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SUMMARY
f

The natural circulation tests performed and analyzed in this report were 

conducted at 1200 psia on the Bettis Natural Circulation Loop, No, 29, The tests 

were run with two different single channel test section (0,101 in. x 1 in. x 2? in.

2.long and 0,210 in. x 1 in, x 2? in, long). Heat fluxes ranged from 50,000 Btu/hr-ft
oto departure from nucleate boiling and inlet subcooling was fixed at 109F ,

The results show that there is no difference between natural and forced 

circulation pressure drop and riser density, (Other tests recently completed but 

not reported here show similarly that there is no difference between forced circu­

lation and natural circulation DNB providing there are no large deviations of flow due 

to instabilities.) The tests also show that loop circulating flows in Loop No, 29 

can be predicted quite accurately in single phase flow. Circulation rates with two 

phase flow can be accurately predicted if two phase entrance and exit losses and steam- 

water slip ratios are known. Further, flow instabilities were noted under certain con­

ditions and occurred before DNB. With the 0.101 in. x 1 in, x 2? in. long test section

these instabilities were large enough to cause a DNB. However, at the same conditions 

no apparent instability was noted with the 0.210 in. x 1 in, x 2? in, long test section.

Some data for slip ratios in two phase flow at inlet velocities less than

1 ft/sec were obtained.

Additional tests with other channel sizes ana at other pressures have been 

completed, and data reduction is in progress.
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I. IHTRODIJCflOM

In conjunction with, the design of the Natural Circulation Reactor plant 

(NCR) a series of experiments have been planned for the natural circulation 

loop (Bettis Loop No. 29) of the Bettis Thermal and Hydraulics Laboratory. 

These experiments are necessary in order to obtain basic information on 

this mode of circulating coolant. Table I (Ref. 1) outlines the first of 

these investigations for uniform heat flux in a single channel test section. 

Heat fluxes range from 50*000 Btu/hr-ft^ to departure from nucleate boiling 

(DIB point).

TABLE I

Inlet Subcooling
Pressure,

psia 109°F 7Q°F 20°F

800 0.100* 0.100 0.100
0.200 0.200 0.200

G.2£Q 0.250

1200 0.100 0.100 0.100
0.200 0.200 0.200
G.2£0 0.250 0.250

1600 0.100
0,200 0.200 0.200

2000 0.200 0,200 0.200

“^Nominal channel width in inches.

The results reported here are from the first series of these tests 

covering the following parameters.

Pressure; 1200 psia

Inlet Subcooling: 109°P

Channel Size; 0.100 in. and 0.200 in.

Heat Flux: £0,000 Btu/hr-ft^ to departure from nucleate boiling.

C13 303
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These experiiaental data have been analyzed in accordance mtfi; 

following program^ dojectivesj ': ; V :'' - l-y'-

•1.

3!»

To;coiapar#' experimental^ natural!:an(ir::for0ea' 'circulation pressure- •. 

^dropj IfflBj ;aM riser deiisiiy ::at^the saiae flow and heat flux;"

To’ eompare experimental and ' calculated ■ pressure'drops''aeross -the: ' 

test■ section.r:;:-- "-h"-:1':--

To' eompare experimental nafural' 'circulation coolant "flow-with 

predictedj"flow.-■ - :';

li. To examine the effects of varying parameters on natural dircu- : 

1 at ion coolant flow.

To^exaaine flow instability and departure from nucleate boHing 

during natural circulation. -

II. DESCRIPTION OF APPAMTDS _____---—
The tests were conducted in Bettis Loop -No. 29, the Natural Circulation

■

Loop, as seen in Fig. 1. The main loop piping is fabricated fro® schedule 80 

type 3Ok stainless steel, and is in the shape of a vertical rectangle lit.5 ft 

high and 15 ft long. The test section, as ...seen in Fig. 1, is mounted at the 

bottom of one of the vertical legs and discharges into a riser made from 

2 in. schedule 80 pipej the other vertical leg is the downcomer which is 
1 1/2 in. schedule 80 pipe. The top horizontal leg consists of "a double pipe 

heat exchanger and by-pass line -in paralleij the bottom horizontal leg contains 

the orifice flowmeter and preheaterj both legs are made-:frdfe. 1 i/S in, -

schedule 80 pipe. The flanged connections are sealed with -Flexitallic gaskets.
'. . ■ :

The auxiliary high pressure systems (manometer connecting lines,'degassing 

lines, ion exchanger lines, etc) are constructed of l/h in. and 3/8 in, 

stainless steel'-tubing with autoclave fittings ■ and valves . The loop aux­

iliaries consist of a resin-bed ion exchanger aid a pressurizer which are

a. ' 04
__________________ _
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duplicates of those described in WAPD-188 (Ref. 2). A Westinghouse model 

30A, caxmed-rotor centrifugal pump is connected across a gate valve on the 

bottom horizontal-leg. This pupp is used for degassing and de-ionizing the 

water prior to natural circulation testing and also for forced circulation 

tests such as isothermal friction factor determination.

Two sizes of rectangular channels were tested. One measured 0.101 in. x 

1 in. x 27 in. long and the other 0.210 in. x 1 in. x 27 in, long. The test 

sections were fabricated of 3Oil stainless steel and were electrically 

resistance heated. The channels of both test sections had measured surface 

finishes of 20 microinches (rms) or less. . A detailed explanation of test 

section fabrication, instrumentation, and its electrical power supply can 

be found in Chapter II of WAPD-188 (Ref. 2). The pressure tap connections 

on the test section were spaced 20 and 22 inches apart and are shown in Fig. 1. 

m. TEST PROCEDURE

The loop was filled with water, degassed, and de-ionized until the loop 

water had an Gg content of less than 0.2 cc/kg and a resistivity not less 

than one megohm-cm. A series of isothermal pressure drop runs were taken 

in order to check out the loop and test section instrumentation. The average 

channel spacing was determined from the isothermal pressure drop data by 

selecting a channel spacing that would make the measured friction- factor 

coincide with the smooth Moody curve; this is further explained in 

WAPD-TH-ii.08#,(Ref. 3) • This spacing was later confirmed by channel probing.

The test section and loop instrumentation are similar to that described in 

Chapter II of WAPD-188 (Ref. 2). In addition to the foregoing instrumen­

tation, differential pressure transducers were placed across the test 

section and loop flow orifice in order to detect any flow instabilities, 

occurring in the loop.

2'05013
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The natural circulation tests were initiated by setting a. specified 1 

test section inlet temperature, cold leg ^emperature, and test section'heat
r

flux while the loop was in forced circulation and then stopping and Valving 
off the pump from the loop. Although it was demonstrated that natural 

circulation start-up was possible, the forced circulation start-up Was 
used to save time in reaching the specified loop temperatures. After the 

initial start-up the remaining natural circulation tests were run by Setting 
the desired test section heat flux level and then controlling the heat 
exchanger to give the specified cold leg and inlet temperatures. For each : 

data point obtained the loop was circulated at the specified conditions fbr 

a minimum time of one hour. In order to detect loop instabilities the' 

transducers were turned on at the end of each run and allowed to operate 

until the change of test section heat flux level was completed. The 

following manometer readings were taken at each heat flux level (see 
Fig. 1).

TABLE II

Manometer Readings

Test Section Spacing
0.101 in.

Test Section Spacing
0.210 in.

1-2 1-2' 9c-2

10-9a 10-9a " 3-1 :

10-9b 10-9b 10-6

10-9c ' 10-9c ' '6-5 ;
k-$ "u-*

EXPERIMEHTAL DATA

The data for these tests are tabulated in Appendix B, Tables B-l and 

8-3 list the natural circulation data and Tabbs B-2 and B-k list the 

forced circulation data. A routine has been added to the low pressure,



pressure drop code of WAPD-T-663 (Ref. I*) to reduce the data from loop lo. 29 

The input to the code is the experimental thermocouple and manometer readings 

These readings are reduced to temperature (°F) and pressure drop (PSF). The 

output of this code directly compares the calculated and experimentally 

measured test section pressure drops.

All pressure drops shown are negative values, that is, pressure losses. 

The exit and entrance losses in Tables B-3 and B-U are the total pressure 

drop across the exit and entrance flanges, taps 2-9c and 3-1 respectively.

It should be noted that runs 10-1 through 10-6 of Table B-3 were taken 

at a much later date than the other 0.210 in. data. The increased pressure 

drop across the entrance is due to a faulty thermocouple which partially 

blocked off the entrance to the test section in these later runs.

V. MALITIOAh METHODS

fiiis section contains a discussion of the basic pressure drop equations 

used in analyzing the experimental data, a discussion of the two-phase 

G-dependency of the bulk boiling frietion factor and the method of pre­

dicting natural circulation system flow rate. It should be noted that 

many of these studies were completed before the issuance of WAPD-TH-ifLO 

(Ref. 5).

A. Basic Pressure Drop Equations

The basic pressure drop equations used in this report for the calcu­

lations of pressure drop across the test section for single and two-phase 

flow are presented in WAPB-T-663. In brief, the equations contained in 

this code are:

1. Heating and Local Boiling Range 

^?fy.H. = ffso
"eq 2gc p

013
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' ■ where fis0 ®
■
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%e'

i
J^iso (j1-) 3

-?±XSO Pp.

r where f/fis0 plotted versus temperature is defined as a fixed rasp and 
initiation of local boiling is determined by the Dittus Boelter heat

..... ■ 'J- ......... - ■ •■■■•■■■
transfer coefficient using a constant of 0.023 and the Jens and Lottes

relationship (i.e.,,.ATj^ =. % - %)• .^he acceleration pressure drop
for local boiling and heating is given by:

n.2
APacc...H. and-.L “ ~ ^exit “ vin.)

■"Sc"

2. Bulk Boiling Range 

A?fr„B.B “ Q2 fiso'sat: 'L

>0

dL
M&N2gCpf Deq

Where;^J^02 is the ■ Martinellx and Nelson local two-phase pressure1 drop

ratio.' ^-dependency of ihis'^Q2 term will be examined in the next section. 

' Acceleration 4P is calculated'using :

m-x] (55

■

AP _ : w • G2 v„ f (l-x)2 + x£ ,v„

g= L1 "Rg ag

•Aere Eg is the void fraction for the modified Martinellx and Nelson

separated flow model. Equation (%) is based on a saturated inlet condition

and an exit quality x corresponding to a void fraction R .
. S'

3. Elevation
' / ■

. . Abelev. =
z®L _

*^z=0

-

where ^ - Sgpfg in boiling range, and p

heated and local boiling range.

____!___L__.



WAPD-AD-TH-470

B. Two-Phase Mass Velocitj Dependencj

For some time it has been known that there exists a mass velocity 

dependency on the two-phase friction factor. Ref. 6 described adequately 

this dependency at 2000 psia. Until recently no similar information has 

been made available for lower pressures.

Two methods of describing the two-phase friction factor were considered 

in this study. Initially an interim procedure was used which was found to 

predict two-phase friction losses 2^>% too high at the mass velocities of 

these tests and this error will become larger at lower mass velocities.

This dependency was detemined arbitrarily from Refs, (6) and (7) • The 

mass velocity dependent was defined as

&c2° (G-dependent ) ILo M
'for P-^ J.l3 G-l

and 1and X, at P i at Gq (7)

From Ref. (6)

where G0 = 1 x 10^ Ib/hr ft^ (Ref. 6). Thus, the mass velocity dependent, 

at the pressure,flow and qualit^vin question G|)n-is found by multi­

plying the Martinelli and Nelson (at Pi - and x.->) by a ratio of the

at the mass velocity in question (G^) to the ^ at the 'refercr..!.: mass velocity. 

With equation (?) the resultant family of curves at a pressure of 1200 psia 

could'be represented by

&0 (G-dependent) ” qB ^

with A and B as arbitrary constants.

An experimentally verified relation for this mass dependency has' been 

recently described in Ref. (5). This relation was determined from overall 

pressure drop data taken at pressures from hOO to 1600 psia on a 22 in.

613 OS
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length of a 0.09? in. x 1 in. x 2? inlVlohgvreetangiAarhhanpel-te|t?tecticte 

and across a 60 in? length of a 0.070 in. x 2.25 in. x- 72 inv long-;test; 

specimen. :at a wide range' of'heat flu^s, m^s velocities, and imet ': tempera-" 

tmres.: :fhe friction pressure drop-'was determined by subtracting'frd®':1±ie :'

total, pressure drop the acceleration and' elevation pressure drop -which were .

.Wdeiermihed from the modified Marfihelli 'and:Nelson void fractions‘'''(Ref ?/8)'.^ 

Thd actual two-phase friction factor ratio ^ 2 was found: and the'best- 

estimate - df these data -is' given- in the form of a multiplier for the librrtal' 

Martinelli ahd Nelson local twb“*phase friction factor (Ref. 7). . .

For-mass velocities < 0.7 x 10^ Ib/hr-ft^, use ' ' ' ■...r' ; ' '

tc2jQ - 1.36 + 0.0005 P + o.l - 0.00071U p (9)
Il?M and I. : 10 10

and for mass velocities ^0.7 x 10^ lb/hr-ft^, use

-Ao■ = i.26 - 0.0001+ P t 0.jlx7 '—rt-,“W"

V' ^ M and M -

.119 0,00028'p (3^) '-g-/

(10)
- ■■

5“:

The detailed analysis in this report uses equations (9) and (10) which 

have been introduced into the low pressure, pressure drop code previously 

mentioned,

Co System Performance ... -. if .

In order to predict the coolant flow rate for a natural circulation 

system, a knowledge of the pressure drop around the entire loop is necessary. 

For a given heat input and heat extraction, the flow in the loop will be that 

value where the frictional and acceleration losses around the. loop are equal
' iS 7- . ! V "7 7’' v. --7-' ' ' 7.":,‘ V ‘ ; •

to the difference in elevation head between the hot and cold portion of the 

loop.

fits
-.10
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A^eleT-,'loop accloop

The following section discusses these pressure drops with respect to Loop

Mo. 29*

1* Elevation Pressure Drop

The elevation terra, or thermal driving head, of equation (11) is

given by

^Fele.loop - yA Pi - thl pi A Z, (12)

(11)

L -±

The single-phase densities for equation (12) are easily determined 

from knowledge of the system pressure and fluid temperature. The densities 

in the two-phase regions are more difficult to evaluate because of the 

varying slip ratios (vapor velocity to fluid velocity) in these regions.

In the test section and the exit flange, two-phase densities are 

calculated using

f - Pf - Rg Pfg &3)
where R„, the void fraction, is obtained from the modified Martinelli and &
Nelson curves (Ref. Q). This assumption is based on the limited infor­

mation available for slip ratios at the inlet fluid velocities encountered 

in the test section (l.f? ft/sec to 3 ft/sec). These can be justified using

the experimental curves of slip ratio ys pressure for various inlet

velocities found on pg 30 of Ref. ( 9 ) and comparing it with the calculated 

modified Martinelli and Nelson slip ratio shown on pg 10 of Ref. (4).

Most of the elevation head difference in the loop is due to the 

2 in. riser above the test section, and at present few data are available 

on the values of slip ratios for the relatively low fluid velocities in 

the riser, 0.1 to 0„5> ft/sec. Evaluation of slip ratio vs fluid velocity

OAi Jll
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and quality was a necessary step in examining system performance. This 

information could be obtained from pressure drop measurements across the 

riser for each run. Equating the pressure drops across the riser and 

solving for P results in

^Pmeasured “ ^pfrf (Hi)

if the heat losses in the riser are negligible. Calculation of the heat 

losses amount to a maximum change in the slip ratio of l»%% at 1$% quality 

which is considered negligible to the overall system performance.

Equation (1$) is the definition of void fraction,

f • P f - ?V ? r;- (IS) "

and equation (16) shows the void fraction as a function of slip ratio.

R,S ? ^
■SLL (k5) ♦ i
VTf x

(16)

Equations (lU)* (15)? and (16) can be rearranged and solved for slip ratio, 

resulting in equation (l?).

V7f ■ ^ —lfg

Pf-Aimeas -AP,
(17)

The magnitude of the frictional pressure drop in the riser was 

found to be negligible compared to the elevation pressure drop.

Experimental slip ratios calculated fro® equation (1?) are plotted 

on Fig. 2 for the natural circulation and forced circulation runs reported 

in Appendix B. As the velocities in the riser become smaller, the effect

of quality on the slip ratio in the range tested is apparently small.

. «

'
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2 Acceleration. Pressure Drop

The acceleration pressure drop due to area and density changes was 

summed up around the loop and the resulting acceleration loss is

WAPP"AD-»TH-470 ;

This equation is derived in Appendix A.

3. Friction Pressure Drops

The four major friction pressure drops, accounting for 99% of the 

total friction loss, occur across the orifice, the test section itself and 

the entrance and the exit flanges of the test section. These pressure drops 

for the 0.101 in. and the 0.210 in. channel are tabulated in Table III for

two runs of approximately the same exit quality.

The experimental results indicate that none of the pressure drop across the 

orifice is recovered downstream from the orifice.

(18)

a. Orifice

The pressure drop for the orifice in the loop is given by

.2 .2
(19)

TABLE III

0.101 in. x 1.0 in,. x'.'27 in, Channel
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19.0
?.li

lio.lt

122.8
1,0-
21.0

281.6

£s£

75-9
25.6

143.7

90.6
1.0-
15.0
251.8

¥APD~AD>TH-470

Loop Losses 

Orifice 

Entrance 

Test Section 

Exit

Loop Friction (Other)

Acceleration Loss 

Total

0,210 x 1.0 in, x 27 .in, Channel 

W = 697 lb/hr (0 - 0.5 x 106 lb/hr-ft2)

^ - 562,000 Btu/hr-ft2 

lexit = 0.253 

Loop^ Losses 

Orifice 

Entrance 

Test Section 

Exit

Loop Friction (Other)

Acceleration Loss 

Total

b, Test Section.

The friction loss across the test section is calculated from 

the low pressure, pressure drop code of WAPD-T-663 combined with the 

recent two-phase G-dependency of Ref. (5,).

c. ; Entrance Flange

The configuration of the entrance flange is shown in Fig. 1. 

The loss from taps 1-3 (Fig. l) is given by

■s

f

______ —____ - A



(20)A = Kent w2 

cyc\cl & is

where Kent
exit

is defined as 

n

Kent " ^
exxt ts

n
Ki + A2
72 ts i 
%

f % (21)

The Ki values of (21) are the single-phase expansion and contraction losses 

taken from Ref. (10).. .

Table I? lists the calculated and measured values of the 

entrance K-factor. The 0.210 in. test section measured value was determined 

from the isothermal runs. No measured value was available for the smaller 

channel. The large discrepancy between the calculated and measured value 

for the large channel is believed due to the faulty thermocouple. The 

measured values were used in all the calculations for this report.

TABLE I¥

^entrance

Test Section Calculated

0.101 in. 0.8

0.210 in. 2.1

d. Exit Flange

Lack of an experimentally verified relation to calculate two- 

phase contraction and expansion losses makes the calculation across the 

exit flange (taps 2 to 9c) more difficult. Since at 1200 psia fog flow has 

been determined to be inaccurate, this method of calculating the two-phase 

exit losses is not considered. The friction pressure drop is determined 

by subtracting the acceleration and elevation pressure drops, calculated

Measured

3.8

5



:
:

.

using the modified Martinelli and Nelson void fractious, from the total 

pressure drop across the exit. The resulting experimental,friction 

pressure drop is examined by three methods of calculation.

Method 1 is based on the two-tphase fluid density.

Iexit

2gcAts2?&N *" ^MScN:: 2gcAts2 Pf
(22)

where the" tfeo-phase fluid density'is ;that/calculated from: the modified : 

Martinelli-Nelson void fraction curves and Kex^^ is the same as that 

used for single-phase"flow.-

: : ^Method 2 :is ■■based on 'the Marfinelli-Nelson two-phase multiplier,: ,

Since : two^phas@ friction-losses ■ are 'adequately described by a multiplier, 

it seems logical that two-phase exit losses might also 'be described using 
a multiplier 'as:'-shown in'(23) : : .

v.' v'o - ' o :

4P-|lo
2ScAts Pf ■■

(23)

Method 3 is derived from the experimental measurements across the 

exit flange, taps 2-9c, Fig. 1.

Kjpf
Kexit

Kexit W2
2gc^ts2ff

(2k)

The calculated single-phase exit:E-factor (found from equation 21) and 

measured'values (fraa iso’ttiermal runs) are shown in Tsble ? for the two 

channel ;sizes, '■ ■■■

TABBE

^exit "

Calculated ' ■ - Measured " -Test Seetioh

0.101 in, 

0.210 in.

1.2
2.9 3-2

Ci'i3
______

o ■* 6

__ ________________ ___

: ]
■

/

;

'
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ii Pf 2The calculated values of rr~?, ^r0 , and g~~, us a function of
"exit

quality at 1200 psia are shown on Fig. 3. The experimental factor is

determined from

%tpf
Kexit

APfr exit
[~Kexit

«J
(25)

l_2gc ^sat.

where

^Pfrexit ‘"J^e -APp-ipv - AP
9c-

elev "LXl acc. (26)

The elevation loss term in equation (26) is given by

A^ele “ ^M&N %AP 2 + Pr ^beginning
to beginning of riser
of riser to tap 9c

(27)

and the acceleration loss is given by the relationship derived in 

Appendix A, i.e.:

.2
ApACC

2-9c
jh
2gr

.1 + 1
LAr VAr. ^M&N Ats.

(28)

Note that the acceleration pressure drop from equation (28) gives a pressure 

rise for the exit configuration.

Fig. 4 also compares the relative magnitudes of these three methods 

for various qualities. The experimental method is intermediate to the other 

two. Fig. 4 compares the measured total pressure drop across v 

the exit with the calculated values. It can be seen that at the higher 

qualities the density method calculated total loss up to k0% too low, 

while the multiplier method calculates losses up to 30$ too high. The

_



experimental method as expected predicts the value almost exactly. It will 

be shown later thit the method:chosen to calculate the exit loss has a large 

effect on the accuracy of the flow prediction of this loop.

TL. DATA ANALYSIS

A. Test Section Pressure Drop

1. Comparison of Forced and Natural Circulation

Initially, because of the difference of the driving force in natural 

and forced circulation it was necessary to determine if there was any 

difference in the pressure drops for these two modes of operation for a 

given heat flux and system flow. The oscillatory behavior of the loop 

with the 0.101 in. test section during natural circulation operation limits 

comparison of data for this test section to heat fluxes less than.320,000 

Btu/hr-ft2. For the 0.210 in. test section comparisons are made up to the 

DNB heat flux of 890,000 Btu/hr-ft2. : •"

Fig. 5 is a plot of total measured pressure drop across the test 

section versus heat flux. For the 0.101 in. channel, a few of the natural 

circulation points were duplicated with forced circulation, while every 

0.210 in, natural circulation run was duplicated. The plot of these points 

indicates that no significant difference in test section pressure drop is 

evident between the two modes of operation up to a point of instability 

and/or departure from nucleate boiling. This agreement holds over wide 

ranges of exit quality, from 0 to 30$ in the 0.100 in. channel and from 

0 to in the 0.210 in. channel.

A further comparison to substantiate this conclusion can be made 

for the riser density. Fig. 6 is a plot of riser density versus heat flux 

for the 0.210 in. for the two modes of operation. It is clearly shown 

again that no significant difference can be noted between natural and 

forced circulation.



,

2. Experimental vs Calculated Pressure Drop

Fig. 7 shows a comparison between the experimental and calculated

friction loss was calculated using the latest relationship as described by 

equations (9) and (10). The calculated value is within 10% of the measured 

value for all exit qualities.

and measured friction pressure drops with and without the use of a mass 

velocity dependent friction factor. Both the calculated and measured values 

were determined by subtracting from the total pressure drop the calculated 

acceleration and elevation pressure drops using the modified Martinelli- 

Nelson void fractions. Figs. 8 and 9 are a comparison without a mass 

velocity dependent two-phase friction factor while Figs. 10 and 11 are the 

same plots using the mass velocity dependency of equations (9) and (10).

The purpose for showing Figs. 8 and 9 is to emphasize the discrepancy which 

can occur if the mass velocity effect is not considered. The experimental 

points include no boiling, local boiling, and bulk boiling regions with 

exit qualities up to $0%.

using the mass velocity dependency of equations (9) and (10), are within 10$ 

of the predicted values in the bulk boiling region. The calculated losses 

are slightly higher than the experimental losses. Without the G-dependency, 

calculated friction values are predicted as much as 35$ too low. In the 

local boiling regions, the calculated pressure drops are higher than measured 

as would be expected from the local boiling fixed ramp relation used to 

calculate this pressure drop. In the heated range, the friction pressure

values of total pressure drop across the two test sections. The two-phase

Figs. 8, 9, 10, and 11 display the comparison between the calculated

The measured values of APfr for the 0.101 in. test section (Fig. 11)



drop is predicted to within-'Equation (8) (the interim G^depeftdency 

correlation) predicts a 2S$ greater pressure drop-than was measured for 

the higher qualities' aM:-:at the mass velocities of these tests, ■ This - ■■- 

difference hecoaes'much-greater-at^lower®mass'velocities,' : ®

- ' : : ■ The: 0,210 in.; chalinel results-show more scatter and somewhat'larger 

errors than the 0,101 in. channel results, The calculated losses are-coii- 

• sistently lower-•ttian the experiiaental’;-results- with errors generally less 

than 20$ for all qualities using"the Q-dependency relationships.’' Without- 

this dependency^ the calculated f riction loss is as much as 5»0$ less- than 1 

the ^ experimental valuer (see'Fig.-9) » v

The agreement- between -the experimental and calculated values' using 

the G~dependeney correlation defined in (9) and (10) is very good and within 

the quoted accuracy of the empirical equations’. An interesting point though 

is that the- Q.101 in. pressure drop predictions are consistently conservative 

while the® 0,210 in. are-consistently not conservative. The reason for this 

is not readily apparent- and 'more data-are desirable to confirm any definite 

trend,

3. System ELow

Fig, 12 shows the measured flow rate versus heat flux for both 

test sections. The flow-flux curve for each test section follows a similar 

pattern, first increasing in flow up to exit qualities of about 20$ and 

then decreasing to a point of instability and/or a departure from nucleate 

boiling. The flow decrease is a result of the large frictional and accele- 

' ration losses at; -high qualities exceeding the increased driving head at this 

quality. '■ ■

- The comparison of the predicted and calculated flow-flux curves 

(using the three methods for calculating exit losses) is shown in Fig. 13, 

These prediction curves were obtained by plotting the thermal head curve



vs flow rate and the loop loss carve vs flow rate for various heat fluxes.

The intersections of these curves indicate the predicted flow-flux curve.

An example is shown in Fig. Ill for the 0.210 in, channel using Q-dependency 

and Method 3 (the experimental multiplier) for calculating the exit flange 

losses. The results of this comparison are consistent with die discussion 

on the three methods for predicting exit losses. With single-phase 

conditions, the predicted flow is within $% of the experimental flow and 

each calculated curve is identical up to 0% quality and diverge with 

increasing quality. All three methods predict the trend of the flux-flow 

curve but vary markedly in accuracy of prediction. Method 1 predicts flows 

up to 2C$ too high, and Method 2 predicts flows up to 1$% too low. Method 3 

gives excellent agreement for both channel sizes with errors less than $% 
for all qualifies.

Only the flow prediction using the experimentally determined exit 

loss can be considered good. These results indicate that neither Method 1 

nor Method 2 is adequate for use in predicting system flow for qualities 

greater than 1$%. Also, it can be pointed out that the accuracy in calcu­

lating the system flow is not necessarily an indication that the correlations 

employed are accurate. The chance for cancellation of errors is great since 

so many components are involved. It is, therefore, the prediction of the 

pressure drop across these individual components that is the true measure 

of accurate prediction. For this reason development of adequate theory and 

more experimental verification for predicting two-phase densities and two- 

phase exit and entrance losses are needed for accurate predictions of flow 

in a natural circulation system with two-phase losses.

GjlJ :2i
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kc ' Natural CirctilatioaXoop Behavior for-0.>101 In. and:0.2XQ";iH,»=..;Tesfe 

Sections • ■■ ■ '

A remarkable difference :in the-loop behavior-..between the : two ^channel 

sizes is-apparent,The most obvious..differences resulting: from:;replaeing, the 

0.101 in. channel with the 0/210 in.-while keeping all other parameters- -■ 

constant--ares

(l) The maxltsum flow is increased from‘li. 00'to ? 00 lbs/hr.' ' ; :‘

'(2) The'heat flux before reaching departure from nucleatecboiling 

i s in e r e. a s e d from 300? 000 to 900,000 Btu/hr-ft^ .

" (3) The 0.101 in. channel flow oscillated, at high qualities while'

.. the'0.210 in. channel flow did not... - :

.- The increase in'flow-is a'direct result of the decreased friction 

loss in the wider channel. Table III is a comparison of the four major - 

losses for the'two channel sizes -at 25^'exit-.qualitgr. 'Wiereas,'-the test sec­

tion losBisiiC^ of the total friction and acceleration loss in the -small... .’. 

channel, this loss is only 18^ in the large channel. It should be noted,'- 

however, that in this loop an increase in.diannel size, to say O.iiOO in.-, 

will not result in .a similar percentage increase in flow because the orifice 

becomes the flow-limiting, loop pressure loss. . r-

The low terminating flux.in the 0.1.01 in. channel is a direct 

result of the flow oscillations which occurred. These oscillations -were 

not apparent during the forced circulation runs or during-tests with the -- 

large channel. This large amplitude oscillation.of the - flow occurred at a 

heat flux level of 320,000 Btu/hr-ft2 and a flow of 330 lb/hr at 1200 psia 
and 109°F subcooled. The exit quality at these conditions was 32$. : The 

type of oscillations are shewn in Fig. 1$. So oscillations were noted at 

heat fluxes lower than this. Because of the low value of flow over a portion

(fVf *? -.32

'

'

- - -______............: . " ... . ' .
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of the cycle, departure from nucleate boiling occurred as soon as oscillation 

began. However, the temperature of the surface did not rapidly increase but 

only gradually increased. The increase of flow over part of the cycle is 

enough to carry away some of the heat and modify the resulting temperature 

rise at the surface.

CONCLUSIONS

::

The following conclusions can be drawn from this experimental investi­

gation of fluid flow in a single channel test section with uniform heat flux. 

A. Natural versus Forced Circulation Performance

1. If no flow instabilities occur, there is no apparent difference 

between forced or natural circulation pressure drops for identical thermal 

fluid conditions.

.

.

.

2. Flow instabilities can occur in two-phase natural circulation flow 

which are not apparent during forced circulation flow at the same conditions. 

B. Experimental versus Calculated Pressure Drops

1. The total pressure drop across the 0.101 in. x 1 in. x 27 in. and 

the 0.210 in. x 1 in. x 27 in. long test sections, using the pressure drop 

equations in WAPD-T-663, modified by the recommendation of WAPD~TH-ij.lO, is 

predicted to be within +10$ for the bulk boiling region up to qualities of 

50$. In the local boiling region the calculated total pressure was 20$ 

higher than the measured values, The heated region calculated total pressure 

drop was within +10$ of that measured.

2. The use of the mass velocity dependency correction on the two-phase 

friction factor is required to predict adequately two-phase pressure drops. 

The G-dependency correlations of MAPD-TH-ijlO predict the test section 

friction losses within +20$ for the conditions studied.

(-3
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,3a The ' use of the Martxnelli-Selsoiirtifiro-phase nialtiplier to •calculate • 
two-phase contraction.'and expahsion friction losses predicts pressure drops 

up to 30$ too high at 55^ <5iali%'»' '

"The same'losses'predictedusihg the Martinelli-Nelson two-phase; 

densities are yy% too low at quality. For qualities less than 1C^ this 

relation is adequate for these calculations. ^ :

' A two-phase ^multiplier (Ei2£) has been1 calculated'froni the experi-
^ex

'mental' data which acourately predicts'the exit contraction'and expansioii

losses for Loop No, 29. This'multiplier gives .friction .losses irLtermediate- 

to the two'methods " above as: showri'in Fig.' ij..- '

' ■ liV ' The existence bf "extrei.ely 'high slip ratios (up to 16} were : observed 

with two-phase flow at the very low flow rates occurring in the riser. 

Knowledge of "slip ratio'is essential to ‘fee calculation of the elevation 

pressure'drop-and therefore to''' the; prediction of'natural circulation 

performance. Slip ratio vs saturated, inlet'.velocity for the .tests of this 

report are shown in Fig. 3. ! ; ’

0. System Flow v: " : : '

1. - - Single-phase natural circulation flow can be predicted within S% 
using the methods presented in this report,

2. Increasing the channel spacing from' 0,101 in. to 0,210 in. without 

changing the external ‘loop resulted in an increase of flow from U00 Ib'/hr 

to 700 lb/hr. This increase3 however, is not proportional to the change 

in cdiarmel size"-.- :

3. Two-phase natural circulation flow can be predicted to within +3$ 

if two-phase contraction and expansion losses can be adequately described - 

and if the density in the hot leg of the loop can be determined.

013 024
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U. Accurate prediction of individual component pressure drops is 

required in order to assure valid prediction of natural circulation system

flow.

D. Flow Instability and Departure from Nucleate Boiling

1. With the 0.101 in, x 1 in. x 27 in. test section the maximum heat 

flux obtained before an instability occurred, which in turn caused a 

departure from nucleate boiling, was 320,000 Btu/hr-f.

2. With the 0.210 in. x 1 in. x 27 in. test section no sign of an 

instability was noted up to a heat flux of 900,000 Btu/hr-ft^ where departure 

from nucleate boiling was observed.

6x3

■
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lOMENGlATORl
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i •

area (ft^)

equivalent diameter (ft) 

isothermal friction factor 

mass velocity (lb/hr-ft^)

acceleration due to gravity (ft/hr^) 

length (ft)

pressure .drop (lb/ft2)

■ ■ ••

system pressure (psi)

void fraction
ft-^ mixture 

velocity (ft/hr)

specific volume (ft^/lb) 

weight flow (ibAr)

‘nHslSJ
density (.l.b/ff3) 
two-phase friction multiplier 

constants in %s0 equation 

Subscripts

acceleration

exit and entrance flange

bulk

bulk boiling 

cold leg 

•elevation 

entrance
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NOMMGLATUEE

(Continued)

fi> - friction

f - saturated liquid

fg - saturated liquid-saturated gas transition

g - saturated gas

he - heat exchanger

H - heated region

in - in

L - local boiling

M&N - Martinelli and Nelson

P - 1 1/2 pipe (hot leg)

r - riser

tpf - two-phase flow

ts - test section

w - wall

sr - small riser

On 3 27
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SLIP RATIO VS INLET VELOCITY 
FOR 2" RISER OF THE NATURAL 

Cl RCULATION LOOP ^29

P = I 200 PSI A 

QUALITY 

+ 0- I 0 %
A 10-20%
d 20-30 %
o 30-4 0 %
X 40-50 %

APPROX. BOUNDS

X = 7 %

xff"—

t +

o

1
.1

x
.2

V

INLET VELOCITY ( _L ] FT/CC^
\ A Pf / SEC

.3

FIGURE 2
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EXPERIMENTAL VS CALCULATED TOTAL 
PRESSURE DROP FROM TAPS 2-9c(EXIT) 

FOR THREE METHODS OF PREDICTING 
EXIT LOSSES

EXITA METHOD

X METHOD 2 A P

o METHOD 3 A P
EXIT

0% QUALITY

CALCULATED TOTAL PRESSURE DROP(PSF)
FIGURE 4



TOTAL PRESSURE DROP VS. HEAT FLUX 
FOR NATURAL AND FORCED CIRCULATION 

! 2 0 0 PSIA
!09°F INLET SUBCOOLING

^ O.l 01 IN. X I IN.
20 IN. BETWEEN TAPS

u-

- 0.210 IN. X 1 IN.
( 22 IN. BETWEEN TAPS )

or 120

^ 100 v . ... vov,.. A mm ci Jo NATURAL CIRCULATION
0.210 IN. X ( IN. X 27 IN. CHANNEL | e poROED CIRCULATION

„ l^l v , , a t V07,M r u a k'm r i f A NATURAL CIRCULATION - 
0.1 01 IN. X t N. X L 7 IN. CH Af^N E L \ 4 po RQED AI R CUL ATiON ,

HEAT FLUX X 10 , B T U / H R FT

FIGURE 5
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RISER DENSITY VS. HEAT FLUX 
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COMPARISON OF EXPERIMENTAL 
AND CALCULATED PRESSURE DROP

12 00 PS IA
109°F INLET SUBCOOLING

0 210 IN.X ! IN.X 27 IN.® 0 % “ 55 % QUALITY 
CHANNEL

0.101 IN.X I IN.X27 IN.o 0% ~ 32% QUALITY 
CHANNEL A SINGLE PHASE

<>

Ar 60 80 100 120 140 160 180

CALCULATED' TOTAL PRESSURE DROP(PSF)

FIGURE 7



-33- WAPD-iffi-TB-li?©

EXPERIMENTAL AND CALCULATED FRICTION 
PRESSURE DROP WITHOUT'MASS 

VELOCITY DEPENDENCY

20"BETWEEN PRESSURE TAPS
109 °F INLET SUBCOOLING
0. 101 IN. X I IN. X 27 IN, CHANNEL

/ 3*
/ §<>

Q- 100

/ o0 o

o NATURAL CIRCULATION 
• FORCED CIRCULATION

UP TO 32 % QUALITY

LOCAL BOILING

HEATED RANGE

CALCULATED FRICTION PRESSURE DROP(PSF)

FIGURE 8

US.c- •; ,f3'



EX
PE

R
IM

EN
TA

L F
R

IC
TI

O
N

 PR
ES

SU
R

E
 DR

O
P

 (P
S 

F )

CALCULATED FRICTION PRESSURE DROP(PSF)
FIGURE 9

RI3 C36



EX
PE

R
IM

EN
TA

L FR
IC

TI
O

N
 PR

ES
SD

ftE
 DR

O
f't

PS
F)

EXPERIMENTAL AND CALCULATED FRICTION 
PRESSURE DROP WITH A MASS VELOCITY DEPENDENCY

P = I200 PSI A
20"BETWEEN PRESSURE TAPS .
I09°F INLET SUBCOOLING
.lOT'x I "X27"CHANNEL •

</>. n2= 1.36 +.0005 P + .l—6-.0007I4P-^-c ihSL IOb I06
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FIGURE 10
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EXPERIMENTAL VS CALCULATED FRICTION 
PRESSURE DROPS WITH MASS VELOCITY DEPENDENCY

P = l 200 PSI A
22" BETWEEN PRESSURE TAPS 
109 °F INLET SUBCOOLING 
0.2l0"x l"X 27"CHANNEL

), 02 = l.36 +0.0005 P +0.1—6_ 0007I4P “6

MSN
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FIGURE II



HEAT FLUX VS COOLANT FLOW RATE 
FOR O.IOI IN AND 0210 IN. CHANNELS 

f200 PSIA
109° F INLET SUBCOOLING

DNB POINTS 
(55% QUALITY)

800

0.210 IN. CHANNEL

3 400

FLOW INSTABILITY POINT 
(32% QUALITY)

o °i

O.IOI IN. CHANNEL

300

FLOW RATE LBS/HR. FIGURE 12
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COMPARISON OF PREDICTED AND 
EXPERIMENTAL SYSTEM FLOW 

: 1200 PStA
)09°F INLET SUB COOLING

—.... EXPERIMENTAL
EXIT FLANGE LOSS 
CALCULATED BY: DNB POINT

»5°/oQUAL!TYMETHOD I 
METHOD 2 
METHOD 3
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32% QUALITY

0.101 IN.CH A NN EL
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FIGURE 13
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FLOW PREDICTION 
FOR 0.210 IN. CHANNEL 
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OSCILLATORY BEHAVIOUR OBSERVED IN BETTIS 
NATURAL CIRCULATION LOOP #29 

(PRELIMINARY RUN)
.

P=I200 PSIA
<^ = 320,000 BTU/HR-FT2 
INLET SUBCOOLING =109°F 
CHANNEL SIZE = O.lOl" x |"x 27"

0 ARBITRARY ZERO

0 ARBITRARY ZERO | .2 . 3

TIME * SECONDS
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Acceleration Pressure Drop

Prom Newton® s second law, a one-dimensional model, and the continuity 

of matter, the acceleration forces are

Dividing this into convection and time components

E dV

For steady flow, ^ V/ ^ t = 0, and the acceleration pressure drop is

But ¥ = AV- therefore

For a change in area from 1 to 2 with constant density, equation (A»5')

becomes

integrating and substituting V

___ -
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For a change of density from 1 to 2 with.'constant area, equation (A-55 

becomes

■ acc1-2

^ ^acc1-2 gA^
1 _ 1
^2 fl

(A-8)

(A-9)

For both a change in density and in area over the same length the 

acceleration pressure drop is more difficult to find. This is the case in 

the riser because of the variable slip ratio with velocity. Using ¥ ®p?A 

equation (A-5>) becomes

A= E: C id / I)
accl-2 g<v)1 a (Y

In Fig. 16 the area under the curve represents A?acc

(a) A = constant 

(Equation A-9)

(b) p= constant 

(Equation A-7)

(A-10)

1-2
(c) Neither = constant 

(Equation A-ll)

X 5

Ip

Fig. 16

For (16c) an approximation of the area is made by drawing, a straight line between 
Points 1 and 2, ' .

AP - H^ accl-2 2g J: + JL
A2 A1L c J L

1
faA2 fiAi

(A-ll)

Gi3
44
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Fig. 17

Summing the acceleration losses around the loop (Fig. 17)

A P = £ 1 i^ j. acc \ -x
loop I ^

1 _ 1 + 1
t"0" —i
1-1

fclAa2 pciAhe2 5" [fchts^ fSA^J

1 _ 1 + 1 1 1 + 1 1+1
Ats2 f a Ats2 2 ^PaV PaAts^ 2 A Ar a

r 1
P: P K

a aJ

+ 1
2
L

1
P-Ar r

_ 1 
fp Ahe^ SlAhe2 fpAhe2

Simplifying 

A p .r2
ECC ^ n >>
loop 2gAtg

j2
2^-rAa | / r I 2^ArAhe ■

.2

—
- 2^.,. ^ _Ji2„ '

„

.1 1 1.
-/a Kf31-2 < 2^Ahe^ ! 7> " “J~

U cl sr
■ 1 , _1
7^

(A-12)

(A-13)
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APPBHDIX B tABlis-B-1 - 
HATORAl GIRGULAnOH TEST DATA
Channel: 0.101 in. x 1.0 in. x 27 in.

20 in. between Test Section Taps
Test Section Pressure Drop (PSF)

§ x 10“5 W xTap 2 Tin Tel /a Total Friction HMctaAtsa' ■

Bun Btu/hr-ft2 Lb/hr X °F Oj? Lb/ft3 Meas. Calc. Meas. Calc. ■APAoa ^PELev ^?Ent ^Pfixit

11-7 , 0.30 261 —— ■ 459 447 48.7 92.4 92.0 10.0 9.6 0.4 82.0
Not Available11-8 '—~1.00 295 459 467 46.0 92.3 98.1 12.1 17.9 0.8 79.4

12-1 l.li? 365 0.011 458 449 kh.2 ‘106.7 111.1 25.4 29.8 3.1 78.2
12-3 2.30 385 0.131 461 452 35.8 157.9 162.0 72-5 76.6 26.9 58.5
12-14. 3.03 3149 0.275 459 46l 32.0 184.0 196.7 99.1 111.8 39.0 45.9

2.33 0.164 462 453 35.8 158.8 166.1 73.6 80.9 28.1 57.1
13-6'j 3.01 0.268 459 450 32.7 184.9 193.0 100.6 108.7 37.7 46.6
1^-lt ; 2.149 3%:,. 0,142. 461.. 454 36.0 157.3 161.7 70.5 74.9 26.9 59.9
iU-3 1.99 m 0^06^? 46l 457 39.8 : 130.9 134.9 44.1 48.1 15-8 71.0
H4-6 : 1.H9 353’ - m. 468 42.7 109.5 115.9 26.5 32.9 8.0 75-0

0.98 .297 —™ 4sr. 466 46.2 92.1 98.2 11.8 17.9 0.8 79.5
0.30 267 ssr 445. 48.7 : 92.1 92.3 9.8 10.0 0.4 81.9

l6~h 2.33 376 0.166 462: 463 36.0 154.0 164.1 69.8 79.9 27.5 56.7
l6-$ 2.914 360 0.236 455 456 33-9 177.5 184.9 92.9 100.3 34-7 49.9
16-6 3.114 337 0.305 459 460 32.2 187.8 199.6 105.1 116.9 39.3 43-4
18-6 3.19 333 0.318 459 46o 31.6 190.9 200.9 108.6 118.6 40.0 42.3
18-7 3.16 332 0.322 460 463 31.6 191.3 201.71 109.7 120.1 39.7 41.9
18-8 3.13 332 0.322 462 463 31.4 191.5 202.7 110.1 121.3 39.9 41.5
19-1 3.06 328 0.310 460 463 31.7 . 186.3 194.5 105.9 114.1 37.6 47.8
19-2 2.95 355 0.252 ■ 460 460 33-2 181.5 188.8 98.2 105.5 35-3 48.0
19-3 2.77 3714 0.193 456 455 34.2 169-3 173-4 84.0 88.1 30.9 54.5
19-3 2;Sb 382 0.158 46o 462 35.7 159.4 161.3 74.2 76.1 26.7 58.5

n



o

r";
W>

()) x io-5 w 2. Tin Tcl
Run Btu/hr-ft^ Eb/hr x: ■•°F • °F

19-6 2.75 374 0.056 459 459
19-7 2.94 355 0.250 458 456
20-1 3.16 312 0,354 462, 465
20-2 3.19 335 0.312 456 ; 459
20-8 3.19 343 0.303 458 462
21-1 3.15 343 0.308 464 465
21-2 3.05 333 0.299 460 461
21-3 3.10 330 0.314 46o 464
21-U 3.15 330 0.317 459 462
21-5 3.17 329 0.329 462 464

APPEMDIX B TiBIE B-2
FORGED CiaOTXATION TEST DAfA
Channels 0.101 in. x 1 in. x 27 in.

20 in. between Test Section Taps
Test Section Press-are Drop (PSF)

' fn Total Friction Calculated
Lb/ft3 Meas. Gale. Meas. Calc. APAcc ^PELev
35.1 169.9 175.7 84.9 90.7 31.4 53-6
33.4 181.2 186.8 97.0 102.6 35.4 48.8
31.4 198.7 200.2 120.8 122.3 39.1 38.8
31.6 195-2 200.5 112.5 117.8 39.7 43.0
31.6 201.2 203.3 117.1 119.2 40.5 43-6
31.8 199.9 206.5 116.5 123.1 '4i.o 42.4
32.1 187.7 195-8 104.4 112.5 39.6 43-732.0 190.9 197.2 uo.o 116.3 38.5 42.4
31.9 195.6 199.1 114.2 117.7 39.0 42-4
31.6 199.8 203.2 118.7 122.1 40.0 41.1

WAPD-AD-TH-470 
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HAIDRAL gircuiation test data
Channals 0.210 to. x 1.0 to. x 27 to.

22 in. between Test Section Taps
Test Section Pressure Prop (PSF)
/k Total

Lb/ft3 Meas.
k5-7 9k.1
kk.3 9k.k
k2.1 96.8
-39. k 102.0
37-k 107.0
32.8 119.1
30.6 125.5
29.3 131.0
27.6 13k.9
31.0 12k.k
32.3 120.3
3k .k H6.8
28.5 135.5
26.9 lkk*k

. 23-6 163.1
21.8 172.5
19.7 ----

20.k —

k2.k 90. k
35-k 9k.7
31-3 10k. 2
28.9 H2.6
2k.3 131.0
21.6 li*9.9

Calc.
91*.1 
95-1 
97.9 

102.9 106.2
115.5
121.5 

• 12 8.0 
.■131.5 120.1*115.6 
HO. 5 
128.3 
13U.8 
151.8 
160.0 
177.2 
173-2
93-7 
95.7 

102.7 ,
115.1
127.211*1*. 0

Friction
Meas. Calc. AFAcc AP]Bie

6.0 5.9 0.6 87.5
6,9 7.6 1.0 86.5
8.2 9.k 3.1 85.5

12.8 13.7 8.6 80.6
17.6 16.7 H.6 77.8
31.2 27.6 20.3 67.6
37.6 33.6 2k.3 63.6
1*2.1 39.0 26.7 60.2 .
k7.i k3.7 SI.?- 56.1 .
35.8 31.7 23,5- 65.1

• ."31.3 26.6 20.0 69.0
26.6 20.2 15.3^ 7k, 9
"1*6. & 39,6 29.0 59.7'
5k.1 kk.5 33.8 56.5
72.3: 61.0 kk.k: k6.k
80.k 67.9 50.0 k2.l

79.1 61.8 36.2
— 76.5 59.3 37.k
3.1 6.5 2.2 85.1

12.5 13.6 9.1* 72.8
25.0 23-5 15.7 63.5
32.6 35.1 2k-3 55-7
50.8 1*6.9 32.3 k7.9
65.5 59.6 k2.6 1*1.8

ilpEnt

—

xSi i:?
107.1 87.7
111.0 87.8
Hl*.l* 90.1
115.9 101.2
117.2 106.1
319.0 i 112.0 l
119.9 ̂ ■nz.k f
119,5'. 103.3
118.6 97-7
117.8 " 82.3
119.3 ‘ HO.6
119.3 115.7
122.0 H?,5
H7.2 123.8
H7.0 123.6
H5.7 — :
li*2.8 81.k
17k.7 76.0
186.8 79.k 
189.6 85,9 
186.5, 91.3
186.k 95.3 II-
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APPEMDII. B TABES B-i^. 
FORCE©. CTRCULAHOH TESf DAfA
Channel'^,21,0 in. x l.C in. x 27; in. 

■ 20 in. betsieen Taps-

O1^;.. 

CJ

r I,

Test Section Pressure Drop (PSF)
1 x 10-5 W XTap 2 Tin fcl Pbl Total Friction Calculated

Run Btu/hr-ft^ Lb/hr " X... Op Ojv. Lb/ft3 Meas. Calc. Meas. '' Calc. A gAea A?Ele.' AgEnt ApExit
6-3 1.93 U88 0.008 U60 U5*U 93*9 9U.3 6.U 6,6; 1.0 86.5 102.1 93-96-5 2.50 ; 58U 0.023 U58 U1.8 98.U 98.0 9.9 9.U 3.0 85.5- 107, u M.76-6 3-02 6U7 0.0U7 U59 — 39.9 103.0 105.1 12.8 13.0 8.0 82,2 112.6 88.0
6-7 3.hi 680 0.078 U63 — 36.7 106.8 105.7 IS-.. 7 17.6 11,9 76.2 115.5 87.56-8 3.95 709 0.100 U59 35.0 111.7 111.1 21.7 21.0 15.6 7k-k 118.6 92,17-1 k«k7 709 0.1U2 U6l 32.5 11? .u 116.1 29.0 27*8 20.U 68. a II8.6 99.3 .7-2 U. 97 725 Q.16U U57 — 31.1 123.7 121.1 3U.3 31.7 ■ 23.6 65.8: 119.3 107.37-3 5-UT 725 0.210 ii.60 ——■ 29.2 132.1 129.1 U2.9 39.9 ' 29.2, 60.0 120.9 I1U.6 ,
7-U 6.US 701 0.300 U58 25.8 U46.5 1U3.3 55.7 52.5 39.1 51.7 120.9 HI.2. 5
7-5 7.12 727 0.339 U62 —« 23.3 158.2 156.6 6I+.6 63.O U5.U US. 2 122.7 136.1 17-6 7.50 666 0.U1U U59 — 21'.5 16?. u 158.1 75.1 65.8 U8.7 U3.6 116.6 129.17-7 7.99 653 0.U80 U60 -—■ 19.9 169.9 168.3 75-0 73.3 55.3 39.6 315.6 I33.U7-8 8.30 .6U2 0.510 U60 _— 18.8 183.9 173.0 87.2 76.3 58.7 38.0 II6.3 135.6
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