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ABSTRACT

One of the major problems in the economic evaluation of the application
of forced circulation, gas cooling to high temperature, molten salt power
reactor systems is the definition of the required heat transfer equipment
its size and operating cost., A design study of the. salt- to-gas heat ex-
changers for such a gas-cooled system has recently been completed, and the
results are, reported. ' | :

Helium, hydrogen and steam are con31dered as coolants. The effects of 1
varylng heat exchanger tubing sxze, coolant inlet temperature, coolant pres- +
sure level, allowable salt pressure .drop and uranium enrichment of the molten

salt are demonstrated.

The relaﬁionship between heat exchanger dimensions, fuel inventory and
blower power requirements is presented in graphieal form for the most
pertinent cases. Comparisons are made of annual operating costs and heat
exchanger overall size as a function of coolant type and oﬁerating conditions.

Hydrogen isishown to be the most effective of the coolants considered,
with steam and helium being roughly comparsble. Assuming other conditions
to be equal, helium can be made competitive with hydrogen by operating with
a 50 - 60% higher helium temperature gradient through the heat exchanger.
Optimum heat exchanger geomefries based on gas blower power costs and en-
riched fuel inventory charges require a total blower power investment of '
approximately 0.5% of the plant gross electrical output However substantial
reductions in heat exchanger size can be realized by going to hlgher blower

power investment levels.
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Introduction

‘ilsults"llow

Since the early phases of design evaluation on & molten salt power reactor
system, it has been desired to investigate the'probleme associated with the use
of gas as the pfimary coolant. As a step in this direction, a design study has
been carried out to define the selt~to-gas primary heat exchanger which would
be required in such a system., The study concerns a reactof having a thermal
output of 640 megawatts (10% generated in blanket and removed through blanket
cooling system) and avgross electrical output of 275 megawatts. Consideration
has been given to the use of helium, hydrogen and steam as coolants. The re-
ference design was based on the following:

' 4 primary heat exchangers
1/2" Inconel tubing (0.050" wall)
Circumferential Inconel fins
Helium coolant - 623 1b/sec

Inlet 850°F
Outlet 1025°F
Pressure 300 psig
Cross flow
Molten Salt (Fuel 130) 1768 1b/sec
Inlet 1210°F
‘Outlet 1075°F

- Four pass serpentlne flow
In additlon to determlning the relative effectlveness of the three coolants,
the effects of varylng tube 31ze, coolant inlet temperature, coolant pressure
level, salt pressure drop and uranium enrlchment ‘Were investlgated The re-’
‘ 1 compaﬁlson of a gas;cooled;prlmary heat exchanger in a
er reactor system w1th‘pr iously'calculated llquld cooled heat

egcﬁéog Ty eoolent{ Slnce this
comparison ‘uatlo requlred to de-
 termine an o clu51onsxe e;drawnyln this report

as to the de51rabillty of adoptlng the gas coollng cycle for the Molten Salt

Power Reactor.




Summary ' ' _F

A de51gn study Has been: compleued covering the applicatlon of gas as the

prlmafy coolant in. a molten ‘salt power reactor system. The use of helium, «

'hydfoven and steam was investigated: along with the effect of gas Pressure

level, gas inlet temperature: level and tubing size’

' The basic heat: exchanger: geometry studied was a Cross, countercurrent

flow arrangement with; the. molten salt (Mixture 130 - 62 mol % LiF, 37 mol %
Bebg, 1 mol %vUF&) meking four-serpentine passesiacross the ges stream (see

Fig. 2). One-half inch Inconel tubing with circumferential Inconel flns was
used in all the final heat:exchanger- calculations. Con31deratlon wa.s glven

in the initial phase of the: study to:other ‘tube sizes, and the standard size
chosen is felt to approach'theﬂoptimumol |

Heat exchanger optimization-has been-based on-three criteria: first,
fuel inventory in heat:exchanger. tubes, return:bends and headers; second; gas
blower power requirements; and third, minimum heat exchanger container-di--
mensions. Fuel inventory-was: evaluated at $1525/ft /year and: electrical power
at 9 mills/kwh, ; »
Results of the study (Figs. 12.and 14) have shown that, at a given heat

exchanger gas inlet temperature with the. outletitemperature fixed, the usei

of hydrogen results in a smaller unit with a lower fuel inventory and power
requirement than either helium or;steam, However, the hazards of large scale
hydrogen usage must:be balanced against these obvious advantages. The opbtimum
helium and. steam heat exchanger are approximately the same in dollars invested ’
in fuel and power but differ geometrically .in thait the steam unit is larﬁef in
diameter and shorter in length., Since a gre= ter premium is attached to dlameter
in the constructiongof‘thefrequlred_heat exchanger containment pressure vessel,
the steam unit is judged.siightly;inferior'to,ﬁhe'he%ium,unit~dimenéibnally. ‘
However, there are important incenﬁives for the use of steam cooling. The' - | £

criginal cost of the steam 1nventory is negllglble and the: contalnment problem

becomes of minor 1mportance. In addition, standard and well deve~oped auxiliary v '

components cen be used throughout a-steam systemo On this basis, .it 1s’con—
cluded that the application of steam to the gas cooling cycle would;haveeeeoe
nomic advantages over helium. ,

Changing the coolant pressure level for a given heat exchanger cbnfigﬁration
and heat load affects thepcoolént umping powef‘approximately as the‘inverse
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square of the pressure ratio (i.e., doubling pressure reduces pumping power to
one~fourth). Changing the coolant pressure level while maintaining a reason- .
ably constant blover power input affects primarily the required face area of
the heat exchanger with consequent changes in container size.

Increasingkthe allowable salt side pressure drop increases the heat ex-
changer container diameter while reducing its léngth. Optimization of this
variable was not undertaken in the pfesent design study.

‘Decreasing salt enrichment by a factor of five results in a reduction
of yearly heat exchanger cosis by féctors of 2.5-4 in the cases of primary
interest. _ ' , ‘ |

The results of a'companion study on longitudinal, éountercurrent flow
of coolant over’circumferentially finned straight tubing showed thié arrange-

ment to be somewhat less attractive than the cbmyarable crossflow case. Although

the heat exchanger container diameters were approximately the same, the re-
quired container lengths were 30 ~ 40% greater. The use of such a straight
tube geometry leads to thermal stress problems associated with discrete tube

plugging or flow variations from tube to tube.




Design Considerations

{ 1. Heat Exchanger Configuration

| ‘75{'ﬁTw0(géneral heat exchanger configurations‘illustrated in Figures 1 v> S
~and 2‘were given detailed consideration. The first, which was ultimateiy |
‘réjected as the least desirable of the two, wasubasically an annular

’ tubing arrangement with the salt flow straight through and the helium

: inrcyoég-countercurrent flow around disc and donut baffles. The‘ah-
nular gédmetfy imposed no restriction on the nuﬁber of helium passes
across the tube bundle since the helium could be introdiced snd col-
leéﬁed with equal ezse botk to or from the center of the tube bundle
ahd”to or from the outside of the bundle, Based on correlations pre-

. sented in Reference 1, a three-pass arrangement was chosen as giving a

1 T satisfactory approach to pure countercurrent heat transfer (i.e., es-
sentially no correction factor to be applied to the log mean temperature

difference based on the hot and cold stream inlet and outlet temperature

under consideration). At the same time, as will be shown later, keeping
7; the number of passes to a minimm results in the most compact heat ex-

E changer geometry.

’ One disadvantage of this arrangement is that, since straight tubes

f are used running from the salt inlet to the salt outlet header, plugging
% of one tube could lead to a serious differential thermal expansion

condition. To a lesser extent, flow disparities between separate

tubes could cause thermal stresses to be imposed on the tubing and

fiow fluctuations in individual tubes could lead to strain cycling of
tubing material., Since this condition could be relieved somewhat by

a_ simple geometrical arrangement such as a right angle bend in the tubing

; at or near either the upper or lower header, it cannot be considered as E
1 ' a major stumbling block to the use of this geometry. The primary obstacle %
appeared during the course of the study. Optimum heat exchanger geometries '

from a fuel inventory and overall size standpoint proved to have intermal . j
diameters which resulted in high gas velocities as shown in Fig. 3. The
head losses associated with changes in coolant flow direction and ve-
locity in this geometry are hard to evaluate precisely, but it was es-
timated that 2 - 3 velocity heads would be lost per pass. Since these

losses approach in magnitude the losses associated with flow across the
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heat tr ansfer surfaces, they were felt to be prohibitive, The anmilar

T

'bundle was therefore rejected as a suitable geometry.
The second heat exchanger geometry considered was a more conventional
érrangement having serpentine salt tubes with the gas flowihg straight

~ through the heat transfer matrix. In this case, it was considered neces-

. Sary to provide a four pass afrangement to provide complete freedom for
' dlfferentlal thermal expansion in the tublng while av01ding the float»
ing header whlch would be required if only three passes are used In | é
addlthﬁ, the four pass arrangement allows the salt inlet and outlet to
~ be located close together, an arrangement which stands the best chance
~; 0£ redu01ng the amount of plplng required to conunect the heat exchanger
' &nd the reactor.

All final optimization- studles were done:on the basis of the serpen-
tine salt tube arrangement. :
A study was also made of the required heat exchanger gebmétry‘and

operating costs for the case of countercurrent flow of helium over cir-

cumferentially finned tubing. The finned tubing gecmetry was not optimized
so the results may not represent the best that can be done with this heat
exchanger type. However, they are satisfactory as a rough tie-in with the

remainder of the study.

2. Finned Tubing
Several design restrictions imposed at the time the heat exchanger
study was undertaken made it desirable to select a finned tubing for conmg ’ _ ‘77 F
sideration that was less than the optimum from a heet transfer standpoint. o t
Inconel tubing was chosen since data on the thermal conductivity of iNOR«B,
a more likely material of fabrication, are currently uncertain° H@mogeneOus

fins fabricated of Inconel were chosen to avoid completely any questi@n of

P

materlalg incompatability in view of the extended lifetime requlred of a
power réactor heat exchanger. The use of nickel fins would deflnitely re- - -

‘sult 1n 8 more compact heat exchanger° Copper core fing would give an in-

provement over nickel but would introduce.the reqylrement forhbra21ng the

flns to the tubing in order to protect the copper agalnst the p0851b111ty ' |
of attack by the coclant or by 1mpur1t1es *hereln. At the present time,

the 1gtroductlon of the.brazing requirement is considered to be undesirable -
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primarily from a materials compatability standpoint, On the basis of
information received from the Griscom-Russell Corporation(l), a bond
efficiency of 100% was aséigned to the mechanical bond between the
Inconel fins and tubes.

The use of longitudinally finned tubing with the coolant in pure
countercurrent flow was not investigated, since llterature references( »3)
indicate a continuous longitudinal fin to have poor heat transfer
¢characteristics. The use of a split longitudlnal fin or pin fins might
result in a competitive heat exchanger, however, these ch01ces ‘Wwere not
investigated since it was felt that 31mple nechanical bonding of such
fins to the tubing could not be guaranteed to give the required degree
Of structural reliability. |

The circumferentially finned tubing configuration chosen was ex-
perimentally evaluated by Kays'énd London(h). The tubing dimensions
listed below were scaled up from the expefimental tube as indicated,

: Experimental Tube Design Study Tube
Tube 0.D., in. ' 0.420 0.500

Tube I.D., in. -- 0.400
Fin 0.D., in, 0.861 1.024
Fin thickness, in. 0.019 10.023
Fin: pitch 8.72 fins/inch T 32 fins/lnch
Tube pitch
parallel to flow, in, - 0.800 o 0.952
perpendicular to flow, in. 0.975 1.160

| The finned tublng conflguratlon used 1n the study of longltudinal

(5)

actual and scaled down dimen51ons are as follows.

at the Uhiver51ty of Michlgan. The

Experimental Tube Design Study Tube

Tube O. D., in, | 0.649 04500
Tube I. D., in. _— 0.400
Fin 0. D., in, 1.295 ©1.000
Fin thickness, in. ‘ .0255 10,0197

Fin pitch | | 5.85 fins/inch '7.60 fins/inch
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3. Tubing Size : _ _ ‘

The majority of the design study was-based on 1/2 inch tubing with = i
& .050 inch wall thiéknessa- Figure 4 presents the pertinent ihférmaﬁibn
Jleading td the choice of thisg tubing size. | _

It can be demonstrated that the optimum salt inventory for a given
set of design conditions occurs when the unit is sized so that the salt ’
pressuré'drop through the heat exchanger is gt_the‘maximum allowable
value. This maximum is 36 psi, since 10% of the available 40 psi which

. has’been'custOmarily assigned to the heat exchanger has been utilized :
by entrance and exit effects. ‘.
‘;‘Fufthermore, based on the éssumption;ihat the amount of pover o
be wbilized in coolant circulation would be between 0.5 and lO% of'thé-

plant gross electrical output as extremes, it is possible to define

the range of tube lengths and number of tubes which meet design re-

quirements for a given tube size.

On this basis; the lines representing the length vs number of tubes
§ at maxifum salt pressure drop for 3/4 inch, 1/2 inch and 3/8 inch tubing
: with 0,050 inch wall were established. The location of the lines re- _

: presenting blower power investments of 0.5% and 10% of the plant gross
, electrical output demonstrate that there is a fairly narrow raﬁge\of

i length-number of tubes combinations which will satisfy the design re-
i quirements.

Three-fourths inch tubing was Jjudged to be-undesirable because‘cf
i the excessive length requirement, although the number of tubes required
| for the heat exchanger was very attraétivea Three-eighths inch tubing

was judged somewhat unsatisfactory for the opposite reason. Although

the tube length was satisfactory, the number of tubes required was

judged excessive. One-half inch tubing seemed to represent a reasonable

approach to optimum, although 7/16 inch tubing might‘be presumed eqpaily
satisfactory. A |

It should be pointed out that increasing the wall thickness of ‘the
heat exchanger tubing from 0,050 to Q.O6O - 0.065 inch would have a
negligible effect on the calculations. The total resistahcefdf the metal
wall to heat transfer normally approximated 10% of the overall resiétange;
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General
The reactor core heat load of 574 thermal megawatts was arbitrarily
d1v1ded among four primary heat exchangers of 143.5 megawatts capac1ty
each Coolant blower eff1c1ency was taken as 80%. Salt and hellum
phy31cal propertles were evaluated at thelr mean temperature in the
heat exchanger. The pressure drop distribution in the coolant circuit
was artitrarily assigned as follows:
‘ Heat. Exchanger 60%
Steam Generator  30%
~ Ducts 10%
Fin efflclenc1es were taken from correlatlons presented by Gardner( )
The salt pressure drop was taken as 40 .psi total, with 10% assigned to
entrance and exit effects and 90% assigned to heat exchanger tube frlctlon
losses, Coolant blower power cost was evaluated at 9 mllls/kwh, and a load
factor of 80% was assigned to the power plant. Enriched fuel was assigned
a yearly cost of $l555/ft based on the following factors:

Barren salt - $1278/ft
1) Capitédlized at 1hi%
per year $179
U-235 - $17/gram
1) .48 Mol % UF), in fuel
2) Rental at L4%/annum $1156

$1335
In calculating coolant gas pressure drop across the tube bundle,
the head loss due to flow acceleration caused by temperature and pressure
change was neglected. Due to the low pressure drop and coolant tempera—
ture rise; the errvor resulting from this assumption is well within the

limits of error of the overall calculation.

Discussion

1. Countercurrent, Cross Flow Heat Exchangers
‘ Figures 5 to 10 present heat exchanger design study results for a
given coolant, coolant pressure level, coolant inlet temperature and

nunber of cross flow passes. Lines of constant baffle spacing, tube .

bank "depth" and salt volume in the tubing are given in each case on

Lty

7]
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a basic plot of blower power investment versus the number of tubes.
The active length of each heal exchanger tube is the product of the
baffle spacing times the number of passes. All heat exchangérs falling
along a line of constant tube bank "depth" between the number of tubés
at which the fuel Reynolds Number is 3000 (3500 tubes) and the number
of tubes at which the fuel pressure drop is 36 psi are satisfactory
for the transfer of 143.5 nmegawatts from the salt to the coolant under
the conditions specified. However, those units represented by the
intersection of a line of constant tube bank "depth" with the line of
maximm fuel pressure drop represent the optimum heat exchangers from
& fuel inventory standpoint.- '
Since tube bank "depth" is given in number of tube rows, the value

#ust be an integer, normaily in the range of two to fifteen. Study of
the figures will make clear that for a given blower power investment
there is one "best" heat exchanger geometry. As blower power is ine
creased; the required number of tubes decreases until the optimum
geometry for that tube bank "depth” is reached at the intersection
with the maximm salt pressure drop line, If this point is inside the
horizontal projection of the line representing the next higher tube bank
"depth", a much larger heat exchanger will also operate at this same ’
power level, and further power incréases require heat exchangers re-
presented by points albng the higher "depth" line. If the point pre-
viously referred to is not inside the horizontal projection of the next
higher tube bank "depth"; there is a range of power values which cannot
be used since no suitable heat exchanger configuration exists in this
range. '

 The values on the abscissa (Total Blower Power - % of Plant Gross
Electrical Output) represent the proportion of 275 megawatts which is
a531gned to power the coolant blowers in the four primary heat exnhanger
‘ e'power consumptlon of just the four heat exchangers is 60%

'of the abscissa'value, and the power consumptlon assignable to one heat
exchanger is 15% of the abscissa value.
Design study results are presented for the following cases:
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Circuit Number of

Coolént Inlet Temp.°F Pressure,psi Passes Fig. No. -

Helium 850 300 4 5
1 Helium 850 300 3 6 .
Helium 850 150 '3 7

Helium 700 300 3 8

Hydrogen 850 300 Y 9

Steam 850 300 l 10

2. Countercurrent flow heat exchanger‘

~Figure 11 presents the results of the stﬁdy on pure longitudinal
ébﬁhﬁéréurrent flow over circumferentially fimned tubes. The case for
helium at 300 psig with an inlet temperature of 850°F is considéred.
In this figure, the length represents the total active length of the
finned tubing and the pitch represents the tube spacing in a "delta"

arrangement.

g Conclusions : , “ ¥
Figure 12 presents optimization curves for the various coolants E
and operating conditions in the form of yearly cost of fuel inventory
and blower power for one heat exchanger versus heat exchanger container
length ard diameter. Although an-economic optimum is found for each
case presented, it must be realized that the cost of heat exchanger

fabrication and the effects of heat exchanger size on overall plant con-

struction costs have not been comsidered in this presentation. By
small percentage increases in yearly operating costs above the ophtimum
value shown in Fig, 12, sizable reductions in heat exchanger length

are realized. Determination of how far one should go in this direction

would be one necessary step in an overall plant economic analysis.
For a given set of operating conditions, hydrogen proves to be the 2 :
most attractive coolant. If it is desired to avoid the hazards of .
hydrogen usage, reduction of the helium inlet temperature from 850°F -t
te TOO°F (maintaining the outlet temperature of 1025°F constant) gives
a unit smaeller and cheaper to operate\than is the case for hydrogen at
the higher inlet temperature level. Use of a coolant inlet temperature
which is lower than the freezing point of the Mixture 130 (850°F com-
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plicates the circuit coh%éol system somewhat:”hﬁo accommodate a salt
flow failure, some provision would have to be made for diversion of the
coolant stream around the heat exchanger to avoid freezing the salt in
the tubing.

The use of steam as a coolant gas appears competitive with helium
since the‘containment problem is minorx end the gas replacement costs
are negligible. The oPtlmum steam heat exchanger is shorter but some-
what latrger in diameter than is the cage for helium. There is eg-
sentially no difference in operating cost. Another strong incentive
for the use of steam is the existence of a well developed technology
and the availability of commercial components suited to such a system.

Also presented in Figure 12 is the container dimensions for a
pure countercurrent flow heat exchanger using helium with an 850°F
inlet temperature in longitudinal flow over a "delta" array of circum-
ferentially finned tubing. Ignoring any particular advantage this ar-
rangement might possess which is outside the scope of the present study,
this case does not appear as attractive as the comparable crossflow case.
The container diameter is somewhat larger and the required container
length is longer throughout the operating cost range of primary interest.,
In addition, this geometry does not possess the freedom for differential
thermal expansion that is inherent in the four pass serpentine salt tube.

It should be noted that the curves of Figures 12 and 13 are not
continucus as drawn (exnept for the countercurrent flow case in Flgure
12). Since each point on the curve represents a tube bank "depth" in
tube rows (one less or one greater than its neighbor), heat exchangers
meeting design conditions and hav1ng optlmum salt 1nventor1es only occur
at the approprlate symbols. , ,

'fi\ Flgure lh shows the effect on heat exchanger contalner dlmen51ons
and on. yearly operatlng cost for one heat exchanger unlt of doubllng the
allowable ‘salt side pressure drop and of cuttlng the uranlum enrichment
by a factor of five. ‘ »

Increasing the allowable salt side pressure drop means that the
length of the salt flow path can be increased. Since this increases the
available heat transfer surface per tube, the number of tubes can be re-
duced. Figure 1L shows that the end result of this change is a heat
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exchanger container larger in diameter and shorter in length than is the
case with a smaller salt side pressure drop. There is a practical limit
to how far the design should be carried in this direction, When the
dlameter of the containment vessel becomes too large for the correspond.-
ing length, a change to a six salt pass geometry should be investigated.
The present‘study was not carried this far, but the basic equations

‘llsted in Table 6 are appllcable for this purpose,

Figure 14 also illustrates the effect of lowering uranxum enrich-
ment by a factor of five. In the area of interest, thls reduces annual

’operatlng charges for blower power and fuel inventory to 25 - ho% of
“their value at the higher enrichment.

: The results of this study can be used to predict the heat exchanger
frequirements for increased or decreased reactor power levels for the
specifié¢ cases and operating conditions considered. The length of the

heat exchanger is a direct function of heat load and a direct ratio can

therefore be applied to this dimension, provided the change is not so
great as to disproportionate the length-diameter relationship of the

heat exchanger container.

W
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Method of Calculation

Case -

Tubing -

Fins . -

640 thermal megawatts
576 megawatts:in reactor core
64 megawatts in blanket
275 electrical megawatts
4 primary:core circuit heat exchangers
Helium. coolant | |
300 psig:coolant pressure
850°F .coolant inlet: temperature
4 serpentine salt passes
1/2 inch Inconel, 0.050 inch wsll thickness
"delta" array, modified | }
1.19 inch tube spacing perpendicular to -flow
0.952 inch row spacing parallel to flow
Inconel, mechanically bonded,vcircumferentially wound,
1.024 inch.outside'diameter: |
0.023 inch -thick
7.32 fins/inch

Operating Conditions .

Salt Inlet Temp., 1210°F
" Outlet Temp.  1075°F
" AN 135°F
" Mean Temp. } 1143°F
" Flow . 1768 1b/sec
}ﬁ:fHellum.Inlet Temp. o 850°F
7#f5;,V__ Outlet Temp. ) ' 1025°F
P . amsw
“1‘;ffi Mean Tem;po B ' 937bF.

 l‘Helium Pressure | . BOO psig

- Heat Load/heat exchanger\ h.§9 x 108 BTU/hr
'iQ;Am Log Mean ' 203,5°F

Phy31cal Properties

Salt at 1143°F
heat capacity 0.57 BIU/1b°F

TR
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viscosity

thérmal conductivity

dénsity

Prandtl Number
Helium at 937°F

heat capacity

viscosity

thermal conductivity

density

specific volume

Prandtl Number
Inconel at 1000°F

thermal conductivity

Salt Pressure Drop

2
&P = fs(L) Vs Pg

s D, 2g 1%
f = ,3164
s 25
(Re)
. W by

(Re)s = De 5 = s = 10.41 x 10

Ai us n De N us

V = ws = b WS

. 2
i Vs u(De) N p,

AP =0.0578 (L) = 36 psi
1.75 b.75
m= (o)

D, = 0.0333 £t
(L) 601 x 107 ()T

Helium.Pressure'Drop

o - ’ (6).

L}
[¢]

&P G Ve le a

22,76 1b/ft hr
3.5 BIU/hr £t°F
122,7 1b/ft3
3,706

1.248 BTU/1b°F
0.0865 1b/ft hr
 0.175 BIU/hr £t°F
© 0.08k 1b/f£t”
11.9 ft3/1b

0.616

- 140.4 BTU/hr ££°F

6

N

L4




-53-

=
1

2
0.768 £t~ fin area/ft tube
0.109 £6° tube area/ft tube
0.877 f’c2 total area/ft tube

0877 L .0N ft2
0.0476 L. . M £t

A

A
c

£ = 0.2105 (W)
(7e) 020
W

H

2

i

0

r 5

(Re)c = h = 93.3 x 10
A . pu L.NXN

. D

ur=ul[% 1)

B
i
\n
@
™
5
H
=

B
B
ES

5,84 x 108 T D3 L
1w

oP %608 x 10° (1 D_
S gevh Py
. a-a.wr
o= (87TIMR
G T (8)

1057
—
r'p

B

2.8

#

.
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6§ A, = 2,645 x 107 g

KAy

Ay = (1178 L . MR
Ph - 836 . g
b A h
S s S

A

5 (.1047 LN)R

Sk 2.65 x 107 (Re)sl'28 (pr) O (9)

S ]

)
e
“ h =4.51 x 107
S "'Nl."8""2
p Ay =1.85 x 1070 ) 28
hS AS

h,=J.G_ . (cp)c
(Pr)c2/5

J = .207 (%)
(Be)

h_ = 3.11 x 101*(ﬁ1v>n>‘6°8

1. 1 (ém_)‘6°8 +2.645 x 1072 § 4 1.85 x 1077 ¢ -8
U 511x100 VP

g . (.877 IN)R . 203.5

1 /in\o%® 2.645 x 1077 $+1.85 x 1077 p w20
51T X Io¢ \D K
R=(L)
L
178.5 (L) N
.608

1 LN +26l+5x103+l85x1071\7128
3.11 % 1046 D

¢=Z§§7'5'3 = 1.75 x 10°2 ( >

. 322

>
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q = ’ - 178.5 (L) N
1.837 x 1072 (LN) $286., o, 645 x 10 -, 1.85 x 1071 ygt+20
D

em——

.286

et

(L)N = 5.032 x 105<L'N + 7.246 x 10° + .5068 yt-28

(el
\_/

q = 4,89 x 108 BTU/hr.

Listed below are the basic equations arrived at by the above
method. These equations were used o establish the grid'of Figure 5.
This grid presents all heat exchanger configurations in the range
of probsble interest which meet the design conditions,

1) Salt Pressure Drop

&P = _0.0578 éLZ
N5 p HTo
e
at design APS of 36 psi for D, = 0.0333 ft.

(1) = 0.601 x ;Lo’lL ’(N)l'75
2) Coolant Pressure Drop

6

» 2.8
AP = 4,608 x 107 L D|™*
' e H
3) Heat Transfer 286
(L)N 5.032 x 10 (LN) + 7.246 % 10° + .5068 w28

By assumption of the number of passes, baffle spacing, L, and tube bank
depth, D, the heat transfef equation can be solved for a corresponding
number of tu.bés° Substitution of these values in the coolant pressure
drop equation gives a corresponding pressure drop which can be converted
to blower power consumption_as follows:
% of circuit pressure droﬁ assigned to ht. ex. - 60%
Volumetric flow rate through blower - 6950 fta/sec
- Number of heat exchanger<¢ircuits -k
‘:Blower efflclency 80% |
"Plant Gross Electrlcal Output - 275 megawatts

I AP x 6950 . 100 Total Blower Power - Percent

= Plant Gross Electrical Cutput

550 . 0.80 . 275 + 1000 . 1,36

-2 :
APM . 2,85 x 10 7 = Power Investment
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i The salt pressure drop equation was used to define the number of tubes
at which salt pressure drop is a max:mmm for a given baffle spac:.ng s Ly
and nunber of passes. The salt Reynolds Number equation :

(Re) = 10.41 x 108
s ]

L

dei‘ines the mammum number of tubes which can be used without going
below a given Reynolds number, In all cases, 3000 was taken as the
‘ m:.ninmm de31red Reynolds number. For the l/ 2" tubing under: consideration
th:.s defines 3h7O tubes as the ma;d.mum number useble.
Opt:.mization curves for the various cases presented in Flgures 12,
15 and 1k were based on the parameter values taken from their respective
grids at the intersection of the lines of constant tube bank "depth" with‘
the line of maximmn salt pressure.drop. This defines power investment,
D, L, M and N for each case as well as the fuel vclume in the tubes. Bend

fuel volume was obtained from Figure 15 and header volume was calculated

on the basis of a cone with a base dismeter of 16.5 inches and a length ¢
determined by 0.1 M feet. '
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(L)

=

B R B =

(p7)

fin plus tube heat transfer area/pass, £t2
coolant free flow area, ft2

salt flow area, ft2

total heat transfer area (A . R), ft

mean tube wall area, ft2

2

s8alt side heat transfer ares, ft2
coolant specific heat, BIU/1b°F
tube bank "depth", in tube rows arranged perpendicular to

~ direction of flow

salt side equivalent diameter, ft
éoolant Fanning (small) friction factor

" salt friction factor

gravitational constant, ft/se02

coolant mass velocity; 1b/sec £t?

coolant heat transfer coefficient, BIU/hr ft
salt heat transfer coefficient, BTU/hr rt2op

Colburn j-factor| h (1>_r)2/5

c G
1Y

Inconel thermal conductivity, BFU/hr ft2°F/in

salt thermal conductivity, BTU/hr £t2°F/ft

tube bank depth/pass, ft

baffle spacing (pass width), ft

total tube length (L.R), £t

humber of tubes in a row perpendicular to coolant flow
(M = N/D)

total number of tubes

2°F

coolant pressure drop/pass; lb/ft2
total coolant pressure drop (APC . R), 1bv/ft
salt pressure drop, lb/in2 ‘

2

éoolant Prandtl Number
total heat load, BTU/hr

tube bank hydraulic radius, ft

Ll-rhzll-Ac (7)
1 A

]

9
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number of crossflow passes
coolant Reynolds'Number

salt Reynolds Number

tube wall thickness, inches

iog mean temperatureﬂdifference, °F

overall heat transfer coefficient, BIU/hr £t

coolant specific volume, £t/1b
salt velocity, ft/sec

fin height, inches

coolant flow rate, 1b/sec

salt flow rate, 1lb/sec

fin thickness/2, inches

fin efficiency (8)

coolant viscosity, 1b/ft sec
salt viscosity, 1b/ft sec

salt density, 1b/ft>

2

°F
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