 280 320 360 400 440
WALL TEMPERATURE (°C)
Fig. 10. Boiling Curves for Distilled Water, 1700 Run Series for 4T g, = 0°C

oy



jylo2Lel

1 ! 1 1 1 T T 1 1 1 1 1 !
K COMPOSITE TEST SECTION (INCONEL-COPPER)
TRANSIENT RUN WITH T,:450°C “
- RUN i3I0 1
— O THREE -LAYER ANALYSIS —
R O TWO-LAYER ANALYSIS =
r— e
]
— o)
b 6 © o
£ w0 ° 3
?. ™ o o :1
S g (&] e —
§ L ° 8 ol
o o o 8
< - o ] - ‘@ o 8B 8 O = 8 g B 8 8 -T
; i 8 8 a 94?
" BT TATES e SN R TG (LA e T Tty NORIES
120 160 200 240 280 320 360 400

WALL TEMPERATURE (°C)

Fig. 11. Comparison of Boiling Curves for Three-layer and Two-layer
Analyses, 1900 Run Series for G = 136 kg/m®’s and ' Tg,p = 13.9°C

14



gyl 2LEY

HEAT FLUX @ (W/m?)

T T
u COMPQOSITE TEST SECTION (ZIRCALOY - COPPER) )
— TRANSIENT RUNS WITH T, =500°C ]
— [ RUN 2105 Olgyg = 0°C g
O RUN 2101 OTgp =13.9°C
- o RUN 2108 Olgyg =27.8°C —
— —
b -
o}
6 5 O
10 | o o o o} 1
- 8 o o O o i
L 5 o " © e
o & v
s - -
e 4o = l
o . o
5 ’ .
a
¥
— 0 =
.
5
10 L ' — i —
140 180 220 260 300 340 380 420

wALL TEMPERATURE (°C)

Fig. 12. Boiling Curves of Distilled Water, 2100 Run
Series for G = 136 kg/m’s, Using 1-D Model

v



ey CLe)

(W/m?2)

HEAT FLUX @

& RUN 2103 G = 68 kg/m?s
© RUN 2101 G = 136 kg/m?s
2l O RUN 2111 G =203 kg/mzs
o
: 0
o
|o - & (o] - =
- E o 1
— o
- o =
o
- Py o g @)
1 SR
# o} =}
L o o
Py
5 y
10 | 1 4 . 1 | L A |
140 180 220 260 300 340 380
WALL TEMPERATURE (°C)
Fig. 13. Boiling Curves of Distilled Water, 2100 Run

TRANSIENT RUNS WITH T, = 500°C

T

COMPOSITE TEST SECTION (ZIRCALOY - COPPER)

ey

Series for ATgyup = 13.9°C, Using 1-D Model

420



(W/m2)

HEAT FLUX

06\ 218\

12

1  § 1 T 1 1 1 1 1 T T T T T T T
TRANSIENT RUNS WITH T; =500°C
il (o] ZIRCALOY - CU RUN 2101
B & AL -Cu RUN 2301
O INCONEL - Cu RUN 2401
™ v S-cCu RUN 2501
6 w wae
10 | g & & = —
v
8 o 1
(o] v &
o) 8 3 . 8 v \v v v iy
A g ! o o a a A s |
o " 8 o
)
10 L1 | | I 1 | | | 1 | 1 | I ]
140 180 220 260 300 340 380 420 450

WALL TEMPERATURE (°C)

Fig. 14. Comparison of Boiling Curves for Various Heated Surfaces
at G = 136 kg/m’s and ATgyp = 13.9°C, Using 1-D Model



Gl CLEd

'o E 1 | 1 1 1 1 1 1 1 T T
X COMPOSITE  TEST SECTION (BRASS - COPPER) d
k TRANSIENT RUNS WITH T, = 450°C E
] & RUN 2703 G = 68 kg/mSs T
O RUN 2701 G = 136 kg/m?s ]
s O RUN 2702 G = 203 kg/m?s B
fe o
0ab&8 8
; 7Y
13 6 Fa 8
2 10 .
= A 4
e T 5 S *
x 4
: - Fal o o
d S o X o u o 2 i o o o 0 :
- o Fa A a A . (o] O (o) Q
; - - a a A a a a
= R
5 ,
10 | | | | ] | | | i I i ] | |
120 160 200 240 280 320 360 400
WALL TEMPERATURE (°C)
Fig. 15. Boiling Curves of Distilled Water, 2700 Run Series for /T 13.9°C

*sub

Sy



261 LT

G=136 kg/m”s

ATSUB =13.9°C
T, !

N
“v-—\'\ .
T T.C. 1 SIGNAL FOR SILVER SOLDERED INCONEL- COPPER
»r,.\\ TEST SECTION FROM RUN 150!
\

TC.2 SIGNAL -
- ) ~
TC.| SIGNAL FOR WOOD'S METAL SOLDERED = -
INCONEL-COPPER TEST SECTION FROM S
RUN 240l .
Fig. 16.

Thermocouple Recordings from Silver Soldered Inconel-Copper Test
Section and Wood's Metal Soldered Inconel-Copper Test Section

9v



HEAT FLUX © (W/m?)

T 1 1 | 1 1 1 1 1 A T 1
TRANSIENT RUNS WITH G:=136kg/m’s @&
OTgup =13.9°C
CU BLOCK RUN 503

4 CU-CJ (WOOD'S METAL SOLDERED) RUN 2501
0 INCONEL-CU (SILVER SOLDERED) RUN 1504
@ INCONEL-CU (WOOD'S METAL SOLDERED)
RUN 240I
%o
o) O o
O
o
P o
4 D, o
-
e}
& o)
a . © o
A a . o 0 .
a a s ¢ B - a A
cea s 3
o o
A a O . N O e ° & ¢ o
a
| | 1 | | | 1 ] | " |
160 200 240 280 320 360 400

WALL TEMPERATURE (°C)

. 17. Comparison of Boiling Curves from Wood's Metal
Soldered Composite Test Sections with Other Data

LY




¥ I ! 1 1 T ! T T T
COMPOSITE TEST SECTICN ( INCONEL - COPPER ) 1
L TRANSIENT RUN WITH T, =450°C -
o RUN 1504
- CORRELATION a
a RAMU 8 WEISMAN
™ - TONG 1
® HSU
- Co - . -t
o
© o
o
o~ o °
€ °
; IO - - o o ® 3
A . ° o . :
S O
— O -~y
x B . 2T B o
3 c
W P o =
.g_ o O o) ‘
e O ~
& o
5
10 . 4 4 L ) A l L
pones 120 160 200 240 280 320 360 400
e WALL TEMPERATURE (°C)
™2 .
Fig. 18. Comparison of Data for 1500 Run Se.. = with
i " N AT ~ -
U G 136 kg/m®s and AT 4 = 13.9°C
=

8y



(W/m? )

")

HEAT FLUX

49

¥ RUN 502 alg,g =27.8°C -
0 O RUN 503  A&Tg,e =13.9°C
+ RUN 506 NSUB = 0°C
CORRELATION
.
6
'o pes—e———— —
e —
— -
1 S (B O A (9 A O O S O
2x10 . ,
160 180 200 220 240 260 280
WALL TEMPERATURE (°C)
Fig. 19. Comparison of Copper Correlation with Tran-

sition Boiling Data for G = 136 kg/m’s



(W/m?)

HEAT FLUX @

50

¥ RUN 1512 &T; e =27.8°C
- O RUN 1511 ATs g = 13.9°C -
+ RUN 1513 &gyp = 0°C
CORREL ATION

S,

4:!05‘

| L L L] ]

160 180 200 220 240 260 280 300
WALL TEMPERATURE (°C)

Fig. 20. Comparison of Inconel Correlation with Tran-
sition Boiling Data for G 68 kg/m°s

1372 156



161 CLE)

Fa ;| i | 1 T 1 | 1 T T T T
" BRASS BLOCK TEST SECTION N
N TRANSIENT RUNS WITH T, =430°C
&6 RUN 2803 G: 68kg/m2s "]
- © RUN 2801 G =136kg/m2s -
- O RUN 2802 G=203kg/m2s N
- —
% . N
& o °
£ a 20
; g 886 408
ot o
0] g o o
< - a 8 sl
— o —
x =
3 PO, 3
K a >
o 0 o 0
e —
o e o
T I ° 3 ° o 1
o o ] o o
o a
o o a a -«
- - ¢
$
10 | | 1 1 ' | 1 ] L | | 1
120 160 200 240 280 320 360 400
WALL TEMPERATURE (°C)
Fig. 21. Boiling Curves of Distilled Water, 2800 Run Series for 4T 13.9°C

s



|
™~

861

HEAT FLUX @ (w/m?)

Heated Surfaces at G

T ! T T T T T ! T T T T T
- TRANSIENT RUN -
- &6  COPPER BLOCK RUN 503 -
O BRASS BLOCK RUNS 2801 & 2900
— O  INCONEL COPPER RUN 1504 =
- FaY a o OO -
F'al o % O
O
& o
o Q o)
s o N
o

0| & a °© o —
L D o o o -
— C =
B a o o) -

o o
- o s © B
o o o}
- & & o | N
F " a a & ke s O & 8 a0 o 1
ral
o] ] o & 0O

- o =
h

5

10 I 5 | | ) L 1 1 L L L | L | 1

120 160 200 240 280 320 360 400

WALL TEMPERATURE (°C)
Fig. 22. Comparison of Boiling Curves for Copper, Brass and Inconel

136 kg 'm°s and AT gup = 13.9°C

2s



53

¥ I | 1 I 1 i i g
E O RUN 506 OTgye = 0°C ¢
» O RUN 503 ATSUB =13.9°C
L 6 RUN 502 OTgq =27.8°C |
——————  CORRELATION
- 4
N N
E
~
2
® 6
10" | 1
x>
3 F .
- -4
g | ]
w
¥ | ;
- .
o TIRSET RRAE TR Y M SUPN W -
140 160 180 200 220 240

WALL TEMPERATURE (°C)

Fig. 23. Comparison of General Empirical Correla-
tion with Copper Data for G = 136 kg, m’s

£ 1372 199



091 /%1

HEAT FLUX @

(W/m?)

1 T T T e T T T T i, 5 T T T I T 1 1

g O RUN 1513 LTgyg = 0°C i
O RUN 1511 OTgup =13.9°C ]

4 & RUN 1512 Qg =278°C 1

g ——————  CORRELATION .

10°}- i
! -
- -
1 :
- =
= -4

|Q5 | | " | | L " L | ! - - } | | | I i

160 180 200 220 240 260 280 300 320 340
WALL TEMPERATURE (°C)
Fig. 24. Comparison of General Empirical Correlation with Inconel Data for G 68 kg/m’s

vs



(W/m?)

HEAT FLUX @

L. © RUN 2813 4aTg,e = 0°C 3
E O RUN 2803 &Tg, =13.9°C ]
L &6 RUN 28I7 afg, =27.8°C
1 CORRELATION
e 4
3 .
al®
10 |
F -
S ‘ :
10 1 Jd | | ! l | ! | l 1
150 170 190 210 230 250 270

T I L

WALL TEMPERATURE (°C)

Fig. 25. Comparison of General Empirical Correla-

tion with Brass Data for G = 68 kg m?’s

290

ss



RESERVOIR

DIFF. PRES.
TRANSDUCER

&

Fig.

>

4

>

S

WATER

! JACKET
‘ 1

J

©)

&0,

PREHEATER
PUMP

Preliminary Design for Pressurized Loop

FLOW METER

TEST
SECTION

9S



57

APPENDIX 1

Steady State Flow Boiling Curve Measurement
Via Temperature Controllers
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STEADY STATE FLOW BOILING CURVE MEASUREMENTS
VIA TEMPERATURE CONTROLLERS

W. W. L. Ng
Department of National Defence

S. C. Cheng
University of Ottawa
Ottawa, Canada

Introduction

The feasibility of using temperature controllers to measure flow
boiling data under steady state condition has been demonstrated previously
(1.2,3]. Due to insufficient power rating of heaters and process control-
ling problems, only boiling data at lower heat flux regions were obtain-
able. In this study, the technique has been improved, thus allowing the

construction of an entire boiling curve.

Apparatus and Experimental Method

The test section as shown in Fig. 1 consists of a 5.08 cm long
cylindrical copper block with 9.53 cm outside diameter and a center bore
of 1.296 cm allowing for the insertion of an Inconel tube. The Inconel
tube with 0D = 1.27 cm and thickness = 0.038 cm is inserted into the copper
block, a gap of 0.013 cm between them is provided for before silver
soldering. The Inconel tube is sticking out from both ends of test section
for piping connections. This arrangement is designed to damp temperature

fluctuation during experiments due to high thermal inertia of copper. In
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addition, for transient boiling experiments (quenching}(1,2,3], the high
heat capacity of copper will sustain a long cooldown period, thus permit-

ting frequent and accurate temperature measurements.

Twenty-four cartridge heaters with 250 W each are spaced around the
test section in two arrays as shown in Fig. 1. A total of six thermo-
couples are embedded, five of them located at the interface of the tube
and silver solder. The test section is insulated by thick ceramic fiber

insulation.

Two types of temperature controllers are used to control the power
input to heaters, i.e. an ON-OFF temperature controller (Model R7353,
Honeywell) and a proportional temperature controller (Model R7355,
Honeywell). The proportional controller is regulated by a Silicon Control-
led Rectifier driver stage (Model LZF1, 5CR Driver, Halmar). The S.C.R.
driver acts as a current valve to regulate the current input to heaters
in proportion to the deviation between the set-point temperature and the

controlling temperature (T.C.C 2 of Fig. 1).

Various attempts have been made to control the power input to heaters
by the two controllers. The arrangement with the inner array of heaters
controlled by the propertional coniroller and the outer array of heaters
by the ON-OFF controller proves to be most satisfactory. T.C.C 2 is used

as a common temperature sensor for both controllers.

Subcooled distilled water at atmospheric conditions is introduced from
the bottom of the test section during experiments. The temperature of the
test section (T.C.C 1, Fig. 1) is initially set well into the film boiling
régime and is maintained at that level by the controllers during the run.
The experiment is then repeated at lower heated surface temperatures until

a complete boiling curve is obtained. Detailed experimental apparatus
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and procedures may be found in [1,3].

Results and Discussion

A typical boiling curve for a mass flux of 136 hg/m?s and sub-

cooling of 13.6°C is shown in Fig. 2. Wall temperatures in the boiling
curve are calculated from the recordings of T.C.C 1 using one dimensional
Fourier's conduction equation. The heat flux is computed from the total
power input to heaters through the two controllers. For comparison, a
transient boiling curve by quenching under the same flow conditions is
constructed[ 4] and plotted in Fig. 2. Good agreement is observed between
these boiling curves in the film and transition boiling régimes. However,
it is noticed that the transient boiling curve in the nucleate régime is
shifted to the higher wall temperature side. This is due to bubble cloud-
ing on the heated surtace during quenching experiments thus retarding boiling
heat transfer process [5].

The arrangement in using the proportional controller to regulate
the power input into the inner array of heaters is very crucial ‘n main-
taining a stable control in the transition boiling régime. In that régime,
the heat transfer process is highly unstable -- heat transfer modes occur
alternately between film and nucleate boiling -- thus causing wall tempera-
tures to oscillate rapidly. Although it has been damped out considerably
by the time it reaches the temperature sensor location, T.C.C 2, still,
the proportional controller provides the only effective means in control-
ling these oscillating temperatures. This is because the proportional
controller is capable of fine tuning, i.e. it can provide rapidly a con-
tinuing and varying power input into heaters in proportior to the deviation

between the set-point temperature and the sensor temperature.
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Conclus fon

A method to measure an ~ntire flow boiling curve under steady state
condition has been proposed. The measured steady state data are compared
favorably with transient results, especially in film and transition boiling

régimes.
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APPENDIX II

Surface Wetted Area During
Transition Boiling in Forced Convective Flow
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SURFACE WETTED AREA DURING TRANSITION
BOILING IN FORCED CONVECTIVE FLOW

H. S. Ragheb and S. C. Cheng

Department of Mechanical Engineering
University of Ottawa, Ottawa, Canada

Introduction

During a loss-of-coolant accident (LOCA) in a water cooled nuclear
reactor, some portions of the core are under the transition boiling heat
tra; sfer mode. The transition boiling mode is most efficient at its
lower temperature boundary which corresponds to the critical heat flux
(CHF). Immediately after CHF, the heated surface can no longer support
the continuous liquid contact, and heat transfer deteriorates due to

the increase of area covered by dry patches.

The heated surface during transition boiling is partially wet and
partially covered by vapor. Hence a convenient way to deal with
transition boiling is to assume that it is a combination of both
unstable nucleate boiling and unstable film boiling alternately existing
at any given location at the heated surface. The variation of heat
transfer rate with temperature is primarily a result of the change in

the fraction of time that each boiling mode exists at a given location

as stated by Berenson [1].

Following Berenson's description of the transition boiling mode,

Kalinin et al [2] weighted the two heat transfer components (nucleate
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and film boiling) by fk' the fraction of surface that is wet. The

total heat flux 9 is then expressed as

9% = g f * 91 - ) d)
q - q
¢t = 98
kg “9s

where g and Qeg represent nucleate boiling and film boiling,
respectively, assuming that both expressions can be extrapolated into
the transition boiling régime. Knowing 8 and s from correla-
tions, and using experimental data of 9y One can obtain the expression
of fk in terms of Tw, wall tempesrature, Tmax’ wall temperature at
maximum heat flux, and Tmin’ wall temperature at minimum heat flux.
Kalinin et al. obtained two functions for. Fk’ one being exponential

decay with increising Tw‘
Tong and Young [3] suggested that the total heat flux 9, isa
sum of two components, i.e.

9 = 975 * 9fg (3)
where A1 is the transition boiling component which decays with increa-
sing Tw (see Fig. 4), They obtained an empirical, exponential decay
expression for 4rg 1n terms of. T, and x, quality. Hsu and Graham 4]
related this expression to the fraction of wetted area. Recently, Tong (5]
suggested that the wetted area fraction can be related to 918 by

fr = 9r8/%s i

where qyg can be approximated by AeHF in the transition boiling regime.
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The purpose of this study is (a) to examine the measurements
of the wetted area during a quenching process using an electric probe,
and {(b) to compare these measurements with the predictions of Kalinin
and Tong. The study involving the electric probe in detecting the

phase change on a heated surface has been reported in [6,7].

Experimental Apparatus

Fig. 1 shows schematically the configuration of the probe. The
probe made of zirconium wire coated by a platinum tip is suited for high
temperature operation. It can detect the presence of liquid droplets
contact on the heated surface by measuring voltage drop between the plati-
num tip (as one electrode) and the heating surface (as another electrode). °
The test section with the probe and the adjacent thermocouple is shown
in Fig. 2. Tests were condycted for water at atmospheric pressure
under flow boiling conditions with G, mass flux, varying from 34-102 kg/m?s
and 4T ., inlet subcooling, varying from 0-28°C. Further details of the

eiperimental apparatus and procedures may be found in [6,7].

Results and Discussion

Fig. 3 shows an example of the probe signal and the adjacent thermo-
couple signal for a typical rewetting run. The region BC character-
izes the transition boiling mode where the wetted area increases with
time. The boiling curve constructed as shown in Fig. 4 was based on
the temperature-time trace of the thermocouple (Fig. 3) using the

technique developed in [8].
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For a typical point in the transition boiling, the quantities of Qps
SIS and g defined in the Kalinin's approach are illustrated in Fig. 4.

N8 has been extrapolated to Tm and Ak to Tmax' The extrapolation

in
of g in this case being a horizontal line is due to the fact that film
boiling is almost independent of wall superheat under the present flow

conditions [9-11]) 91g defined by Tong and Young is also indicated in the

figure.

The predicted fraction of wetted area using Eqs. (2) and (4) based on
the boiling curve of Fig. 4 is shown in Fig. 5. The measured fraction of
wetted area by the probe is also presented in Fig. 5 for comparison. This
is obtained from Fig. 3 by assuming f =1 at CHF and f =0 at the mini-
mum heat flux (to be explained later), the points (as a function of time),
in between are read directly from the graph. Since the time coordinate is
related to Tw in the data reduction process, thus f vs Tw can be
obtained as shown. In general, both measured and predicted results display
a same exponential trend (which becomes a straight line in a semi-log plot).
The predicted wetted area, using Tong's expression, is in closer agreement
with the probe measurement, except at CHF. As seen from Figs. 3 and 4, (a)
the onset of intermittent wetting at point B is very close to the minimum
heat flux, hence it can be assumed f =0 at the minimum heat flux, and (b)
the onset of continuous 1iquid contact at point C coincides with the CHF
point, and furthermore, point C approaches the mean value of vol tage drop
from the nucleate boiling side (continuous liquid contact) as indicated

in Fig. 3, thus f =1 can be assumed at CHF.
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The agreement between the probe measurement and Tong's expression
suggests a new method of predicting transition boiling. If U HF and
Qpg are given, and with the measured fraction of wetted area by the probe,

transition boiling can be calculated from Egs. (3) and (4).

Conclusions

1. The fraction of wetted area predicted using Tong's expression in
transition boiling under flow conditions compares favorably with
the probe measurement.

2. Transition boiling under flow conditions can be predicted if
(a) QeuF and Qpg are given, and (b) the measured fraction of
wetted area from the probe is available.

3. This study provides some insight of transition boiling phenomenon
through the measurement of the fraction of wetted area. It is hoped

that this will lead to improved modeiling of the transition boiling

process.
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