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ABSTRACT

An experimental program has been conducted to investigate the

onset of Ledinegg instability in vertical down-flow. For three size

uniformly heated test sections with L/D ratios from 100 to 150, the

pressure drop under subcooled boiling conditions has been obtained

for a wide range of operating parameters. The results are presented

in non-dimensional forms which correlate the important variables

and provide techx_iques _or predicting the onset of flow

instability.

INTRODUCTION

Flow boiling in vertical channels is important to nuclear

reactors because the £ormation of vapor can affect the heat

transfer rate from the channel surface and also because the

presence of vapor can increasethe channel pressure drop resulting

in flow instability excursions. The present study was undertaken to

investigate flow instability and heat transfer for application in

which the _low direction was vertically downward. The overall

program involves testing in both single tubes and annuli. The

present paper presents results for the single tube geometry with a

length to diameter ratio range of I00 to 150.
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BACKGROUND

Vertical up-flow in a heated channel l%as been investigated by

a number of researchers. Dormer and Bergles (1964) investigated the

pressure drop in small tube diameter under sub-cooled boiling

conditions. These experiments were conducted with a controlled flow

system so that data was obtained well into the unstable region.

These investigators correlated a large amount of data using the

ratio of sub-cooled boiling pressure drop to the single phase

pressure drop versus the ratio o£ tile surface heat flux to the

surface heat flux required to raise the bulk fluid temperature to

saturation at the channel exit. Using these parameters, it was

shown that the only remaining effect was geometry. The results were

predominantly dependent upon the length to diameter ratio. The

diameter had a small but measurable effect. Maulbetsch and Griffith

(1966) studied flow instability in small diameter high L/D ratio

channels. They determined that during parallel flow op_ration

excursive flow instability occurred when the pressure drop versus

mass flow curve (demand curve) reached a minimum. Using the Dormer-

Bergles (1964) correlation, Maulbetsch and Griffith (1966) were

able to p_edict the demand curve (cl_annel pressure drop vs.

flowrate) with reasonable au_uracy.

Whittle and Forgan (1967) examined the pressure loss in

rectangular and circular channels under sub-cooled boiling

conditions. These investigators determined that for a given L/D

ratio the minimum in the pressure drop versus flow-rate curve

occurred at a fixed value of the ratio of the channel temperature

rise to the inlet sub-cooling.

The present study was undertaken to obtain data describing

flow instability and heat transfer as a function of various

operating parameters. The onset of flow instability (OFI) is

related to the onset o£ significant voiding; however, the formation

of voids generally precedes the onset of flow instability. For a

uniformly heated channel with fixed inlet subcooling and exit

pressure, the process of void formation can be initiated by

decreasing the flow-rate to the channel. The voids are initially

formed at the channel exit and the process of voiding then proceeds

upstream from the channel exit. In up-flow, the buuyant and the

convective forces, which are acting i,_ the same direction, combine

to sweep the voids out of the channel before a significant pressure

effect can occur. As the flow-rate continues to decrease, the point



of void formation moves further into the channel and the bubbles

become larger and more numerous. Initially, the effect of the

bubbles is to ij_crease the effective roughness of the chant%el;

however, as the process continues the presence of voids

significantly increases the frictional head loss. Since the

phenomenon is occurring in a sub-cooled liquid, the pressure in the

channel begins to oscillate rapidly as bubbles are formed and then

condense. In down-flow, the convective force and the buoyancy

forces are in opposite direction. Failure to sweep the voids from

the channel can have a significant effect upon the onset of flow

instability.

The experimentnl program has the objective of obtaining the

demand curve through the onset of flow i**stability for a circular

tube in down-flow. The tubes were heated uniformly with a maximum

heat flux capability of 3.155 MW/m 2. In addition to pressure data,

wall temperature was also measured so that information on heat

transfer coefficient and nucleate boiling could be obtained.

TEST APPARATUS

An isometric drawing of the test loop is presented in Figure

I. The working fluid is deionized and degassed water pressurized by

a helium blanket. Flow is provided by a centrifugal pump capable of

p_oducing a flow-rate of .947 m3/min at 483 KPa pressure

differential. The discharge from the pump can ge either to the test

section or be bypassed to the accumulator or the mixer. The mixer

is located downstream of the test section to eliminate any vapor

before the mixture enters a plate type heat exchanger which removes

energy from the loop. control valves are provided to allow the

adjustment of the flow-rate in each of these three paths.

The test section consists of a 2.44 m heated length. The tube

material was either stainless steel 316 or inconel 600. Results

will be presented for four different tube inside d_ameters ( 15,44

mm, 18.9 mm, 25,3 mm, and 28.6 mm). The wall thickness lcr all test

sections was 1.65 mm. The section was mounted vertically with flow

entering from the top. An ontrance and exit length of approximately

18 diameters was provided. This section consisted of a copper tube o

with a wall thickness between 12.7 mm and 19.1 m_% depending the

test section inside diameter. Thermal input was supplied by passing

a DC current through the tube wall. The exterior of the entire test
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section was insulated with a layer of ceramic paper, 25.4 mm

fiberglass rope, and I01 mm of Invlsal insulation.

The test section and flow loop were instrumented with a number

of sensors; however, the primary instrumentation consisted of the

following.

i) 25.4 mm turbine flow-meters located upstream and downstream

of the test section. These units were manufaotUred by the

Holler Corporation and were calibrated over a range of 0 tD

.189 m3/min to within +/- 0.189 ,10 -3 m3/min.

2) Test section prezsure drop was measured by means of two

differential pressure transducers (Sensotec) located 180

degrees apart and a mercury ma nolneter. Tl]e pressure tap_ were

located in the calming section approximately 57 mm upstream

and downstream of the heated length. The pressure transducer

was calibrated to within +/- 0.172 KPa.

3) Test section wall temperature was monitored by E type

thermocouples mounted on the tube outside diameter. The

thermocouples were located every 0.3048 m along the test

section. At each axial location, two thermocouples were

mounted 180 degrees apart. The circumferential orientation was

rotated 90 degrees au each axial location.

4) The test section inlet and exit temperatures were monitored

by RTD's which were calibrated with a complete bridge to

within +/- 0.I °C. These sensors were loaated in the elbows

beyond the calming length.

5) The test section inlet and exit pressures were measured by

Sensotec absolute pressure transducers which were calibrated

to within +/- 1.38 KPa.

The test control parameters were the test section exit

pressures the test section inlet temperature, and the average

thermal flux. Starting at a maximum test section flow-rate of .113

m3/mln to .151 m3/min, the flow-rate was decreased and the pressure

drop across the test section was recorded. The flow-rate was

decreased until a minimum pressure loss was recorded. Several

points beyond the minimum were also taken to insure an accurate OFT

point. Prior to the instability point, the pressure reading were



_teady; however, as the OFI point was reached, the pressure reading

oscillated violently. After establishing OFI, the flow-rate was

then increased and system returned to its initial condition. In

this way, the demand curve was followed in both directions.

RESULTS AND DISCUSSION

The four different diameter test section were examined over a

range of conditions. Table 1 presents the test section data for

those tubes.

Table 1

Test Section of Configuration

Inside Diameter Heated Length Wall Thickness Material

15.54 mm 2.44 m 1.65 mm Inconel 600

18.92 mm 2.44 m 1.65 mm Stainless 316

25.27 mm 2.44 m 1.65 mm Stainless 316

28.6 mm 2.44 m 1.65 mm Inconel

The test matrix used for each test section is given in Table

2.

Table 2

Test Matrix

Surface Heat Flux Exit Pressure Inlet Temperature

1.262 MW/m 2 137.9KPa, 344.8 KPa 25 °C, 50 °C

1.893 MW/m 2 137.9KPa, 344.8 KPa 25 °C, 50 °C

2.524 MW/m 2 137.9KPa, 344.8 KPa 25 °C, 50 °C

3.155 MW/m 2 137.gKPa, 344.8 KPa 25 °C, 50 °C

Figure 2 presents typical demand curves for the 15.54 mm

diameter test section at a test section exit pressures of 344.75

KPa and inlet temperature of 25 °c. At high flow-rates, the demand

curve follows a profile typic_l of single phase. Calculations have

shown that the results follow the Darcy formula very well; however,

as the flow-rate decreases, voids begin to form and the pro£ile

deviates from the velocity squared relationship. Lowering the

system exit saturation temperature increases void production for a

given flux and thereby causes flow Instabillty to begin at a higher

flow_ra£es. Increasing the inlet temperature has a similar effect
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because it reduces the temperature difference between the

saturation temperature and the fluid bulk temperature.

Dormer and Bergles (1964) noted that the ratio of surface heat

flux to the flux required to heat the fluid from the inlet

temperature to the saturation temperature could be used as a

correlatingparameter. The flux to saturation involves the

flowrate, inlet temperature, and exit pressure (saturation

temperature). Figures 3, 4, and 5 present the pressure versus the

flux/flux to saturation ratio (q"/q"sat) for three different size

tube and various operating conditions. The single phase region

corresponding to high flowrate is represented by small values of

the ratio. As the ratio is increased each figure shows thepressure

going through a minimum point. This point corresponds to the onset

of flow instability (OFf). The OFf point for each size tube occurs

at approximately the same value of the flux / flux to saturation

ratio independent of surface heat flux, inlet temperature and

operating pressure. This is in agreement with the observations of

Whittle and Forgan (1967). Figure 6 present the value of the

q"/q"sat at OFI versus the channel L/D ratio. The data spread for
all test sections is less than 5%.

Figure 7 presents the wall superheat (wall surface temperature

- saturation temperature) versus q"/q"sat for various distances

along the channel. For a q"/q"sat ratio greater than 0.7, the wall r

superheat is constant for x/1 of 0.i or less. This effect is

related to the onset of nucleate boiling. For a uniformly heated

channel, ONB begins at the channel exit and proceeds into the

channel. From figure 7, it appears that ONB has not reached the

point where x/1 - 0.25. Figure 8 presents a similar plot showing

the effect of surface heat flux at a fixed channel position. At

heat fluxes of 2.524 MW/m 2 and 3.155 MW/m 2, nucleate boiling has

occurred; however, at the lowest flux the flowrate is apparently

sufficiently large enough to prevent nucleate boiling. Under

nucleate boiling conditions, the wall superheat is independent of

flux. Figure 9 shows the effect of exit pressure for the larger

fluxes. Decreasing the exit pressure increases the wall superheat

under nucleate boil_ng conditions. At an exit pressure of 345 KPa,

OND occurs at a wall superheat of 28 °C, lowering the pressure to

138 PKa increases the superheat to 31 °C.

Using the calculated wall surface temperature and local fluid

temperature, the heat transfer coeffiolent at various axial
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locations can be determined. Figure I0 presents the heat transfer

coefficient versus the flux ratio as a function of distance from

the channel exit° As the flux ratio increases, the heat transfer

coefficient decreases due to the drop in fluid velocity. At a

q"/q"sat ratio of approximately 0.6, the coeZficient at x/1 = 0.04

and 0.1 rise steeply. This reflects th_ onset of nucleate boiling

and agrees with the results in figure 7. At x/l = 0,25, there is a

slight increase in heat transfer coefficient but the change is

considerably less than that x/l = 0.04 and 0.i. Figure II presents

the variation as a function of surface heat flux. In this figure,

th_ minimum in the heat transfer coefficient occurs at the same

flux ratio. Because of space limitations, results for other size

tubes have not been presented; however_ analysis for these tubes

indicates similar trends. In general, the onset of nucleate boiling

occurs at flowrates 20% to 25% l]igher than the OFI flowrate. At

OFI, the nucleate boiling region has propagated approximately I0 to

15 tube diameters into the test section.

CONCLUS IONS

Based upon the data obtained in this study, the following

observations regardinq the onset o_ flow instability and nucleate

boiling can be made:

I) the demand curve clearly shows the onset of flow

instability.

2) the flux ratio (qi0/q.sat) can be used to correlate various

fl_W and operating col_ditions

3) the OFI point is strongly dependent upon the L/D ratio and

can be predicted by the ratio of q"/q"sat.

4) both wall superheat and heat transfer coeff_.ci_nt results

indicate the onset of nucleate boiling.

5) although occurring a lower flowrate the ONB point flows an

L/D ratio trend similar to the OFf point.

The current test program is continuing with the expansion of the

test section L/D range. In addition, tests will be conducted on

non-unifor_nly heated test sections, steady state and transient

tests will also be performed on a large L/D annular test section.

i_ , , ,_, ,,, r, lrlll,, , ,,p_ r, ,Gr ,I H, Iiq GI _ ,, ,111 , ,_iii I ..... li i11 ,i, rll ,111,1,, r,,,,lhll ,i, "lnU" " ' " If '" ,Ii ..... r ,,nii, , " 1lr



ACKNOWLEDGEMENT

Funding for this program was provided by the Savannah River

Laboratory under Westinghous savannah River Co. Contract AX-721092.

The authors wish to express tl_eir appreciation to their colleagues

at Columbia University,s Heat Transfer Research Facility for their

assistance in the design, construction, and operation of the " '

experimental facility.

REFERENCES

Dormer, J. Jr. and Bergles, A.E., 1964, "Pressure Drop with Surface

Boiling in Small Diameter Tubes, Report no. 8767-31, Dept. of Mech.

Engng. MIT.

Maulbetsch, J.S. and Griffith, P., 1966, "System Induced

Instabilities in Forced-Convective Flows with Sub-cooled Boiling,,,

Proc. of the Third Int. IIeat Transfer Conf., p 247-257.

Whittle, R X! and Forgan, R., 1967,• . '*A Correlation for the Minima

in the Pressure Drop Versus Flow-rate Curvem for Sub-cooled water

Flowing in Narrow Heated Channels" Nuclear Engineering and Design, I

Vol. 6, pp-89-99.

DISCLAIMER

This reportwaspreparedas an accountof worksponsoredby an agencyof the UnitedStates
Government. Neither the United States Governmentnor any agencythereof, norany of their
employees,makesany warranty, expressor implied,or assumesany legal liabilityor responsi-
bility for the accuracy,completeness,or usefulnessof any information,apparatus,product,or
processdisclosed,or representsthat its use wouldnot infringe privatelyownedrights. Refer-
ence hereinto any specificcommercialproduct,process,or serviceby trade name,trademark,
manufacturer,or otherwisedoes not necessarilyconstituteor Implyits endorsement,recom-
mendation,or favoring by the United States Governmentor any agency thereof, The views
and opinionsof authors expressedheretn do not necessarilystate or reflect those of the
UnitedStates Governmentor any agencythereof.

il!
,¥,ll_,l,r ,,,, '_, ,I, .... ,_ rlr ,ll .... ,,, ,i _n,Ir_l'til ' ,'l,, ?I' li'lllllII',' " I111'll'_ ,,'"" '" ',li I''III' _I 'lllWli,,il ..... ,_,



,,, ,,,,

, , ,' , , _ .i , ,

, ;_1 '"_, ' " , I' ,' ", , ' ,_ '_I'' ' ,, '"I+ .... "IIIII II r_'' ' _ , , ,II'" II] '_III _')I_MI

II
i)ii ..... r_..... IU sill' ' pl_ ....... i, ,, ,)111" , 1,11ti%...... llur, rl , '," lll',Ull' II_r[IP '"II' '_llll' "lP ' , '1111 _ ,' %U



ii
lR ZI'a 6AErl 869 ZIE -_±H Ul_wnqo3 60:Z_ 68GI/$0/01

,PIII,,,',,', ', ........... ni 'IIF' , I_ ' ,, '11111" I]lll' ,',1_.... ,,, ,,,_,, ,, ,,, , ,,,r, ,,ll_lUr,llll,r.... PI_III'''''' r II' i_l_l , I',11,11,r II Ill "1_' ' _'_1' ',_,1n " niiH



r",_r-- _ I') 0 "Q

0 ,-
IIIIIIIIIIII m_ _ _ _

Oo ° '_, cU

o _ _ _ _

' ' 0 0 ee_ _ o _ o_

IIIIIIIIIIII <O _ o m

Oracle m • "

Om,qo

CI'd G;,_q8_9 _I_ -,d_dlHUI_NFI-IOD 60:7._ 68G'I:/_0/0"i: r

r.............._.,lllr ,r)!...._,....,r,,



N I'_ ¢4

,..,,...,EEE

e,,l,¢ u") _

r,,,,,, o__ o _ o
o_o o _ oE',"tq .

o0o oO_ o ___,o_o _ _ '_

°°°° o o ._ _ _
.d El

0 0 4 n(I Cl ,_ '_ _ II ii
,d 0

°i °i
o ___,__

' ,,e _I::

o__""o '"' "'"'"'o '__'"'""-'"' 'o__ _,o=_'''._,_o o, o _, _ .



6

EEE

)))
_l:JIN _1")
¢',1Lg}_

o40

O_C) ,_..,s

°_°°o .,_,_°
o _._ o _ o_._
°°_ ao

o . _el,,
4 .tj _ o " IIo

o

_ _'+;"_ _
• o ,_'_-__0.

i_i'i i ' I d | I w v V VV I TI [VV_T_i' i i ' VI I Vvrv ' I v v iii3"v i l | ivvrvvvv _ _l-J _ql_w

8 8, o° q° o° oo _ _,o,_._o 0d _ _ N

I! £T'd 6L_£ 8L9 _'[_ _NJ.H UISNl"lqO3 0"_ :_T 686'1;/£0/0'_



, q

0
0

?2) :_ c
0

c
o 0

a._ xc}

8

(D >

r_'_'r_ i,,,,, ,,.r,, i __ .... _.... .v._,,, _,,,,rF.rrr -0 .1_._
0 0 0 0 0 o 0 o 0 o 0 0 b.. 0
0 _ 00 I_ _ u'_ _. t_) e_ _- 0- ,.., d (_ d d d d d d d

NOI3g_Ii_3Vg 03 Xi]7d/ X/17_I

i

IIl 91 "d _ 8,'.9_T_. WW±H UISWF]-]OD OT :_T 686T/.g@/OT



d

!

,,d- ,,@-o_o
ddo

IiIIII

xxx
o .o

, 04",_ _

_l(l'dO ',- eqI'_ , tC%E¢q£
o_ o '_" _t _ '

o_o

°% "'--

_i¥ivllvlvtvvmvwvlrvvvv _vTilvv_rv v_VrlVvvvvu vl}j vvVvlirllr _ _ ,$=/

q q o q o o u._ _
8

?_ 6T 'd 6_ 8&9 EI_ =tNiH idIHWl]']OD 8T :gI 686T/_8/OT
' II' ',Irr'II"r " _m'_',_I:"'" II '.mr'"'"_l U _' rm Hlq_l,, "Inl "_ "'I: _m ,r, rll ,.i_i I, iiiiii._,I, , '"'Ifr lll_'Ir':lll ' ' ' 11'I'"rl _ ,IIIIl_mrmIll qmr'l."l_I_I_ lll'IIm'...... r: I illr, llllllll_ .lll_m_l'lu , '.II ''_ 'II' "II',I' _I_' _,I'



i!'
_1' II .... m ,r, ,, q_l 'II'' m ' II II llll "11 _, Im,_mm ' ,, ','_, lq II Iii' 'III TMm'_F'mllFmrmmr, ,, mlqr, mwlTlalr,_



t

00130
n n £LI:L

II al tl II

Ai

EEEE -_

,o ,-

o" ' _ )"ii

.'° ._o o._ _
i 40 , o<14

o>__illrlfv lV-lllll i vi i i; i l_iTfil'¼"i liil i i I li li n I i i i i1 Ii ni i l'fVVV llrlll _

_ _ _ <_ _

_ ,, ,,,,, . lilrl ii ,lP ii I , rl...... ipl....... IR'llr,,i',l'l '.IIN]II_'I'_ li ...... q'l'rlrr = rl n_ll _ ,I, 'III ...... III I' rl"llsiii





t

i

ooo

II II II

XXX

EEE _,

ooo,1 "E_

n II II 11 _, O. _030

. .' ._ *'_ _

,e, ,_ ,,_ 'e'_

• g_ E'.a
oO cn_ oC:

TOTAL P.21
I,IiiiiII' qlq[l .... I#111_ ' ' 11 . _ H " '" llIli_1 _I ,,r,II_IIU_,IIrl ii,i" Iill_n,I,''I,





li,,
II' + " ' ; '11" Jill, I1'_1IpI' "11r_111I' ' ' "111' ' ' "' '' ii illi_,rl '11 .... iii , ,,11_i" _i, IllU' ' il''rl I


