


a | ORNL-79k

This document consists of 24

pages. Copy ¥ of 124 .
Series A.

Contraet No. W-TH05, eng.-26

REACTOR TECHNOLOGY DIVISION
SPECTAL REPORT

MIXING IN THE CORE OF THE HRE

by

J. S. Culver
C. B. Grahanm
R. H. Wilson

DATE ISSUED

NOV 13 1950

sunrerrecners DEGLASSIFIED

. G A G B e o 1 Pt Y o e

BY AuTHORITY OF:oor ... Z.-/.&._.ZL.I{..K.- .....

Bv:. N Pl aemy, 277075
OAK RIDGE NATIONAIL. LABORATORY

Opersted by
CARBIDE AND CARBON CHEMICALS DIVISION
Union Carbide and Carbon Corporation
Post Office Box P
Oak Ridge, Tennessee

.-
il DR

3 4456 03L080L 8







A -3 - ORNL-79%
TABLE OF CONTENTS
MIXING IN THE CORE OF THE HRE
Page
Abstract h
Introduction 5
Flow through section "A" 5
Mixing as indicated by the path of gas bubbles 9
Flow through section "B" 9
Maximum temperature if intermixing is ignored in "B" 10
Conclusions 11
ALTERNATE DESIGN
Soup injection at lower end of vortex 14
Conclusions 1k
APPENDIX

Experimental evidence on mixing in the reactor 15
| Dye injection tests 15
Hot water tests 15
Center heat removal considering no intermixing between "A" and "B" 18
Effect of water injection on gas holdup ‘ 23
Bibliography oh




ORNL-T794

ABSTRACT

Qualitative experiments indicate that the spiral flow in the outer
portion of the core and the mechanical mixing in the center of the core
are adequate to prevent boiling in the HRE.

Calculations, which assume no mechanical mixing in the center, show
that evaporation below the boiling point in the central region will
prevent boiling if provision is made to handle the large volumes of
saturated gas evolved. _

An alternate design which provides for the injection of cold (210 c’C)
soup into the bottom of the vortex provides the best insurance against
overheating the central region of the core, and reduces the volume of gas
to be removed.
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MIXTNG IN THE CORE OF THE HRE

INTRODUCTION

The core of the Homogeneous Reactor Experiment has been described in
Report ORNL-T730 and consists of an 18" sphere through whiech 100 GPM of
solution is pumped. Liquid is supplied to the sphere through a pipe in a
menner so that the liquid rotates about a vertical axis; and is removed
through a vertical pipe at the top. Gases collect in a vortex on the axis
and are withdrawn through a small pipe at the upper end of the vortex
(see Figure 1).

Flow through Section "A" (see Fig. 1)

Looking down on the sphere, as the liquid enters the sphere it assumes
a curved path about the axis end spirals in toward the axis (see Fig. 2).
Angular veloecity increases as it moves in. The liquid spreads out to form
a vertical cylinder as it enters, and the cylinder increases in length
(bounded by the walls of the sphere) and decreases in diameter as the liquid
moves in. The flow pattern 1s similar to a roll of paper which has been
machined to a spherical shape. The bubble path shown in Figure 2 is typical
for all planes perpendicular to the axis within the sphere.

Figure 1 shows velocity components in a vertical plane. The initial
axisl component of velocity produced by the angle of the inlet pipe rapidly
disappears leaving the path of fluid particles as shown in Fig. 1. Typical
bubble paths, from the inlet, are also shown by ihe dash lines, end indicate
that the liquid flow is as shown. When the cylinder has decreased to the
diameter of the ontlet pipe, (B), the liquid moves rapidly ocut in a vertiecal
direction while rotating rapidly sbout the axis. Thus the sphere is completely
and uniformly swept by the flowing liquid until the liquid path reaches the
diasmeter of the outlet.

This flow pattern has been observed in numerous tests using dye or paper
wads; and may be deduced from the flow pattern of the bubbles (see phote). It
will be even more positive when the liquid is heated as it progresses through
the sphere.

In a centrifuge, low density liquids will collect at the inner layer and
heavy liquids at the outside. As the reactor liquid heats it becomes less
dense and therefore will tend to distribute itself in layers according to
temperature with the hottest (least dense) liquid at the center. Since this
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SIDE ELEVATION OF SPHERE SHOWING
FLOW COMPONENTS IN A VERTICAL PLANE



A < B A |

DWG. 9798

Inlet

Liquid flow

——__ Bubble flow

FIGURE 2
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Flow through Section "A" (Cont'd)

is the nabural pattern of flow for the cold liquid, heating the liquid as it
progresses in will not distrub the pattern. In fact, if a hot spot were to
develop; its lowered density (increased buoyaney) will cause it to move in
more rapidly and thus decrease its residence time in the reactor.

Mixing is further promoted by the movement of gas bubbles through the
core since their radial velocity is approximately 20 times the radial velocity
of the liquid. If any local area were overheated to the boiling point, steam
bubbles would form and move rapidly into the vortex. It does not appear
possible for local heating %o go this far but if it did, the heat would be
rapidly removed by the steam bubbles which would also agitate the area.

There seem to be no stagnant regioms in part "A" of the sphere and, in
fact, the situation eppears ideal. This same flow pattern is expected at
high temperatures, and will be checked in the near future when the instellation
of experimental equipment has beemn completed.

Mixing as indicated by the path of gas bubbles

The pattern of liquid flow within the core may be deduced by studying the
path of bubbles in the core. A considersble number of studies have been made
by visual and photographic means, with the result that the pattern as
described in this report has been confirmed.

Tests conducted with many small tubes used o0 injeet air at different
positions in the core showed the bubble path from any point to be essentially
in a plane parallel to the equator execept for a slight effect due to the
axial flow.

If however, gas was admitted within the inlet stream, bubbles were
distributed to positioms all along the axis. The fact that some bubbles
arrive at the lower end of the vortex (the most questionable point as far as
mixing is concerned), indicates that mixing is assured throughout.

Flow through Section "B" (see Fig. 1)

A mocre complex phencmenon is present in the region surrounding the vertical
exis inside the diameter of the outlet pipe. A purely theoretical picture of
this region would consist of a solid har of liquid with its axis on the
vertical axis of the core and rotating at constant angular velocity. A large
portion of the core fluid is flowing vertically out along the outer surface of
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Flow through Section "B" (Cont'd)

the bar which is somewhat smaller in diameter than the outlet pipe. The bar
of liquid is moved vertically by the flow of liquid on its surface and also
by the liquid which flows out the gas outlet (1 GPM). See Fig. 1. The rate
of this vertical movement is not known, but when dye (Appendix) was injected
inte the lower end of this "bar" at a radius of 1 inch, all of section "B"
quickly became colored, and when the dye was shut off the color was quickly
dispersed in a matter of seconds. It made little difference whether the gas
outlet was open or closed in the dye experiments in which the dye wes admitted
at a radius of 1 ineh.

At a later date two thermocouples were placed in the sphere, one at the
outlet and one at the lower end of section "B". A tank of hot water was
connected so that it could be put into the system by a quick-operating valve
(Appendix) . The results are shown in Fig. 7. It can be seen that no hot
water was isolated in section "B" and that .a this case there was adequate
mixing in the central region. The whole thirty gallon system came to a
uniform temperature in 20 seconds. These experiments indicate adequate mixing.

As mentioned before, hot (low density) liquid may tend to collect at the
center of the sphere because of the centrifugal action. In an unheated sphere
dye will mix throughout the sphere in a matter of approximately 10* seconds.
Average transit time in the core is 13.2 gal . 4o = 7.92 secs. There seems

100 GPM
to be little question about adequate mixing under these conditions, but the
question has been raised as to whether the central columm (about the axis) will
be adequately cooled when heat is introduced, since the hot 1iquid may tend to
collect at the center of the vortex. If it is not adequately cooled, the
temperature might approach the boiling point.

Maximum temperature if intermixing is ignored in 'B"

The volume of region "B", see Fig. 1, is n % l2 x 18" = 56.5 in3.
The total volume of the sphere is % Tt 93 = 3050 in3° Therefore if the average
power density in "B" may be assumed to be the same as the sphere average, the

heat 40 be removed from this volume is:

¥ One complete ecireuit in the proposed reactor.



18.5 KW = 1050 Btu/min.

The calculations in the Appendix have been made with the pessimistic
assumption that no intermixing takes place between sections “A° and "B.
Under such conditions, the only heat removed is that taken out by evaporation
in "B", by the liquid that goes out with the gas (1 GPM) and by the liquid
taken out the bottom of the sphere (1 GPM). In order for heat to be removed
by the processes just mentioned, section "B" must operate at a slightly higher
temperature than section "A", which is to cperate at 250 °C. The possible
heat removal at different temperatures ranging from 250 °C to 270°C was
calculated for two different water decomposition factors at the power level
of 1000 KW. The results are shown in Figure 4. It can be seen from Fig. b,
that the meximum tempersbure of zection "B", for a decomposition fackor of
50 ev/ion pair is 262.4% ©C., and for 100 ev/ion pair it is 266.4 °C. From
Fig. 5 the volumes of gas %o be handled under the two conditions are;
respectively, 690 eo/sec., and 415 ce/sec.

The cooling by evaporation should be thought of as reserve cooling since
the dye experiments and the hot water experiments indicate that the ligquid in
section "B' does change rapidly. If, however, this should not be the case,
section "B" would rise to a temperature about 17° above "A".

Conclusions
1. Adequate mixing and cooling in the core is indieated.

2. An ideal self-adjusting mixing will exist from the equator in as
far as the diameter of the outlet pipe. This is indicated by the
dye tests, the movement of bubbles through the ligquid, and the
centrifugal effect upon the least deuse regions of the liguid.

Slightly inferior mixing may exist in the immediate region of the
vortex void, but this seems unlikely. No point of stagnation has
been found or appears probable. The center region appears to be
adequately mixed, but if it is not, it can not overheat more than
17°C. which is 18°C. below the boiling point for 250 °C. operation
at 1000 psis.

(8V}
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ALTERNATE DESIGN

Soup Injection gt Lower End of Vertex

Instead of permitting the "B" region temperature to rise above 25000,
as has been the case in tge previous treatment, the temperature of this
region may be held to 250°C by the injecticn of cold (210°C) soup into the
bottom of the vortex. The required injection is:

1050 Btu/mino*
k0”¢ x 1.5 Btu/ib. °C x 6.7 1b/gal

= 2.17 GPM

From the standpcint of mechanical design, the injection of soup into the
bottom appears to be as fessible as the withdrawal of soup from the bottom.
The advanbtage is that holding the center temperature to 250°C will minimize
the saturated velume of gas to be handled. Experiment (Appendix, Fig.8 ) has
shown that the injection of 1 - 3.5 GPM water inko the lower end of the
vortex does not appreciably affect the hcldup of gas in the sphere, at any
given gas flow (volumetric) Fflow rate. Since injection reduces the gas
volume, by lowsring the temperature, its usgse is recommended.

Coneclusions:

1. Injecting eold soup into the lower end of the vortex appears
to be preferable to the previcus system, since the volume of
satursted gas to be removed from the vortex will be reduced.

2. I% is recommended that injscbion into the vortex be tested in the
latest apparatus and used in the HRE if no difficulties develop
during the teshing.

* BSee pags 11



APPENDIX

EXPERIMENTAL, EVIDENCE ON MiXTis TR ME HEACTOR

Although no bruly quantitative tesgts have been run on this subject
geveral experiments have been ran to ascertain the nature of the flow in the
sphere and if there might be any volumes which are not removed in a reason-

le time. '
e o

Dye Injection Test

Tweo coloring agents were used in thess tzsghs with essentially the saume
results., Pirst Seshs were run with pobassivm permanganste as the dye and
ferrous chiloride o clear the solution.

In the First test the dye was adwitbed st the botbom of the sphere
opposite the cutlet. When introduced at the center; a narrow columm of dye
passed rapidly along the axis of rotabion and passsd out the air cutlet with
no diffusica evident. When the dye sbream was adwnitbed at a radius of about
one ineh it Tiiled the cembtral 2 1/4 dis. core inside the outlet annulus
rapidly and soon pumped cub. :

When the dve was adumitbed with the inleb shrsam a spiral ribbon appeared
and the dye rapidly spread along the wertical surface of each turn of the
spiral, demcostrating the "cylindrical typs of flow present. Under these
eonditioms the dye diffused samyletely'thrmughnut the gsystem in approximately
10 sees. Addition of the ferrous chioride reversed the process, gradually
clearing up the system. The last place to clear up was, surprisingly enough,
a "doughnut" sbout 8 inches in diameter wbout & inches below the outlet. This
ring alsc disappeared in & matber of secouds {estimated st approx. 7 sees. ).

Similar experiments were rua wsing a phenopthalein solution in ethyl
aleohol in an atSewpt to see the effect of a low densiby solution in the system.
In 5 qualibabive sense the results wers the same as bafore.

Bot Water Tests

These tests were explorabory in rabure to determine whether hot water would
gtay in the 2 1/ Dis. ecors, due to its lower density. Since the plastic spheres
cannot be allowed 0 becoms too hot the system was run on eold (20°C) water
as usual with a 10 gallon tank of hot {150 “F) water which could be quickly
inserted in the system, as shown in the accompanying sketch.
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Hot Water Tests (Conb'd)

FIGURE 6

TOCD

Razorder

EDQCO
10 Gal. } O
Tank '

The by pass valve is of the quick opening lever operated gate type and
s spring losded check valve was inserted in the system to prevent flow until
the by pass was closed. Tobal volume of sysbem was about 30 gallons.

Two differsntially connected copper-constantan thermocouples were inserted
in the water stream as shown, one ab the very center of the central core at the
boktom opposite the outlet, and the other in the outlet stream.

With the system runuing on 70 “F water the 10 gallon tank was filled with
150 °F water and after opening the two valves which isclated the tank from the
system, the by pass valve was suddenly closed. A typical trace is shown in

Figure 7

To aid in interprebing the curves thus obtained additional runs were made
holding one thermocouple at constant temperabure. In this manner the behavior
of sach region was nobed independently.

Subtracving these two curves gives a result essentially the same as
observed when both thermoecuples ars run together.

The resulss of these *ests are uot abt all clear or conclusive when applied
to the reackor, bu’ indicate thab either considersble mixing does occur or that
+he hot core 1s pumped cub. Tests run with no flow thru the gas outlet showed the
same behavior.
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Center Heat Removal Considering No Intermixing Between "A" snd "B"

Gram-mols. gas evolved st 1000 KW = 0,31 g-mols/sec.
(based on 50 ev/ion pair).

Apparent molecular weight of gas = 12 g/g-mol.

Bt 250 °:

s ca i

i

¥.P. Hy) = 577 peia.
.

P.P. gas = 52% psisg.
P

i

Volume stesm .
Voluws gas

L e p e G )
Specific wolume of dry gas ab 250 U., 423 psia =

o “
T L1y
224

1z

= = 0,12k liters/g.

o
&
[

Specific wvolume of s

0802 x 26:3 - 0,050 liters/gram.
£y

Humidity of gas =

:;:O = 661
0.050

& e K3
0.802 ££.3/1b. =% 250%., 577 psia

2k = 2,48 g.Hx0/g. dry gas

Humid wolume of gas ab 250 “Co, 1000 psia. =0.12k liters/gm. dry gas.

Gaseing rats = 0.31 {0.12h w 12)31000 = 461 «

A 260 O

Vo Po T.0 = 681 psis.

sl

P, P, gas 319 psis.

1>}
i

Volume gas = Vol. shesr
Specific volume of dry gas at 260 2., 319 pais -

%;h % Zég % %?;7 = 0.169 literz/g.

¥ Keenan and Keyes



Cenber Hea® Removal Considering No Intermixing Between "A" and "B" (Cont'd)

Specific volume of steam ab 260 Y., 681 peis. =

QF/‘:_?“ F*?Lg i o ot o‘)‘i i
0oc75 £t 4%2 x 28:3 _ o ohay liters/g.

169
L0442
&k

Homidity of gas

L= 4.01 g/H0 /g, dry gus.
Fumid wolume of gas gF ®r., 1000 psia. = 0,169 liters/g. dry gas.
Gsgsing Tate = 0.31(0.169 x 1211000 = 629 co/sec.

Inerease in humidity = %.01 - 2.48 = 1.93 g. H:0/g. dry gas.

Weglecst has® taken up by dry gas.
24 T oy &

0.%1 x 12 x 1.53 x 60
Water vaporized = [

= 0.7%2 1b./min.

]

Enthalpy waber st 250 ¢ = k69 Btu/lb.

" gheam 5% 260 “C = 1202 Bha/1b.

i

o
<
&
3
i

wahar ab 2 . LBE Bba/1b.
Hea® removed by waporizing = 0.752{1202-469) = 551 Btu/min.
Hest removed by iiquid = 2 gal/min. x 6.68 1b./gal(i88-469) Btu/lb.
= 2%k Bhu/min.
Heat removed = 805 Bfu/mdn.
Required removal = 1050 Biu/min.

&

AT
At 205 C

¥, Po waher = T8 psim.
P, P. gas = 262 peia.
vol. gas = Vol. shean
Specific volume of dAry gas ab 265 0., 262 peia =
284 538 k.7

& 2=s % L= 0,206 liters/g.
=% 06 1iters/g
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Specific wolume steam at 265 CC., 738 psia = 0.620 £t.3/1b.

23 = 0.0387 1liters/s.

0,206
Buridity of gas = Fog3g7 = 5032 Hx0/g. dry gus

Fumid wolume of gas = 0,206 liters/e. dry gas =t 265%., 1000 psia.
Gassing rabe = 0,31{0.206 x 1211000 = 766 co/sec.

Inersase in humidity = 5.32 - 2.48 = 2.84% g. H-0/g. dry gas

0,31 x 12 x 2.8k % 60 o,
Waser vaporized = TR = 1.40 1b./min.

Enthalpy stear st 265 90., 738 psis = 1200 Bbu/lb.
u waber &b 265 %C., 738 psis = 499 Btu/ib.

1020 Btu/min.

Heat removed by evaporstion = 1.45{1200 - L&9)

il

Hest removed by liquid = 2 x 6.68 (h99 - 469) = LO2 Btu/min.

Heat removed = 1k22 Btu/min.
Required removal = 1050 Bbu/min.

Gram-mols gas evolved ab LoM KW is 0.155 g-mols/sec.
(based on 100 ev/ion pair)

Avparent moleculsy weight of gas = 12

=
o
.
-
g
e’
1

798 psiz.
P, P. gas = 202 psiz.

Specific volume dry gas at 270 ©C, 202 psia. =

22 . sh3 0 1bh.7 o s ‘.
o5 % s ¥ ems = 0,270 likers/g.

|

3

g
Al



At 270 °C (Cont'd)
Specitic volume steam at 270 OC., 798 psia = 0,570 ££.3/1b.

00570 X 2803 = 00,0355 1/
13‘54 o 399 :go
0,270
Humidity of gas = 0,0355 = 1-6 8. Hx0/g, dry gas

Humid volume of gzs at 270 Ocog 1000 psia = 0.270 1/g. dry gas

Gassing rate = 0.155(0.270 x 12) x 1000 = 502 ce/sec.

!

7.60 - 2,48 = 5.12 g H;0/g. dry gas

0,155 ¥ 12 x 5.12 x 60
. TEf > = 1.26 1b./min.

Humidity change

]

Water vaporized

1198 Btu/1b.

Enthalpy steam at 270 ©C., 798 psia

" waber st 270 ©C., 798 peia = 509 Btu/lb.
Heat removed by evaporation = 1.26(1198-469) = 918 Btu/min.
Heat removed by liquid = 2 x 6.568(509-469) = 53k
Total heat removed = 1452 Bbu/min.
Required removal = 1050 Btu/min.
At 265 OC., and 270 °C., the cocling due to evaporation will be half that
for the case of 50 ev/ion pair. The cooling by the liquid will be the same.

The results are shown in the table and on Figure L,

HEAT REMOVAL FROM CENTER OF CORE
Core Temperature 250 OC. At Liquid Outlet

Center 50 ev/ion pair 100 ev/ion pair
Temp. OC Btu/min ce/second Btu/min. ' cc/second
250 0 W1 0 230
260 705 629 530 315
265 1ko2 766 912 383
270 - - 1ks52 502

Power Level 1000 KW.
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Effect of Water Injection on Gas Holdup

The effect of injecting cold soup into the bottom of the vortex upon
the gas holdup is of interest becsuse it is desired to insure the cooling
of the center of the reacter core by this method. The experimental evidence
obtained %o date indicakes that this injection has little or no effect upon
the gas holdup, for a given volume of gas flow.

Thnree seriss of holdup measurements were made with different rates of
water flow into the bottom of the steel sphere. The result is shown in
Figure 8. The scattering of points could be represented by a single line
about as weil as by the three shown.
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