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APPENDIY ITT

Section A

ANALYSIS OF OPEN-CYCLE TURBOTET

The method used to analyze the performance of the open~eycle turbo«
Jet 48 i1llustrated by means of g numerical example, Cousider n turbejet
power plant | gee Fig, IIT.1) operating at 30,000 feet snd a flight Mach
number of 0,9, :

The following aszumptions, some of them specific to this particular
sxample, will be made in“the‘analyais;

Atmospheric Prossure, density, and temgerature are as tabulated
in NACA Report No. 218,

Air" by Keenan and Kays.,

-~ The proparties of air arve as given in;"Thérmodynamic_Properties of

The compressor pressurs ratio is Lo,

One intevcooler is used with an effactiveness of 0,50 and = preg-
gures drop of 5%. o . — : ‘ : g

The turbine inlet temperature is 1800°F (982%).

The component efficisncies are as Follows:

Diffuser S50

Comprassor {temperatiurs-viss efficiency

for each unit) o ; -835
;Qompﬁ@éS§r {gdiébatiéféfficiéﬁcy_af .
each unit) : : Lt .82
Turbipe e
Eﬁh&uét}dﬁctfand"ﬁQz;iﬁ, i .90

At 30,000 feet the atmospheric properties (NACA stendard) are:

Pa I Pressure ‘ 4,36 psia
- Pa I Density | 0286 1b./ry.”
| T, z Tﬁﬁp&rature - iz bk, {228.56%

Speed of Sound 992 ./ sec,
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Diffuser Calculations

The stagnation temperature of the air leaving the diffuser is the
flight stagnation temperature and may be determined by weans of the re-
lation,

i

k-~
To, =Ty (1 +,~§5~M?> = (411-4) [1 + (.2) (.9)%] = 479%R (1)

The actual exit stagnation prazssurs is determined by the squation

~k-
k-
Py * Pa [ 25 #7 + 11 K1 - (4.36) [(0.9) (0-2) (0.9)° + 1)+

9

= 7.0 psia (2)

The stegnation density is Tound from the eguation of state

o
- 3
G e = 2 -3 p
Pa, T B88 1lb. /ft. (3)
o]
b3
Compregzor Calculsations
The compregsor is in two units, separated by an intercoolsr. A stag-
nation pressurs ratio of 6.5 for bac’ compressor unit and an al]owance

of 5% pressure drop in the 1ﬂtaroool 2 regults in an overall coupressor

pressure ratio of L0, C(onsze quemtlv, the stagnation prassure at the eoxit
of the frout compressor, p,,, 1s 45.51 psis, and the stagnation pressure
at the exit of the rear compressor is 281 psia. The stagnation temper-

ature at the compresssor outlet is calculated by the m@tlﬂdb outlined in

Kennen and Kaye's "Air Tables". For a compressor temperature rise ratio
of 0.835, the exit staguatlon temperature from the forward compressor is
found to be 876°R (486°K). The intercooler haz an sffsctivensass of 0.5,
hence the stagnation temperature at the snirance to the rear compressor

is

: e, = To, ) (876 — 477)
3 ) ”““&7§ - = 87e - “”*”?;' = 676.5R




The corrssponding inlet pressure is

pna?4~0°95 (pbg)v= Oagﬁ-{ésaéld?m‘éggz psia

Using tmes* valuas, the st&gnation tempayamure of tbe air Ieav1ng the
TORY COmPressor, TO&’ is found to be 12LECR,

The isenbtropic enthalpy insrsase correspording to the stagnstion
pressure rise scross a revarsibvle compreossor is obtasined from the Ksenen
and Kaye Tables:

Comprassor v Tgentropic Enthglpy Rise

Front | 8. 8 Btu./1b.
Rear 11k Btu. /1o,

For an overall sfficlenty of 0.82, the power reguirsd by the compressor
is

B8 + 114
-8

= 287 Bi&f}ba

Reactmr Galculatmons

The pressure loss in the ducting and reactor is 30% Hence, the
. stagnation pressure st the turbinme inlet is 0.7 {281) = 196.7 psia. The
. air is hested in the reactor to 2260°R. The method of calculating the
reactor dimensions for & given maximum reactor wall tgmparature and &
given free~flow ratio is described in Appendix IIT-E,

Turbine Calculstions

The turbine efficiency is 87%. The turbine powsr is squal to ths
power sbsorbed by the compressor. Hence, the actusl enthalpy drdp acros
the turbine is 237 Btu./1b, and the Pnnhalpy drop for an isentropic furm
bine expansion to the same bsck pressure would be g%z + 273 Btu./ib,

7
Ttilizing the Kesnan and Kaye Tables, it is found that this enthslpy
change corresponds to & turbirs exit pressure of 19.Z psia and a turbine
pressure ratio of 10.2. The stagnstion temperature of the ailr leaving
the turbine 1s found to be 1391°E.

Eghaust Buct,CalcuiatiQns

In the exhsust duct the air undergoes adiasbatic expansion to ambient
pragsure (4,36 psia). The isentropic enthalpy changs is 116.7 Btu./lb,
The nogzle efficiency is O, G, hence the effective snthalpy change is
105 Btu./lb The corresponding exit ve19¢1ty is 2290 %, /sec.
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Calculation of Specific Tmpulsge

The specific lwpulse is

Iz 2290 - (992) (0.9) = 43.0 1b,-sec,
32.174 1b.




APPENDIX T1IT
Section B
ANATYSIS OF HELIUM GAS-TURBINE COMPEESSOR-JET

A complete performance study of the helium gas-turbine compressor
Jet would involve a great many calculations similar to the following, in
which the methods used are illustrated for a given set of parameters
{Case VII),. The assumptions, especially those used in the heat-ezchangsy
calculations, ars somewhat simplified, but they serve the purpose of a
preliminary evaluation. The subscripts are in reference to Pigure ITI-k.

Aggumed Conditions

The sample calculations were made for the following comditions:

Flight Altitude 30,000 feet

Flight Mach number 0,90

Helium compressor inlet temperaturs (1) 2OOOF {&60°R)
Helium compressor pressurs ratio {(ro) b

Heliqm compressor efficiency | fncﬁj 0.85

Helium turbine inlet temperature (Ta) 1800°F (2260°%)
Helium turbine expansion ratio (1) 3.6:1 |
Helium turbine efficiency (nyp) 0.88

Air compressor efficiency (HCA) 0.85

Eeat exchangsr

tube dismeter

0.125 inch

Mesan Mach No. of air in tubes (M) 0.20
Heat exchanger free-flow ratio (FER) 0.350
- P w ' o = w‘ 3 \ o,
Ratio of helium flow to air flow ( H ) 0,13

, -
Diffuser efficiency A 0,90
Nozele sfficiency 0.2

Helium was teken as a "psrfect gas’, with molscular weight L4.00,
specific heat atb constant pressure (CPF) 1.25 Btu/16.°F, and ratio of
specific heats (k) 1.667. .

1

Air was taken as a "perfoct gas
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fic heat at constant pressure (CP ) 0.240 Btu/1b.°F, and ratio of speci-
fic heat (k) 1.%00. A

Helium Cycle

The helium cycle, since it is a closed perfect-gas cycle, is itselfl
independent of such considerations az flight speed, flight altitude, and
pressure level. From the assumed conditions, the efficiency, work ratio,
and specific helium flow of the cycle can easily be calculated.

The helium temperature rise in the compressor (all conditions are
stagnation conditions) is given by

[ |
_ T k _ 6680 0. X
Te ~ Ty = ;\i chH -1t o Ef;) 400 w}] = 578°%

So,

Te = 776°F (1236°R)
and the work of compression is

(Te = TpXp, = (576)(1.25) = 720 Btu/lb.

Similarly, the turbine temperature drop is

- k- | )
o | 0-400
0.88(2260) |1 ~- —~

]

Tg ~ T, * ﬂTH Tg 1t ;/’;iﬁ

\PTH 3.8

i

799°F

Therefore,

T, = 1001°F(1461°R)
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and the turbine work is
’(Td “ T&)CPH~= (799 )(1.25) = 999 Btu/lb.
The net wmrﬁ avail&bia to drive the air compressor is then
(999 -~ 720), Or’279 Btu/lb.
The reactor heat input isrgiV$n by
X%ffg%ﬂ=@%@~ﬁ%ﬂb%)=mwemﬂm

‘Thus, for this cycle, the characteristic parameters are

net. work 979
heat input 1280

Thermal eff1c1pncy

®

= 0.218 .

net. work 279
Work ratio = = Cm Y
or turbine work 900 0-279

h 1.
Specific helium flow _ ellum flow rate = hi_. Ib“/hr°

net, pcwer 279 Btu/hr.
1. ; 1bs. fhr,
= T P9 14 G = % :
279 - (545){1000) = 9140 1000 horsepower

Propulsive Duct

The temperatures and flow rate calculated for the helium cycls can
now be incorporated into the propulsive duct calculstion, with caleula~
tioms based on the assumed helium-to-air flow ratio of 0. 13. Tor conven-
innce, the calculations will be made in terms of 1000 h@fﬁ@pOW@I delivered
from the helium cycle to the air COMpressor .,

Ag in Appendix I1I~-4, the stagnatiom temperature of the air lsaving
the diffussr is ' '
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~ W
For the assumed -— = 0.13, the airflow is
A :
: 9140 lbo
Wp o ® =~ 2 19,5 w—
b7 o) Ee00) ~ P

The compressor flow ayea is then

4, = A . 195

. > - 2 ’ni 25
paVe  (0-0856)(524) 10 1t

The compressér frontal area, which is a quantity of considersble in-
terest, can be approximated by A. * 1.8 A, , which would corrpspond to a
ratio of blade length to pitch dlameter of about 0.2. Thus, A, X 1. 89

3g. t. !

For the compressor, the inlet stagnabion temperature and pressure
are known, as are the work delivered to the compressor and the isemiropic
efficiency; the leaving stagnation temperature and pressure can be found
readily, as follows.

From energy congiderations,

Fo, - To . tompressor w@rkcper~peand;®f<air
A
(1000) (2545 ) |
= = o R
(0.240)(19.5) @A00) ~ +L ¥
k. -
P ng, . (161)] k= o
Now, ;3?;:.,1*7}9&.(.1:?2 B (0-85)(151) )
e ‘ T 1+ e 2“309
® > 4w

and po_ = (2.30){1025) = 2360 psf.

For the heat exchanger, it is assumed that the Mach number through
the tubes is low enough so that compressibility effects may be taken ac-
count of in a secondsry way. Assume that the exchanger is of the shell-
and-tube type, with air flowing through the tubes and helium flowing
countercurrently outside of and parallel to the tubes. Assume that all
resistance to hest transfer is on the air side; this assumphbion is opti-
mistic, but it simplifies the caleulations and is not unreasonable for a
first approach.

The stagnation conditions leaving the compressor and the helium tem-
peratures entering sand leaving the exchanger are kpown, and it is neces-
sary to calculate the air conditions lzaving the exchanger and the ex-

changer's size and weight. HNow, To = Ty , and Te = Te »
: 3 b s 8
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From energy considerations,

C
. W
4 i p H pH 11 m
Toy = Lo, = ==+ 5= (I = Tp)

W A pA

1.25 ) :
= (0.183 [N JEYa Tt = 5 o
1 (00240 (1481 - 660) = 542°F

Using a log mean temperature difference based on stegnation condi-
tions,

(Ty = To,) = (T, ~To ) 290 31

‘ = 116°F
13_ = To, 290
In - i3 In '%"i“
Tb - Tos ¢

For combined friction and heat transfer,

dpo _ kz‘*i?(d“fo dx

T e o e 41_"..
Po 2 To
) . To;‘ + To -, K+ M
Introducing TOm ® e and M = B and integrating approxi-
mately 2 2
Po kg’: vii
(5 - kM ,
In —% = - (To ~Tg )~ — (fL
.pO4 2TO 8 2

Using the Reynolds analogy,

h

r—-—-—-—-.f.‘..
ch 2

so thsat,

AW

<T05 :i?.i) = Af é
e D
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Thersfore,
‘g, et NT - , T s
In Po .k E?{ o, ATo“ .o 165 >10¢ ]
Po, 2 Tom ; e
-2
Taking ¥ = 0.04,
Pe 1-40 .
I s o (M[%E 543l
bo. T T E Mo @ 0.281
and Pos f
T—= 00755
Po, ‘
The entrance pressure loss, which is small, can be approximated satisfac-
torily by
Po, = Po kw2
3 4 } o
T N M N 0
~ Po, 16" ®9
Therefore

(0.755)(1 - gomﬁpog = 1775 psf

The flow ares of the radiator can be obtmined from

\‘ 2

’ : —e ”
(Z) 0 D Py
\At"

+%
k-1~i> Eﬁf}
TGmR (1 + ~?—~M

o+

Po, + Dy
m 2




riL--8 ————

and
2
(i\) . (004)(1.40)(82.2) (2063 )7 _ .o
Ay (900)(53.83){1.008)°
snd the radiator flow arsa, Ay, is then
W 19.5
Ay = = w3 1,68 5q. fto

Assuming = radiator frse-Ilow ratio of 0.5, the frontal area of the radia~
tor is 3.16 sg. Tt.

To find the leaving pressure loss, it is best to find the leaving
Mach numbsr, Mg first and then to calculate the pressure loss 88

igs - Eos o k ?8112
T i
Po_ 8 8
Kow, from comtinuity considerations,
. — K1
. K- =2 k-1
2
1+ ——M 2
gﬁ mwqu§MM Tos Poyy
iy e T omemoee 0 aemoeenas
ot ~ 2
A 5

from which, either by trial and error, or using a working chart, 1t is
found that

and

Po_  ~ 1751 psf.
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- The rough design of the exchanger can be completed by calculatlng
L/D for an assumed tube dismeter of D = 1/B inch.

Using McAdams' eguation for turbulent flow in smooth tubes,

h
-I-{Q = 0.028 (Re)0-8 (pp)0-4
and the emergy equation
L Cpﬁpm‘,‘(m 'T'Os - T‘O.,
D 4h 8
one obtains
:E . (P{*)O”% . TO - TD . fa) V D 062
D 0.0 e W

The values of Prandtl number and viscosity, taken at Tomf are found in
the Keenan and Kaye "Air Tables" as ‘ '

Pro=0.67 and p £1.99 x 1075 o2t
ft. sec.
Hence
| L (0.67)06 rpa\ (/g x 100 \O2
b oo \us ) \Tewxie 26

and the tube length,
' 288
L=<« 246 ft.
' o6
The mmber of tubes in parallel is

- 1.88
n = mmmee—, = 18,600

% 1)
41%
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Assuming a wall thickness of 0.00% inches and a tube material densi-
ty of 490 lbs. cu. ft. (steel), the tubes will weigh

Wy = 18600 (490)(2.46) kmm) ( %) 245 1b.

Assuming that the weight of the eniiire exchanger is twice the weight ol
the tubes alone, the exchanger will weigh 490 pounds.

After leaving the exchanger, the alr returns to ambient pressure
through the exhaust nozzle. The jJet velocity is given by

/ k-1
k
, = 228.8 [ ¢ Cp, oy /1 - 22
KA Pce

0.256
= 223.8 (00240)(11'71)(0092)(1 »@L>

1781

= 1818 ft. /sec.

The net thrust is then

Ya
0= = (Vs = Viijgng) = 556 1b.

and the reactor power for this thrust is

(1:-25)(9140)(1024)
3415

= 3430 kw.

It is of interest to pubt the guantities determined on the basis of
1000 pounds of thrust. Then

B - lOUO sg. Tt.
COmpressor arsa * o 1.8 3.40 g- 1
556 (1.89) = 7000 Tb. thrust
) 1000 ag. .
. tal ares = ) = 5.5 q
Radiator frontal ares 5T (3.16) = 5.69 TBRG T ThET




ITT~B~11

Radiator weight = 1000 (kgo) = 881 __ Ib.
T 1000 15, thrust

= 1000 tubes
Number of radiator tubes == (18, 600) = 33,400 S ST

. 1000 Ny K.
Reactor power = zmp= (3”30) 6350 To05 5 thrust

. - 1000 - ac 1b./sec.
Adrflow = = (19.5) = 35.1 15515 et

R - . 1b./sec.
Helium flow = 0.13 (35.1) = 4.56 0505 Tt

Power Plant Weights

Using the assumptions indicated in Chapter ITI of the final Lexing-
ton Report, the approximate power plant weights can be calculated readi-
1y. Since the air compressor for this case has a pressure ratio of 2.30,
the weight of the air machinery for 1000 pounds of thrust is approximate-

v -

and the weight of the helium machlnary, assuming a pressure of 1000 psis
at the reactor inlet, is

O

y 0.6 / '
e .L) = 1100 1b.
) \O 0550 > (35 )

660 386
Wy = (2.5)(2) (k. 56) <m = 151 1.

Therefore, for 1000 pounds of thrust, the weight of the power plant is

1100 + 161+ 881 = 21k2 1b.
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The flyable shield thickness can be ealculated for, as an example,
an aivplane of 300,000 pounds gross weight. The thrust, assuming an
L/D of 15, is 200,000 pounds, and the power plant weight is then 42,800
pounds. Tor a design in which 0.72% of the gross weight is available for
the power plant and shield, the weight avsilable for shield is

W, = 300,000 (0.725) - 42,800 = 165,000 ,

The reactor diameter needed to produce the reguired power, for a 5%
pressure drop, for 100 pounds of uranium 235, and for a beryllia modera-
tor, and for a maximum reactor wall temperature of 2500°F {2960°R), can
be found by methods outlined in Appendix ITI-E. The diameter is L = D =
2.10 feet.

Neglecting the weight of the reactor core, and allowing for headers
of 0.1 D at each end of the reactor, the flyable shield thickness is de-
termined from a chart of shield thickness vs. allowable shield weight
(for various reactor diameters) as 3.09 feet.
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5 om0

The air conditions leaviug the compressor are given by

k-1 .
k
G, - 710,28
l A o kAt o
Tog = Tgﬁ 1 ¢ Smgll ] wmw£ - 478 |1+ (@) 1
e 0, 85
= 861 °R
pos = 8(1025) = 6150 psf

Since there is no intercooler, ps * Po_s and To_ = To . also
5 3 5 o2
T = To and To. = To -
8 Oa io7 ioa

The log mean temperature difference in the heat exchanger is

(Ta “‘TOT) - (Tb - Taﬁ) 240 - 130

6~ T, — T 240 185°F
2 v (14
P ——} In 9=t
Io - To, 139

1n%dmﬁﬁyih;ik+23hﬁfkk
Pog TQm 0 }
Wwnere
To_ + To
T = — !
m 2



therefoye

and

Po,
oSt {3 oS00y
Po

f+3

b rfmxiamz?a Pressure lass i:q Lhe wewetor s approximsisd by

a1,

ey

Byt (0200041 ~ .0035)p, = 4290 ps

The radiator _f,‘.low ares van be cbbtained Trom

Where
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Therefore
<.§:‘L‘i’ (0-04)(1.40)432-2) (520)°
At (52.3)(1410) (1.0a9) &
and
100
Ay = * 4,01 sq. ft.

-1

Assuning a radlator Tre
radiator is 8.02 sg. ﬁ:,

e~flow ratio of 0.%,

e

the

From continuity corsiderations, it follows thal

"4
Moo= 0,082;
?
henca
b pg 1.40°
el B e ) (0.002) = 0.0183
pa_y S
and
pos = 4220 pa f
Using properties taken ab T ﬁ om the Keepan and Kaye "Air
as Pr = 0.65 and u = 2.54 x 102 1h/ft.-sec
Lo (pr)0-6 | ‘1‘97 = Ta, ] (@h}%ﬁ))g“z
D 0,002 e u
Assuming D - 1/87
% (9;99~£W6 1000 [VEs x 10? \)Oag 5
0. 092 185 0B X 2.54 8l

frontal area of -

Tableg”



ard the W‘t"lghjﬁ of the mfnr 1, ?m 5 tube wall mickm:m of 0. 0{}1; mﬁhm
and a tubs materisl dens ty aof 490 1bv. f{*u £E., ds

W, = 47,000 (Agﬁjémg“z,( ‘«3’9‘#}
12

The weipht of the eptire 9&@&&3@;@1‘, approximated by twice the weight
of the tubes alone, is about 1640 1b.

The temperature drop in the turbine is asmmmed for equal work to be
equal to the tempersture vige in the compressor, so bhat

Tf’g & r;s%‘,; (ff% e F'?ﬁ%:j}fé s 1%+4?g 86 = 15?,??3%2:

and the pressure leaving the turbine is

Eigrou Oy S AL
e el e

* 2060 fi./sec.
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of about 15000F (816°C). Cobalt-base alloys in turn probably will not see
high-stress service sbove about 1700°F (927°C). It weans therefore that
new alloys systems will have to be developsd to achieve 18000F (9820C)
performance at gtresses of the order shown above in the U. 5. Havy gas-
turbine reguirements. Fortunately such work is going ia the chromium
and molybdenum-base systems and this work must be pursued to completion
at a very early date,

In general, the purer the metal, the softer and the wesker it 1s.
In such pure form the metzl has the lowest recrystallization temperature.
There are several avenues open for iuncreasing the strength and resistance
to deformation. These approaches amount Lo increasing the recrystallizs-
tion temperatures of the base element. In general, the addition of any
foreign element in small amounts increases the recrystallization temper-
ature. Subseguent additions wmay or may not further increase the strength
and recrystallization teuperature. The presence of a second or third
phase as a network is alse effective in improving high-temperature strength;
however, not all excess phases are effective; for example, sigma phase in
chromlium alloys is seldpm desirable. Ageing systems are extremely effec-
tive and have been used to advantage for high-temperature strength.

On the basis of the recrystallization temperatures (based iun this
case on commercially pure metals cold-worked to 70% or wore and anmesaled
for about 1 hour at temperature) there are a limited nusber of alloy sys-
tems which offer use at 12000F (6490C) and higher. Figure TIID-1 shows
the relationship of the recrystallization temperature to the melting point.

It is presently known that iron-base alloys of low alloy content are
restricted to about 11000F (5930C) for high-stress performance. The
stalnless steels with about QO% chromium are usable up to about 1500°F
(816°C) for reasonadbly high stresses and up to 2000°F (1093°C) (25 chro-
mium-20 nickel-2 silicon) at extremely low stresses. High-stress appli-
cations are definitely limited to about 1300°F (704°C). Metal alloys are
in use up to 1350°F (732°C) at high stresses (when supported by about 15%
chromium). Cobalt-base alloys highly alloyed with 20 to 28% chromium as
well as other elements have been in use at 1500°F (816°¢) and it is antic-
ipated that they will be appilicable at 1600°F (871°C) and possible even
at 1700°F (927°C) at somewhalt lower stresses.

These three systems, iron, nickel and cobalt-base alloys have been
developed quite extensively, and auny further advances will be reasonably
small, New alloy systems are needed.

According to Figure IIID-1, theve are promising alloy systems in
titanium, zirconium, chromium and molybdenum-base alloys. These four
elements are sufficiently plentiful to permit wide use. Tungsten, tan-
talu and columbium also offer bases for alloy systews, but these elements
are relatively scarce and at best would permit extremely restricted use.

Iron-Base Alloys

These alloys, the best of which are oxidation-resistant, by virtue
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low-creep alloys have resulted in this system. The properties of these
alloys are also shown in Tables 1T and ITI, and IV (5).

The interesting cobalt-base alloys are viballium, 422-19, X-40, S-816,
T3J and 111VI2-2. The inbteresting cobalt-chromium-nickel-iron alloys are
N-155, 100NT-2 and 5-590.

i)

Chrowium-Baze Alloys

Recent developments in the chrowium~base 2lloys have been extremely
encouraging and show definite promise of producivg azlloys sulitable for use
as turbine bhlades at 1800°F (982°C)., These chromium-base alloys are mainly
the chromium-molybdenum~-iron type with small sdditions of titanium, manga-
nege, columbium, ete. At the present mowment stiength values in rupture
and creep are already large enough to assure use at 1800°F (982°¢); how-
ever, the alloys are extremely brittle and will veguire developments along
the lines of increasing the ductility., The best alloy thus far modified,
Cn-469 (58 chromium-25 molybdenuwm-~15 iron-2 titaniws), has shown values
at 1800°F (982°C) which exceed the minimum specifications given at the
beginning of this section. Thiz work is continuing at Battelle with
promise of improved performance., Some fundsmental work at M.I1.T. has
indicated the limits of the brittle alloys awd will perhaps pernit a
better selection of elements to avoid the brittle sigma phase.

Chromium-base alloys are desirable in masny respects. The alloys are
lightweight and have reasonably good oxidation resistance. Furthermorve,
all the metallic elements used thus far sre available in this country in
sufficient amounts, these belng chromium, manganese, irvon, nickel, titan-
ium. Attempts are under way to develop precision-cashing techniques which
will permit direct production of blades. Figure JIID-2 shows s log-stress
or log~-rupture time comparison of the best cobalt-base and nickel-chromium-
cobalt-iron~hase alloys with the best results obtained to date on chromiume-
base alloys. At 1600°F (871°C) the stress for 100-hour fracture for the
best cobalt-base alloy is 26,000 psi against 43,000 psi for the chromium-
base alloy. Only one incomplete value is presently available at 1800°F
(982°C) on the chromium-base alloy., The value again places the chromium
alloy curve far above the best alloy tested previously -~ 100 NT-2. As of
this date,; new alloy variations using titanium have indicabed even higher
values al 1600°F (8719C) as shown in Figure 111 (5).

Molybdenum~-Base Alloys

Molybdenum offers the basis of another high-temperature slloy syshem.
This work will loglcally extend beyond the chromium work., Alloy systems
of low enough melting point, i.e., 3450°F (1900°C) to 3630°F (2000°C), are
possible.

It will of course be necessary to provide protection against oxidizing
atmospheres when molybdenum e present in amounts appreciably over abeut
10%. However, this will depend on the expected life of the alloy. In
this respect, recent developments along the line of forming wolybdenum
silicide coatings offer gpromise of utilizing high molybdenum content :

S——
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made frowm refractory materials must

be very carefully dimensioned, it has been necessary 1n most cases to gize
them with diamond wheels artai firing, but this is & very foptly operation.
Then it would seem difficult to produce as thin a trailing sdge on the
bucket of the refractory as it is possidle to obtain with wetal and there-
fore the overall efficiency of the turbine is aomewhat decreased whan using
the refractery. Also, it should be remewbered that the refractory bucket
at room temperalure is brittle and handling dliflcultie$ will be experi-
enced,

As wost of the turbine blades

Agothey serious provlem is the T
the rotor. One method (2) tried in Ce

iing of the ceramic blades into
any was to ram powder between
L Ancther method (1) consisted
n heavily plating with copper,
so that on clamping 2 yielding layev weuld wlhbi]but% the atvresses,

In regard to the future; it will certainly be necesssry Lo carry on
more Tundamental work on gla<5mfrep oxide hodies with a winimum of impurity.
These would have to he tested for creep rabte, fa tigue, impact and hest~
shock resistance. Also, the -OQLLd carbides, borides and nitrides sre
guite promising, and work on these shiould be carri&d,out simultaneonsly.,
Baslc research should be stressed for the next {ew yesrs to build up -
gound foundetion on which to build fubure aspecifi

jer)

¢ research,

Other Developments

1. Metals -- Powder Metallurgy. Conventionsl cold-pressing and
sintering as well as hot-pressing and flash~-hot-presgsing research is well
undsrway to develop alloys which may be strong and oxidation resistant,
out which are of toc high melting woint for vractical melting or which
cannot be cast to shape or forged or machived. Work is underway in this
field on alloys of: '

Q

u‘.l

a) Chromium, such as the 60 chromium - 25 molvbdenum -~ 15
P4

iron alloy,
(b) Molybdenum.
(¢) Cobalt-rchiromium.

2. Bimilar work at Ohlo State, NACA ard eleevhere is conceruned with
the production of cermshts which are cowbinations of métals and ceramics
(such ag chromimm - aluninuws oxide) to produce impervious, dense bodles.
In such bodies the chromium is oxidized Dup@v11h1allv to chromium oxide
which then forms a spinel with the sluminum oxide. The oxidation resis-
tance of such bodies at 2LO0O°F (1316 C) is very good. The strength is
high; the thermal shonk resistance is very wmuch better than that of
aluminum oxide; and the oxidation resistance is excellent. Porosity
cannot he Lolerated because this will lesd to complete oxldation of the
chromium, ylelding a2 ncrmal spinel body whose therma) shock reslstance
would be low,
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A,

It is recommended that additional research be undertskesn on the
chromium~base and molybdenum-base alloys. Data are needed on the binary
and the ternary systems involving chromium-molybdemim-iron~nickel -cobalt-

titanium-zirconium with additions of carbon and nitrogen.
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Alloy

19-9DL,

16-25-6 .1
Nimonic 80‘ O
Tronel X . 65
5-816
Vita1liu¢
h2e-19

X-40

1OONT -2
111Vre-2 1.1
739

N-155

8-590

Table II

Composition of Typical Alloys

Cr Wi Coa Mo W Ta Cb  Others

19 9 - 103 : {QagTi) Doh‘ b&l‘ Fe

516 25 i 6

o1 Th . (2.471) (.6A1) --

1h.6 73.4 (2:3?1} 1.
2020 ; : I

28







Table TTI

Alloy Temp. . lO:HI‘B° lOO Hrs. 1000 Brs.

Name ¥, Pl P ul Psi $B1. Pai $EL.
19-9DL 1200 70,000 7.0 60,000 4.3 50,000 2.5
Forged

1550 60,000 4.0 35,000 4.0 20,500 k.0

1500 17,500 5.0 13,300 4.0 10,000 3.0

1622516 100 78,000 12,0 57,000 8.5 k2,000 k3
Forged : : ,
1350 k2,000 8.5 28,000 k.0 19,000 1.8
1500 19,500  60. 13,300  35.0 9,000 20,
Nimenic 80 1200 78,000 3. 60,000 2.5 45,000 1.8
Forged ‘ ‘ e
1350 56,500 1 36,000 1 23,300 L1
1500 23,000 13 16,300 9.5 11,800 (48
Tnconel X 1200 8,000 1 59,000 1. 55,000 1.5
Forged : - - ‘
1350 58,000  50. 48,000 15 40,000 2.
1500 k5,000 25 29,000 11 18,500 5.6
§-816 1200 72,000 = 58,000 - 46,000  -=-
Caat : ;
1350 54,000 -- 40,000 16 29,000  es=
1500 35,500 15 28,500 3 22,000 1
1600 ol ,500 19 18,000 17 13,000 1L
1800 14,000 16 10,500 10 8,000 6
Vitalliam 1200 68,000 ~- 54,000 -~ k3,000 sun
Cast - : =
1500 21,000 15 22,000 10 16,000 5
1600 25,800 3h 18,400 18 14,500 11
1800 12,200 k2 8,800 13 6,400 3
kpp-1g 1500 39,500 ko 30,k00 23 2%.500 6.6
Cast ' : -
1600 25,000 2% 19,000 6 1,700 0 1

1800  ak,hoo 27 10,100 18 7,100 2







Alioz

L-h0
Cant

1O0NT-2
Caat

111vE2-2

158
Cagb

N-155
Forged

3-590
Forged

5&&69

Cagt

Table III (Comt'd)

10 ﬁéars

Temp, Pai "ﬁ@&.
1200 66,000 -
1500 3k 000 30 -
1600 25,000 %6
1800 133509' L6
1500 40,500 g
1600 35,000 1
1806 18;800 20
1500 k3,000 11
1600 37,000 10

1800 15,300 2p
1350 69,000 it
1500 43,500 1k
1600 3% ,500 16
1800 18,000 20
1200 79,000 -
1500 32,000 12
1600 21,300 17
1200 69,000 33
1500 25,500 18
1600 19,000 bl
iéoﬂ 56;000‘ 1
1800 -

400 Hou
Pol

55,@06
28,000
21,300
11,300

30,500

26,100

13,600
33,200
27,500
11,100
52,500
34,800

26,400

12,600

60,000
2k 500
15,500
52,000
20,000
14,000

43,000

-~ e 20,000

19
Y

10

20

i3
1

10

10

25
18
28

TITP-15

57
10

20
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 Tsable IV

5t Regigban Alleys at 1200 - 1600°F.
‘ ‘Stféﬁﬁ'fariMiﬂiQO*Créapr&tes;‘E”ﬁ@éﬁﬁ-par-hour afs)
4 ‘ X ) » B

_0.001 1Q.0001 0.00001

Alloy Temp.°F  1$/1000 Hre.  1%/10,000 Hre. 1$/100,000 Hrs,

19-9PL 1500 10,h00 7,100 k,800
16-25.6 1200 21,500 14,000 ‘ 9,000
1500 : 8;460 5,700 3,800
Nimonic 80 1500 15,700 9,500 5,700
Tnconel X 1500 19,600 12,300 | 7,600
5-816 1500 16,500 11,500 8,100
1600 8,500 5,800 - &éaoo
Vitallium 1500 11,700 7,600 k,900
422.19 1500 18,400 1%,200 3,500
1600 : ik ,500 11,600 9,90@_
X-bo 1500 18,500 13,700 10,200
1600 15,700 11,700 8,700
100NT-2 1500 21,800 17,400 13,800
1600 16,000 11,700 8,500
11iVEg-p 1500 20,500 15,000 11,000
1600 15,100 10,300 7,200
7383 1500 20,400 1,300 10,100
N-155 1500 13,800 : 10,300 7,800

5590 1500 12,700 5,600 7,300







=0~ 110 3dnsid

RECRYSTALLIZATION TEMPERATURE —°C

A
; TUNGSTEN A+
A KNOWN VALUES v
O ESTIMATED FROM CURVE
AND MELTING POINTS : /
S A TANTALUM A
A"MOLYBDENUM
|
/O COLUMBIUM
: Oo%mmm
PRI et
- IRONT =0
NICKEL
ropeen
- MAGNESIUMALZ D g ver
CADMIUM. 7 ALUMINIUM
0 lrina A LZING
; LE
§

400  BOO 1200 1600 2000 2400 2800 3200 3600 4000
MELTING POINT,°C

|~ Q~ITT 3MN9I4







2-0-TI 34091 4
RUPTURE STRESS (1000PS)

|

CM- 469 (60 OR- 25 MO ~I5 FE) 1600°F

OM-469+2T1

=

#

IOONT-2-BEST NI-CR-CO-FE 1800°F

4-CM-4694+2 Tt (BODF)
{iIN PROGRESS)

RUPTURE _TIME —— HOURS

2 -0~ I 3MN0I4







ANALYITE OF'R@AF”OH HEAT TRANSFER

Thir Appendix vreseuts the methods uséd'by Lexington Project pefsonnal
to apalyve tha pfobl@ms 1ol “d transferring heat from the reacﬁor to a
moviag fluid, The treatment 18 not exhausﬁive; the imtent is to indicate
the theovetical basis snd the techniques of caleulation. The analysis is
sgsentially one-dimensional, and hence canpot be expeuteﬁ,to apply to all
raacﬁor heat transfer problewms.

Srrangement Uonsidersad

Ar a reprasentative of & cooling chanpnsl in a rsactor, consider a

he f‘i zsage of leogth L {£t.) and cross section 8 (sg. £t.) through
which a fluid of spzcific heat o, flows at the wei ight rate @ (1v)/(sq. £t.)
(sec)o Let T, {OF.gbs.) be the stagnetion temperature within the pas-

sage and let T, and T g be itz wvalus at the inlet and oullet T@Sp?@thFly.

03

o

The heated length and fricticonal length ars supposad identical.

Power Distributiosn
The heat ioput may convenisntly be tsken to vary along the tube in a

ainusoidal menner

g = g SIN WX ... (1)
, vy {(1+9+o)i.

where gm is the peak hest fiux in Btu/sec. ft. The eymbols are defined
in the Tabls of Nemenclature, anpd any dimsns siopally consistent set of a

undits may be uzad; those stated are for 1llustration culy. The dimension-

less paramsters € and to define the poaziaon of the sine curve




relative to that of the tube,; as shown in flgure 17 -E-1. 7This form of

rmite application of

the analysis by which they ave obilained is applicable with any power

Q[))d\ %)V‘v’\ “‘N(l"%’é‘}'@“)‘" dx v LP Cm- (2 a)

g = TGS (Mos ™ MTos
Ty

o

L,(‘”} S+ GM> Qo:? H G v 20 TI‘ ( 1 +@w2” ~ {7
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Cos- TT & cos X
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-
i - . 4
os lw_n . Ti6 T
R f@.
| OSivaTs 0

-

Tufluence of the Maximum Tedperaiure ©

T

Assuming, a2g aa approximation, the

heat transfer exprsssgion in the absence

may be written




if Ty ’
divided by the heated pariphery.

For convenlence of wotstion, 1ot

is the "hydrawlic” redius For heat transfer, l.e.,

ihe

o =

Then from (2 b}, (22),
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e ‘ N . , "
tion OfmwiaALLa¢-far'éQ =3 = 0.0729 is shown in Figs. TIT+E«® and ITE-E-3

W lp b

Pressurs Drap

Qﬁmgresgiﬁle Fluids -~ ¥ar s perfect gag (pv = RTY & nombinstion of
Newton's lavs of mobion and +the laws of the conservation of mass and energy

yields

I

Eﬁm kM 4T o _fdx ()
Pcv k a VTQ}' rM

(73

where M is the Mach number iwm +the tube, By is boe stagnation pressure,

Whgre Ty is the hydraulic radius for flow. Eguation (7) is shown

graphically in Pigs TTI-BE-k sndg [IT-E.5,




Comhining eguations (2-c), (6}, and (7) gives

/ v
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S i
~2s L k=i :?;\k..c i . ; A L]
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wWhere

K41

S 1 | k-1
@" ((E%EA’SH 1= 55+ L M? : (9)

in which M2 denotes the sverage over the length L of the gguare of the

Mach number. The ﬁxpr@ssiom,inisquare brackets in equation (8.b) is a
fanction solely of Tohf 052 the Power disteibution, the friction factor,
and the charscteristics of the pagsage I¥ for exemple, the asswumed &lnu~
s0idal heat flux distrlbutlon is symmetrical ( = r ) equation (8-p)

may be written

g

0N ) /T fL gkwi
IRV Ly ral R el TR 5

ek
, (8 ¢)
Evaluation of §§ - :
Lamet
| loa R | | |
For a given gas “(ZP ‘}Z G may be expressed as s Tunction of
04,

My from equation (7); plots ef *hi function as @(W L. vE. M are given
; : : )
for air and for helium in Figs, ITI-Ed and ITT-E.5,
The continuityzaqﬁatiom.m&y be expressed in the form ;
—— ks e TR
(%m Fos Toa — Ma 5
- = = — 3
e § Tor M |+ K2

m)

which, if the resctor entrance and exit %tagna*lon pressurek and temperse

tures are fixzed d, permits M§ to be Valguiathd‘whﬁn.Mh is known, If through-

2ut the heated section, M ig l&as‘tham 0.%, no serious grror is introduced

by evaluating e as the arithmebic mean of its terminal values:



normal conditvions
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Upe of the Formulae

To the Pormulae so far sssesbled must Pirst be sdded an sgreed method

of evaluating the coefficient of heat tranefer h, For the cases examined,

the wodified Reynolds anslogy

h___ A { (12)
¢ a ~
iz o good approximstion. Tt applies sufficiently well W‘tlen the flow 1n
the chamnnels is always turbulent and the hydrauiic radii for hesat trans-
fer and for momeutmxl trapsfer are identical Z(rH S :;M} .
The use of equation (12) pé:rmits I{WM (Bguation (5-d)) to be
expregsed as funciion of A.E‘:____ for any specified ginuseidal power

N
digtribution: M

o, = T T I H\‘“‘“(ﬁ“&ﬁ’w

T TA8) Te
o5 te& (oS oy o Cos!+8+0{

(13)
A plct of this relation is shown in Fige, [11-E-2 end ITI-E-3 for the case
where B=0'= 0.0729 . For a specified ratio of the sxit to the entrance
stagnation pressures for the ra&m‘bar s @ way be cowpubed from egustlon
(B-b). The value of My wmay be read from & plot of § ve, M), (for inét-an'ce
Fig, ITI-E-H) st the value of @: mfﬁi“{ %q-:;& . The value of G

FO@ ) Tb;

may be then obiained by the use of equation (7)), or from FPigare I[II-E-k.
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This result exenplifiss the fact thab jﬁ\is chiePly dependent wn the physie

cal properiiss of the fluid iun eny glven case.

Illustrative Exasmple T (Aiv)

Let 1t be required to eghimate the minimum size of the reuctor which
is to supply pover to an apen-oyels turbajet and vo determine its low pase
sgges. The vperatring conditions for the engine are suppoged specvifisd to De:

Albitude: ' 30,000 4.

Flight Mach Number: 0.60

Reguirsd Thrust: : 20,000 1.

Compressor pressure B /L
ratio:

Component efficisneisg:
Compressor, ??G
Turbine, ?Lf
Diffuger,n
Kozzle, = : 0.9
Turine iniet tempera- 18008F (2PEIRR)

Tare: ; ‘ ;
Allowable loss in shaolube sbagnation pressure
bebwesn compressor discherge and burbine inlet: 309

For these conditions a power plant coycle snalysisz by the wmethods of

.Y

Appendix ITI-4 yields the followlng Pigures for the state of the air
tesving the compressor

Stagaation presgure 281 Ib{ﬁaqnin“

Stagaation temperature: 78207 (oheon) ‘
Specific thrust: 53,0 ib. thrust/(ik. of
sir flow per sec. )

The fellowing asssuwmpbions sre mads conesryning the rescior:

—
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Maximum peramissible wall temperatures 25000F (2960°R)
Ducting losses of stagnation pressure ab inlet and at ontlet:

1 velocity head each.

do

M
m

encountered this is eguivalent to pressure

o

For the veloolt:
rations af 0.97 for the inlet ducts and 0.902 for the outlet
ducts,

Reactor passages are round tubes heated over entire periphery of
crass section

No change of stagnation temperaturs in entrance and exit ducts.

Symmetrical longitudinal power distribution: 8 = 7 = 0.0729

e

(See Equation (1)); approximatiely uniform radizl distribubtion

Reactor including b
one pass coling channels parallel To the axis
Free Flov cross section ig 40% of wveactor cross section
From the above coudifions and sssumptions:

?@{ 28L % 0.97 = 272,95 ib./ag.in.

1030 - 0.8
0.97 = 0.902

M= 124208
"os® 2260°R
= 296k

. 2260 - .
* IBL5 - 1.817
o
LT 1242
e \wes 7 dea 2960 - 1242 1,685
: i T, 2200 - 12k2 7 e P
WM T L, P00 - 12k

9

and Trom Fig. TIT-E-2 fg ves

ALL

YM

—
s
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If Aig taken to be unityeoustion (8.0} way now be solved for g@

in terms of known guantities.

0,00

3 N2
%@ - Lo (8.80) s 0,085
0.817 4 2.59 (1 4 |

-

By definition, (see eguatisa (10})

A = ?Es

1\ r§m4¥ == 9,80 . 0,503
fos i Ty C v

The necessary inlet Mach vusber o the heatéa,yagsaga ig yead from Flg.
IIIwEfé Por these values of @g and 63 2 |
My ® 0.231
The exit Mach number (M5 s (0,4837) mey be ﬁompmteﬁA?rmm.&@uatiwn'lég
The rﬁqpif@ﬁimﬂﬁﬂ,ﬂﬁlﬂﬁity & in the cooling charmels may now be
found. |

From Fig. TIl-E-h at the knows value of My, 15 read

é%’45§;4f -

= 0.R06
fos

whence

ML 0,206 x 272.5

= 229 lbcffsqqfﬁu} (zeo)

G

Ao P AT

12k

If preferred, the same resull masy be obbtained by compulstlon using egua~

tion (7).
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The overall dim
and specific impulse as 2000

Free flow crose seciion

Grogs cross sectian of reachor

Digmeter of reactor *

3 on the hypothesls that the alr

I the header dspth ()

3,

is to euter vadially with the tubes,

then

‘hrough cooling channels

L -

The diameter and

N ey
is determinate when L iy found becauge mzxjféﬁmw e mFééj)Jﬁﬁm
M H E’"F J

bas been fixed by the imposed conditions, as hown above, and all the guan-

tities other than L in thet

evalugted

For the prssent case

for commercislly rough pipes snd o, & d/4 1F § i the Alsmeter. Strictly,

because 18 usually available as s graphical function of the Reynolds

v

number Fp., & trial and evvor solution for 4 is vegquived. However, over

o
L

wide rang:




Hence

a = 0,0388
Moo= 3,60 % 1075 1b. /(85 (sec.)

s8¢ that

L e ‘ 2.59 x
e R N

Since L = 2,03 ft.,

ERSTRIS S ——

d = M . gw{ x | ? = 0,204 inches
239 |
The number of tubes in paraliel is, thersfors

Free flow crose section . _ 2.03 x Ikl 8950 +ubes
Cross eection of tube ~ 0.785 % (0.20k)2 "950 tube

As & matter of intersst the Heynolds rumber in the tubes is

g
N = M@ = 0,20k x 2oy

: - - ™ 1,08 x 107
Re M 12 x 3.61 x 105

LT preferred, by wmeans of a formulation of the heat-transfer cowffi.

clentavailable in terms of the Reyuolds number and the Physical propertie

AT AT A et )

T 6

the caleoulation may be carried through with 2z h Lu

By
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regarded as the funds

In this case the evalustlion of ouly point for which N umust

o
fie
¢!
g

be known and (D is relatively insensitive to the value assigned to 1\ .
Wnen sceurate heat transfer data are available, this alternative scheme

is undoubtedly to bs preferred.

Summary of Regulis of Calculations:

Resctor Dis

Reactor lenglth

)

&
Fh
o
;

Tube Jength & active length of reactor: 2.
Tube dismeter: 0,204 inch
No. of tubes 8950

of 12.88 cu, ri.

vy

Thrust per cu. T1.. 1533 lh,/gun i
The above reactor dimensions do not include any vocooled reliector.

lar reactor is not necessarily prac-

It may be noted that this ps
tical to construct. Fov example

than 0.1 in. if 8950 tuher ars

might well be impra cal with
wmethod illustrated is intended t
the desired heal can be remo

necessary for ressons other tha

Illustrative FExample TT (Liguid Bismuth)

Let it be reguired to estimate the wmiuimism

which the heat evolved is 1o be translferred to -
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N

propuleive duct by circulation of molten bismuth, The operating conditions

for the engine are supposed to be:

Altibuds: : 30,000 4,
Plight Mach Nusber 0.90
Reguired Thrusti: ‘ 20,000 1b,
Compressor pressure o
ratio ' 6/1
Component efficiencies:
Compressor, Ne
Turbime, nT
Diffuser, "o
Bozzle, nH
Turbine inlet tewpers v
shure 150097 {1960°R)

0.835
0,87
0.90
0.90

oW % ¥

For these conditions a power plant cy:sle snalysis by the methads;af
Appendix TII-C yiéiﬁﬁ the following figures for the required perform&nce
of the reactor:

Bismuth clrculation rate: 7580 1b. /sec,
Bismuth imlet tempersture: 1180°F (1640°R)
Bigmuth outlet temperaturs:  16560F (2116%R)
Allowable loss in static
head across reactor: b5 £, - b, /ib.
$he foliowing assmmptions sre made conaéfning the reachor:
Mazimum permissible wall tempersture: 184097 (23000R)
Piping and header losses at inlet and at oubletb:
1 welovity hesd sach
Reactor passages gre round tubes heabed over enﬁirﬁ periphery
of cross section, l.e., vy = ry = 4/b
No loss «f temperature in entrsnce or exii PESSEEES .
Symmetrical power distribubion: (ﬁea equation {1)}; approxi~.
mately uolferm radial distribution.

Reactor matriz, got fucluding hesders, is to be a sguare cylinder

with straight, cuns-pass cooling channels parallszl to the axis.

{(Note differsuce Pfrom sir case.)
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< 1 3 ) bk 2 - e xy 3 e
Free flow cross-section 16 W0% of reactor CrOES section.

From the sbove conditlons and asguplions

k=]

16L0°R

[}

T . = 2116°R

T = 2300°R

N | 2300 - 1640
F{wm - WL ol =2 l‘°386

P s T Moy | 2416 - iERG ©

{

and from Fig [1T1-E-2 is read

e N - Q
B b R TV
r QPG Y,
For the present purpoes ad approximation of Iyon for Martinelli’s
theoretical expression for ine coefficient of heat transfer will be

adopted (R. N. Lyon, "Pile technology", Lecture 48 Pexrt I, p. 203 M-14083)

~ 084

“m,llmmm - <¢mmlcwmm &4 0.02 ﬂé@ o HDCi!
6 N, Ol T

T de
= K

¢ the friction factor is agsin taken to he adeguabtely approximated for

rough plpes by

0T

{ﬁ 0.0388 N o.wa%(ﬁ)@
N 01T dm"z Nm

Re) G
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A

there results fop

™=

/ A T}

Pe

From the International Critical Tables and the report "Some Uonstants for

Belected Pile Materials® (AN

i

B2-122; Oct, 1947} 1p is estimsted For the

temperaturs range An question

IS

peLers

Cp ® OL0363 Btu, /{

k4]

00672 2./ (£t ) {sec. )

=

7

0, 00250 Btu, /{sec. }{ft, )

e
%

K -

ﬁﬁg :
K B

9,0 Etudf(br}(ftq)(QF}

L

D.00577

Whenos

500 1000 50,600

i

NRQ 5000 10 2 000

N

Take P =

1]

7.18 5.13 0 3 2.88 2,62

o kD

because Hpe ie expected to be high,

Lad

2D oaf 8 trisl walue Then

L

T e P T il
ZN j o 3 °

Now, from gguation (11.h), Yaking into account that twe velooity

heads are 4o be gllewed for piping losses

o uiﬂi

+ 2

eand

¥

cnooe
o0

5

&,

T, fib,

o a
ooz (Gekie Ly
.%:?; ¢ BULO Ik /{eg. vt ) (see)
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It will be noted Ltha tively inssnsitive to the value esti-

wated for N .
The overall dimemsions of the reactor follow from the reguired circue

lation rate 58 soon as ¢ is known:
7580 .
= L0 -y 26 sq.tt.

Free flow crocs 20
601 _
or - X:26 _ 3,15 54, T,

0 -

Gross cyoss section of reactor - :
7 0,40

Dismeter of reactor, D = gimié - 2,00 ft,
X NS

L = D= 2,00 ft.

If the header depth (L) ies estimated on the hypothesi

ally with the same mass velocity as that in the

Tube length:
that the

coolant is to enter radia

tubes, then

Overall Reactor Length -

Wnen L and G are known, the tube diameter i determinate. Lyon’s
approximation for the heat transfer coefficient wmay be writien
&2 A

0.8%

th 3 &+ 0.02 \Ng_—100
4(& b (NP\) |
S

and since Ty F oYy

... _..3.9 % 0,00250
8 x 0.0363 x 6010 x 2.00

-

2hl 1l
V_H & G|

: 2,79 x 1076

approximation (Fig. ITI-E-8)

d% 6.

Mo K

From a plot of Lyon's




is read at

. ~ £
= 2.79 = 1070

hK .
30 By

asguped,
Then

00250 x 12 2 5. k18 inch

d =

3000 ¥ [,
G.0363 % 6010

The wmpber of tubes in parallel is, thﬁr@far&g

Free flow cress sechticn . 1,86 x 1hh -
Crosg section of tube ~ 0,705 x (0,412

Ag s wmatber of interest the Reynulds number in the tubes is

L AG L 0MI2 % B0I0 . 4 pr w45
. <3 . = 3.07 x 10
Mpo s S 1% 0.000672 |

Summary of Resulis of Caloulations

Reactor diasmeter: 2.00 Pb.

Reactor length lociudisg besders: 2.40 £,
Header depth: 0.800 5. = 2.k in.

T@be length: 2.00 ¥4,

Tube dimmeter: 0,412 1w,

No. of tubes: 1361

Gross wolume of reactor = 6,91 =u, £,

Tarust per cu. t. = 2890 b, jen. 1.

ITI-E-21

At this value of Hp,, ‘}Xiﬂ actually 3.5 which is forbtuitously the value
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Table of Nomsnclature
Area of heating surface or ares across wWhich heat is flowling, sq. [t.
Numerical constant, dimensionless,
Specific heat, Btu./(1%.) (°F), Eg denotes average over range of
temperature.

Tube diameter, feet; also used as differential sl

o0

T,

L

Reactor diameter, Teet,

J)

Friction factor. (Ratio of wall sghear stress to dypamic head. )
Fluid mess velocity, 1b./(ses.) (sg. ft.)

Dimensional constant, equals 32.17k __(1b, - mass) (£%.)
(sec.2) (Ib. ~ force)

Heat transfer coefficient, Biu./(sec.) (sq. £t.) (°F)

Thermal conductivity, Btu./(sec.) (sg. £t.) (°¥/ft.)

Isentropic expouent, eguals cp/cv, dimensioniess,

Heated length of reacltor passages, [eet,

Flow Mach mmmber in tubes © ratio of linear velocity of fluid to
local acoustic velocity, dimeansionless,

Peclel mmber, dimensionles

Reynolds® number, dimensionless.

Stream stagnation pressure, 1b./sg. in. absolute,

Stream static pressure, 1b. /sq. in, sbsolute.

Heat flux per unit length of passags, Btu“/(secu)(fta); qm_denmtes the
peak fiux.

Gas Constant, (ft.) (1b.-force)
(°RY (1b. - mass)

"Hydraulic” radius for heat transfer, i.e., cross section divided by

heated periphevy, Teet,
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Table of Nomenclature (Cont.)

s

Bydraulic radius far‘mﬁm@mﬁum.tramsferﬁ i.g,, Cross chion divided
by'wetted,ﬁeripheryy feétu

Cross Secticni@f passage open for flow, sq. ft.

Fieid shagnaﬁion bem@eratufe; Tﬁh denotes Inlet and T@5 exit
conditions, "R = 9F abeolute.

Wall temperature, T,  denctes maximum wall temperaﬁufe, OR « ©Op
absplute,

bepth,of headersz of reacﬁof, feet,

Specific volume, ou, ft./lﬁa

Distance (feet) measured in direction of flow in paspage from the

origin of the sinusoidal flux &iﬁtribution.functkﬂ, see Fig, ITI-E-1

Dimensionless quantity, the fractionsl tempersture rise

To uTl*
EC)""A

s

Dimenaionlesg'quantity,,vﬁw Ty o~ Toh

L SRRV 1 1 J
Tos ~ Tou

\ Dimensioniess gquantity in the relation Nf£/2 = h/L ﬁc Tnis largely

& funntion,af The physical propertiss of the Tiuid,

E} Dimensionless ravio, heat flux at entrance to heated section eguals

Gy %in}jggf%:arm- ses Fig, TTI-E-1.

1Y Dimensionless number, equal to 3.1416,

QO Dimensionless ratio, heat flux at exit of hested section equals

%y gin w é+6\) ses Fig, TII~E.L,
1+ 40 ,
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IdentiTication of Figures

Figure No,
IT1-E~1 Pogition of heat flux distribution relative to heated

Dasgage,

TTI-8-2 Plot of Y,y vs. ZHL  for &= O = 0.0729 Low
rHEPG range
IIT-E-3 . Plot of A ypva. 2oL for @ = O = 0.0729 Bigh
YHEPG Tange
ITT-E-% G \}Tg vs. M for air.
B
(T-E- (7 e ,
I1T-E=5 G‘Ylig_ s, M. for helium,
P
0
III-E~6 %@'vso M. for various values of 650 (air)
ITI-EB-7 aévsn M. for various values of %30 (helium)

IIT-E-8 Lyous approximation of Martinelli Eq.
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