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THE PRELIMIFARY RESULTS OF A HEAT TRANSFER ANALYSIS AND FLUID
FLOV EXFERIMENTS IN A VORTEX TUSE FLOW SYSTEM APPLICABLE
TO A CIRCULATING-FUEL REACTOR CORE

This paper discusses a series of heat transfer and hydrody-
namic experiments involving the adaption of a forced vortex to a
unique fuel element system for r-flector-moderated, circulating-
fuel reactors.

The reactor design is to be based upon the Vortex Tube Flow
System, vhich will permit the attainment of a high thermodynamic
efficiency.

These studies are intended to explore the advances in
cire 'ating-fuel reactor design made possible by the development
of the vortex tube flov system as well as to determine the hydro-
dynamic and hea* transfer characteristics of this system.

The results of preliminary heat transfer calculations cove:-
ing the several phases of the situdy are presented together with
the initial hydrodynamic studies and heat transfer analyses of
the first experimental vortex tube.




the thermal diffusivity, na/h-

the heat capacity, Btu/1bd-°F

constants in equation (2)

Bessel function of first kind, zero order

thermal conductivity, Btw/hr-rto/rt

heat transfer rate, Btw/hr

the radial positiomn, ft

pipe radius or half the distance between parallel plates, It
the temperature at radius r, °F

the fluid velocity profile, ft

the mean fluid veloecity, ft

the mean volumetric heat-source strength, Bty hr-ft”

' the volimetric heat-source strength at radius r, M-ft,

axial distance, f't

the eddy diffusivity, ﬁ'/n

angle between radial and axial velocity components, degrees
angle with z axis, degrees

fluld weight demsity, lbe/rt’

Reynolds modulus
diminsionless pipe radius
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INTRODUCTION

During the past several years, the heat transfer and fluid flow re-
search on high temperature reflector-moderated circulating-fuel reactors
has brought to light certain fundamental defects wvhich prevent the attain-
ment of optimm thermodynamic efficiencies. These defects are:

(1) “lewu.tﬁie?ﬂ‘mﬁd-t

(2) Radial fuel temperature distributions are normally so nom-
uniform in character that the highest mixed-mean fuel tem-
peratures at core outlets camnot be realized.

(3) Nonuniform radial fuel temperature distributions generate
hot spots and significent temperature fluctustions if the
fluld flov is asymmetrical or unstable in nature.

(8) Complex moderator cooling components are required to cool
lov temperature moderators.

(5) Auxilliary components are needed to extract the gaseous
fission products from the fuel.

In order to rectify the first three defects listed above, it is nec-
essary to develop a circulating-fuel reactor core whose fuel temperature
distribution is uniform with respect to radius. Thus, in the case of a
simple element under established flov conditions and no wall heat trans-
fer, a uniform radial temperature distribution can be obtained by gener-
ating an axial velocity profile having the same shape as the "olume-heat-
source profile. This is apparent from the smalytical results of
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w-ﬂm"mmmmmumm-
taining heat genersting fluids. The equations are summarized im Appendix III.
In order to remedy the fouwrth problem, the heat gemerated within the

-5~

moderator material must be removed by the fuel itself. The velocity distri-
Sution in the fuel at the wall must then be overcompensated to account for
the wall hest transfer. This process, vhich may be referred to as “fuel-
cocling,” would necessarily be used fu conjunction vitl high temperature
moderators such as graphite or beryllium oxide.

If the fission gas separation could be accomplished in the core itself
rather than in an additional system component, the final delfect could be
eliminated.

This rejort presents a preliminary study of a unique circulating-fuel
reactor core element vhich satisfies the requirements as set forth above.
This element will subsegquently be referred to as the Vortex Puel Element.
The results of an experimental imguiry isto the velocity structure of this
fuel element are preseated. An analytical study of tho temperature distri-
bution in this system is summarized and interpreted fir a typical high tem-
perature reactor. A conceptual circulating-fuel reflector-moderated reactor
design utilizing the vortex tube principle is also presemted.

'wpmmummw.
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Tt has recently been showu® that the stabilizing effect of a foreed
vortex within a ¢ircular tube permits the maintenance of axial fluid veloc-
1ty distributions of many desired forms. Specifically, the rotational flow
was developed by s unigue vane system at the tube entrance and maintained
througbout its length by means of a perforated exit plate. A photograph of
the entrance vane system is shown in Figure 1. An over-all view of the vor-
tex fuel element is showa in Pigure 2. ummmem-
.y approximating the Bessel function power distribution within this tubuler
element has been obtained. The design of vortex generators to accomplish

this purpose is outlined in Appendix I.
EXPERIMENTAL HYDRODYUAMICS

The 5-inch diameter vortex flov tube of Pigure 2, (length/diameter = 8),
vas instrumented wvith four miniature pitot tubes. The pitot tubes were sit-
uated such that at all radial positions the tips vere parallel to the direc-
tion of fluid flov. Radial traverses were made with the pitot tubes. Read-
ings were takem at 1/b-inch intervals detveen the wall and the tube cemterline.
Detailed velocity distribution data were obtained with the intermediate pitot
tube wvhile spirnl decay imformation was obtained with the upper and lower
tubss. The pitot tube at the intermediate station was situated in such a
wvay as "o obtain an average velocity between the wall and a point approxi-
mately 1/32 of an ineh from the wall. In this manner, the velocities near
the wall were measured. This was possible since a + 10 degree variation in
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the angle of sttack of the pitot tube had no effect on the measured veloe-
ity pressure.

After each entrance vane and exit region ad justment, pitot tube trav-
erses vere made until the desired velocity distribution was achieved. The
flov visualization technique was used extensively for the qualitative in-
vestigation of flow patterns’ in the tube. Figure 3 shows typical experi-
mentally obtained distributions of the axial component of the velocity for
vortex flow. In addition, the flow visualization studies permitted the
qualitative study of the vortex decay.

The total pressure drop across the test section was determined at the
highest flov rates, which corresponded to arxial Reymolds mumber of approxi-
mately 100,000 in water.

In Pigure 4 are shown two typical normalized velocity distributions,
Fo. 1 and No. 2, corresponding to two differeat vortex generator settings.
A pormal turbulent velocity profile, No. 3, is imcluded for comparison.
All velocity distributions were measured at a flov rate vhich corresponded
to an axial Reynolds mumber of 100,000 im & 5-inch tube. These profiles
vere obtained at the mid-section of the tube, but messurements immediately
after the entrance section and before the exit assembly show the profile to
remain virtually unchanged. Decay measurements of the axial velocity compo-
nent in the vortex with the phosphorescent particle technique verified the

above measurements.
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Fig 5 Velocity Profile Types as Seen with Phosphorescent
Particle Technique in Vortex Tube at Reynolds Number 100,000
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The measurement of the axial fluid velocity at the wall was of partic-
uler interest. In the vicimity of the wall, the axial fluid velocity com-
ponent peaked sharply st s point not more than 1/32 of aa inch from the
interface. Since a pitot tube indicates the average velocity across its
tip, it may therefore be concluded that the axial velocity pesk occurred
st some point less than 1/32 of an inch frum the wall. The sbove messure-
ments indicate that the boundary layer sust be extremely thin.

Since a forced vortex is similar to the type of flov configuration
which permits particulate separation within a hydroclome, it was felt that
the vortex tube might also effect gas separation from the fluid because of
the existing centrifugal force field. Such a gas separation test was suc-
cessfully accomplished. Air was introduced into the fluid at a point pre-
vious to the entrance region It was observed that all visible air bubbles
vere collected at the center of the exit plate during the first pass, and
then vented to the exterior.

A pressure drop mseasurement across the vortex fuel element at a flow
rate corresponding to an axial Reynolds number of 100,000 wvas determined

to be about 2.43 u-/n.’.
TEMPERATURE STRUCTURE ANALYSIS

The basic equations describing the temperature distribution in a heat-

generating fluid flowving turbulently through a long cylindrical duct are
given in Appendix III. PFor a cylindrical reflector-moderated reactor sys-
tem, the radial volume-heat-source distribution can be writtea in the

e
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!Fl - 0.60 I (2.08 p) (1)

=
An axial velocity component profile closely spproximating the shape of the
volume-heat-source distribution of equation (1) can be generated within the
cylinder as shown in Figure 5. This profile can be represented smpirically
by the following series:

!“fl-c.-..cl..cl,ao — (2)

Bquations (1)'and (2) can them be substituted into the comvective
volume-heat-source equation (Appendix ITI, equation (10)). The resulting
equation, after two integrations, describes the redisl temperature distri-
bution in the vortex tube with an insulated wall. The solution is plotted
in Pigure 6, together vith the solution for the case of ordimary straight-
through flow in the circular pipe. Note that the temperature profile for
the vortex fuel element is mearly uniform compared to the straight-through
flov case.

If & heat flux existe at the tube boundary, in addition to the volume-
heat-source, them the velocity profiie must be further modified to account
for the effect of this surface heat flov. A velocity profile which is over-
compensated at the tube wall is sought so that redial heat transfer and
radial fluld temperature differences are minimized. The vanes of the vor-
tex generator are adjusted until such a profile is obtained. Figure 5
showvs a velocity profile generated in this way as well as the volume-heat-
source function. A straight-through pipe velocity profile is also plotted

—
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Figure 3
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for comparison. Again, the convective volume-heat-source m‘ (vite
+,

wall heat flux) was sclved using the following relations for the velocity

and heat generation functions

or) . 0.66 1, (2.97 0 (3)
n
and
!‘{l-caoclpfea.?. p— (&)

It vas assumed that ther~ was a 2.3 per cent heat addition at the fuel-
moderator interface. The result is plotted in Pigure 7. The solution for
the straight-through flov case also appears in his figure. Agaln, note
that the temperature profile for the Vortex Fuel Element is nesrly uniform.
It may be mentioned that the eddy diffusivities in the vortex flow are
in the process of svaluation, but it is stressed that the diffusivities in
the vortex flov are greater than those existing inm an ordinary pipe. Thus,
these nev diffusivities would tend to flatten the temperature distributions

to & greater extent than indicated in Pigures 6 and 7.

“ See eguation (11), Appendix ITI.
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tive

An experiment designed tc verify the results of the analysis as shown
mn-oénnue-t-‘d. It will be necessary to measure the wall tempera-
ture distridution in a vortex flov tube having some desired axiel velocity
distribution. The iaformmtion so obtained will serve to indicate the degree
of boundary layer attenuation in the vicinity of the tube walls. A direct
acasurement of the radial and axial temperature distribution as s function
of the imposed velocity distribution is sought. Both transient and steady-
state seasurements may be made in the volume-heat-source system. Vortex

decay information will also be readily obtaimable from these measurements.

Nethod
For these measurements, it is proposed that = uniform volume-heat-

source be generated electrically within an insulated tube containing the

desired vortex profile. The axial crmduction of curremt through the flow-
ing electrolyte produces heat in s masner snalogous to the IR hest loss

effect in ordimary e_ sctrical conductors. The wall temperetures are Beas-
ured vith surface thermocouples, wvhich are imbedded in the insulsted wall,
and radial temperatures sre determined at the exit region. Surface platinum
electrodes supply the altermating curreat to the slectrolyte 23 shown in the
schematic diagram (Pigure ).

—
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Predictions
If it were possible to obtain a power distribution exsetly similar to

the Bessel function velocity distribution in the vortex tube, no radial
temperature difference would result. However, only intense uniform volume
heat sources are practically available. Moreover, a demonstration of the
desired thermal effects are not contingent upon the nature of the volume
heat distribution. It is only required to knov the nat'we of that dietri-
bution; which, in this case, will be wniform. The ianformation savailable
from this experiment will serve to verify the predictions in Pigures 9 and 10,
vhich will meet the requirements as outlined in the objective.

Figure § indicates the predicted dlsensionless wall temperature distri-
bution for the vortex tube vith wniform vclume heat sources and flat veloc-
ity ddstribution. This is understandable on the basis of the uniform heat
distribution, and the fact that the fluid is traversing the tube as rapidly
near the wall as in the center. In a reactor core with the desired Bessel
function velocity distribution, the wall temperatures will similarly be
equal to the mixed -mean values PFlgure 10 indicates the redial temperature
distribution in an ordinary pipe for uniform volumse heating as compared with

the rdial temperature distribution in the vortex tube.
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Objective
If fuel cooling of the moderator is to be feasible, it is necessary

to imsure an adequately large fuel-wall heat transfer coefficient. It is
proposed to measure the fluid-wall heat transfer coefficient within a tube
coataining s forced vortex having both a flat and a Bessel function axial
velocity distribution. A study of the variation of the heat transfer co-
efficient vith axial Reynolds mumber for a wide range of axial velocity
distributions will be possible. Wall-fluid heat transfer wvalues will be
obtained for both s compressible and noncompressible fluid. The efficiency
or the ratio of the heat transfer coefficient to L.e pressure¢ drop in the
vortex tube will be compared wvith existent flov systems.
awmn«mswuuunmmm
of free convection in the high artificial gravity field of the outer or free

vortex on the fluid temperature distribution in a specially designed vortex
flov tube (see Pigure 11).

Netaod

The experimental apparatus necessary to obtain the data as set forth
in the above objective will comsist of a thin-walled metal tube, which will
be volume heated by weans of » high current, varialle pover source (see
Pigure 10). Several entrance comfigurstions, whic: will produce vortices
having the desired axial velocity distributions will be examined. "luid
(sir or gas) mixing chambers at the exit and inlet will yield the total

sixed-mean temperature rise through the vortex tube and the pover lnput

T i
| —— -
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vill be determined by the product of uhe voltage and smperage across the
tubular wall. This method will yield a direct determination of the fils
coefficient since heat transfer takes place across one surface only.

The remainder of the system will consist of a cemtrifugal pump, heat
exchanger, sump tank, and the conne~ting conduits. Pressure drop measure-
ments across the test section will be obtained vith differential pressure
sanometers. These apparatus sre presently available; the tubular test

section remains to be designed.

Predictions
‘.mrnhuum“mu‘-ﬁtdﬁddmum‘-yh

expressed in the form
8

b = film coefficient Btu/hr-rio-°p
l- = Reynolds modulus

On the Masis of this simple correlation, and in consideration of the ex-
tremely bhigh spiral fluid velocities at the wall of a tube containing a
forced vortices, it 1s evident that the heat transfer coefficient wvill be
considerably greater thun value obtained ‘n an ordinary pipe for the same
axial Reynolds number .

In spiral or vortex flow, the artificial gravity fleld may produce a
Wm.unwwnﬁammmmnmmmm
by pueducing & net inward buoyant force on the warmer, less dense flula et
the walls. It may also be pointed out that the specific type of fluid
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velocity distribution of interest in the experiment givea rise to greater
axial fluid velocity near the walls than st the tube center. This higher
wall fluid velecity wvould further be reflacted in the ahove heat transfer
relationship.

lwuﬁuuu&npﬂh soefficient prediction may be con-
servative is based upon a recent experiment at the Oank Ridge National Lab-
oratory. A volume heat source was generated within a glass pipe, vhich
mmmmmu-twmmz. Peripheral tempersture seasure-
ments showed heat transfer rates at the outer spiral wall tc be considerably
higher than those existing &t the imner wall. It is alsc kmown that for
ﬂmi-thhuullymud'tp‘,_ttmmm-yhm-
eral times higher than in straight pipe at the same Reynolds mumber.

It is also of interest in the develogment of gas-cocoled nuclsar re-
actors %o insure a large gas-wall film coefficient. PFor similar reasons,
some of which are mentioned in conjunction with liquids, it is also expected
that wall heat transfer to a gas in a vortex would be of a proportiomately
greater magnitude. Since the apparatus described for the previous liguid
heat transfer experiment are ilmmediately sdaptable to the msasuremsnt of a
s coefTicient, it is planned that this experiment also be conducted.

Ui bLA\)-“FEB z Z
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The successful experimental verification of the predictions should
lead to a reconsideration of a straight-through, high power density
circulating-fuel reactor with the sddition of the vortex tube flow sys-
tem. A comceptual schematic of the application of such a vortex tube
to & reactor core sppears in Figure 12. Note that the off-gas system
may be incorporated as an imtegral part of the vortex fuel tubes. If
the introduction of heliwm imto the Puel is necessary to imitiate mucle-
ation of the xemon gas, both gases may be removed simultaneously.

The successfMul development of the vortex flov concept therefore
makes possidle the design of s reflector-woderated circulating-fuel re-
actor vith the folloving advantages:

(1) A saximm thermodynsmic efficlency based on the maximum

allowable setal-fuel interface temperature.

(2) A power demsity limited only by the fluid flow rate.

(3) A simplified resctor core im vhich fuel-cooling of the

fuel channel walls is achievable; thus, no separate
sodium cooling system for the fuel walls will be neces-
sary.

(b) VWhen used iu conjumction with a high temperature moderator,

& compensated fuel velocity distribution may remove modera-
tor heat at the chammel walls.

NCLASSIFED
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APPINDIX I
THE VORTEX OENERATOR DESIGN
PFrom egquation (3), it is desired that

v (r)
-I'-.— - 0.60 I (2.08 p)

\(r) = 0.60 W I, (2.08 p)
The experimental measuremeat of " ylelded:

s-!.&ﬁ”nﬁ

u (r) = 0.60 x 2.40 1 (2.08 p) E S

= LM I (2.08 p) -

If one ascumes s flat velocity distribution and comstant pressure-drop
scross the vortex vane assembly, such as existed approxisstely in the experi
wental system, then the following vectorial relationship is walid:

) - () + Glr) ()
CN L) I ;
‘ulr)

8 (r) = vectoriad fluid velocity
6, (r) = axtal fletd velocity component
'ﬁh)--—luwmw“




From the sbove vector relation:
u (r) = u(r) Sin @ (7

Substituting equation (6) into equatiom (7), there results

1.8 l. (2.08 p) = u(r) Sin ¢

1.6 I (2.08 p)

o 0 - ——3py

1.4 1 (2.08 )

® = are Sin ;&51 (8)

Application of eguatioce (8):
In the experiment, the following design point was verified:
for: 0.202 ft < r < 0.208 r't; say, 0.205 't
u(r) = 7.20 ft per second

niniﬂrﬂ,u-m“ﬂ-.u‘_(r),ﬂ**

spiral lamine posress s velocity approximmtely equal to st least 3 times
n.,wszt.&-?.ﬂﬁpmﬂ. This mumber is arbitrary, but it
has been found that an lacrease in the spiral velocity component creates
a correspondingly grester stability in the axial velocity distribution.
The limiting factor wvould appear to be that value of peripheral veloeity
vhich would reise the total pressure drop through the el clement to an
shjectionably bigh velue.

1 Ul e !“s.'?'?rﬂ
' idL



Por the above design point,

1.k 1 (2.0%)
# = arc Sin .
...-.a.h!!.f‘nll
Woere, I_ (2.05) may be approximated by the following series
( “
t, “-”’-1'“@*%%2
Lence . 0 .27, 0

This value may be compared with the peripheral, experimental vane
angle, vhich wvas found to be approximately 3O degrees. It is observed
that as the point r « C is approached, wu(r) becomes larger since the
normal, vectorial component, which possesses a velocity proportiomal to
Vr', 1s more closely approsciad. At the vortex core, the vane analysis
IO“MQMWWWM“MIMW
type rotation. Thus, it is seen that the higher tangential velocities re-
quire ssaller vortex vane angles. The experimental vanes wore adjusted
spproximately to this relationship. Compensation for wall heating would
relatively incresse the magnitude of the vane angles near the wall.

The exit sectiou is to consist of a similar set of vanes, vhose lead-
m*n:m-wmnmnu---

* See Appendix Il for derivation of normsl velocity distribution within a
free vortex.

candi™i kQQ‘m“
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generator vane system.

A perforated plate, which was used in the experimental assembly, may
also be used for an appropriate exit system, providing only that the per-
forations be so distributed with respect to the plate radius that the pres
sure drop be proportiomal to the square of the respective axial veloeities

of the cylindricel laminae terminating in those aresas of the plate.
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: APPENDIX IT

DERIVATION OF TANGENTIAL OR NOPMAL VELOCITY COMPUNENT WITHIN A FREE VORTEX

The velocity u at P due to a circulation I' in the elementary leagth ds

is
“_rg-o!_rg-gu
vhere,
g-9°-0
Writing in terms of one variable, P:
vhere:

!-rmﬂ,“-!—%—..cbm’




Sumsing the total contribution at P:

. W2

Cos B 4B

L ] o )

- -va
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APPENDIX IIX
mmmwm’

Consider the chief heat transfer mechanisms vhich control the tempers-
ture field within s fissioning fluid. In the steady state, the heet gener-
sted in & stationary differential lattice through which the fuel is flowing
1s lost axially by comvection and redially by conduction or eddy transfer.
The differential equation vhick describes these mechanisms in a simple
cylindrical system is

o ProR s eww)-F. !&:! (9)

If the mean volume heat source in such an elementary reactor core is
axially uniform, and if the core is long enough so that the thermal and
hydrodynamic flow patterns are established; and also if no heat is trans-
ferred to or from the fuel at the core wall, the above partial differeatial
equation reduces to a simpler total differential equatiom,

o (ﬂél-!ﬁl)g[(...)rg] (20)

S0 T % PO YRR A W B R
T ARY P

This equation reduces to equation (9) for symmetrical thermal conditions.
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The first term on the left-hand side of the equation represents axial con-

-37-

vection and the secoud Lerm represemis the volume heat source.

mmummwm.ﬂ‘:’-,mmm-mu
m.tu-,'{l,mu-u-n,muuhummmu
the liguid fuel and heuce no difference between the reactor wall temperature
and the bulk fuel temperature.

If the fuel also cools the surrounding reflector-moderator, there is a
beat flux at the tube wall in sddition to the volume heat source wvithin the
fuel. The differential equation describing this system for established flow

cond . .tions is

;"E [ﬂe C'—E:——) : !‘:1] . &_[(. . o 2] a)

The solution of this boundary value problem is accomplished by superposition’.

The solution for a system having a volume heat source, but no wall heat flux,
is added to the solution for a system having s wall heat flux but no volume

bheat source. The result is a solution to the composite problem.

mnm %



