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p

A - area (ft )

2Af - face area (ft )

2
Af - free flow area (ft ).

Mmbols $

a - acoustic velocity (ft/sec) = Y7gRF

- specific heat at constant pressure (Btu/lb- F)c

c - specific heat at constant volume (Btu/lb- F)
V

C - specific heat consumption (Btu/lb thrust-sec)
s

C. - total heat consumption (kw)

4Af
D, - hydraulic diameter (ft) = -=-

w

D, - duct diameter (ft)
a

D - drag (lb)

E - fin efficiency (dimensionless) = 7-

e - efficiency (dimensionless)

f - friction factor (dimensionless)

F - flow rate (lb/sec)
o 2

g - gravitational constant (ft/sec ) = 32.17 ft/sec
o

G - flow rate (lb/sec-ft )
2 o

h - local heat transfer coefficient (Btu/ft -hr- F)

H - altitude (ft)



ITD - initial temperature difference ( F)

I - specific thrust or specific impulse (lb thrust/lb air/sec)

I- - nacelle drag (lb drag/lb air/sec)

I - net specific thrust (lb thrust/lb air/sec)

J - mechanical equivalent of heat (ft-lbs/Btu) = 778.l6 ft-lb/Btu

K - thermal conductivity (Btu/hr- F)

LMTD - logarithmic mean temperature difference ( F) =.—
w (ITD)
1OgeT0TD)

L - length of flow passage (ft)

/ \ V
M - Mach number (dimensionless) = —

ft

hD^
N - Nusselt's number (dimensionless) = -=r-
u K.

OTD - outlet temperature difference ( F)

P - wetted perimeter (ft)

o

P - pressure (lb/ft )
1 p

p - pressure (lb/in )

P - this designation is the same as is used in "Gas Tables" by Keenan
and Kaye. It is theratio of pressures P and P, corresponding to
temperatures T and T, along a given isentropic. (dimensionless)

Q - heat flow (Btu/hr)

R - gas constant (ft-lb/°R-lb)
VDhp

R - Reynolds number (dimensionless) = ——-

13
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T - temperature in degrees Rankine ( R)

t - temperature in degrees Fahrenheit ( F)

2 o
U - overall heat transfer coefficient (Btu/ft -hr- F)

V - velocity (ft/sec)

W - weight (lb)

Z - compression ratio (dimensionless)
C

7 - ratio of specific heats (dimensionless) = ~
v

A - change in or change of (dimensionless)

1 - heating effectiveness or cooling effectiveness (dimensionless)

H - viscosity (lb/sec-ft)

p - mass density (slugs/ft )

0" - density ratio (dimensionless)

T - total thrust (lb)

0 - enthalpy (Btu/lb)

w - specific weight (lb/ft )
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Subscripts

av - average

c - compressor or compression

D - diffuser

d - duct

e - engine

ex - expansion

i - inlet

is - isentropic

J - jet or nozzle

P - pump and line

R - radiator

r - ram

rj - ram-jet

SL - sea level conditions

T - total or overall

/o - percent

o «. ambient or altitude conditions

1 - conditions after ram compression or conditions at compressor inlet

2 - conditions at compressor outlet or conditions at radiator inlet

3 - conditions at radiator outlet or conditions at nozzle inlet

4 - conditions at nozzle exit
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INTRODUCTION

The development of a nuclear aircraft power plant employing a high
temperature liquid as the heat transfer medium depends upon the construction
of a satisfactory air radiator. NEPA designs for the sodium-lithium cycle
employed a very clever plate and fin type of structure that proved difficult
to fabricate — so difficult in fact, that after 3 years of effort it has not
been possible to build any unit suitable for testing. Since the development
of a satisfactory radiator was considered vital to the circulating fuel
program at ORNL, it was decided that an attempt should be made to design a
unit that would not be too difficult to build and yet would have sufficiently
high,performance to be acceptable for a tactical nuclear aircraft.

It was felt that a tube and fin design employing round tubes would
greatly simplify fabrication and give a rugged, simple, and dependable structure
that would be as unlikely to develop leaks as any that might be devised. This
report covers the analytical and design work, the heat transfer tests, and the
endurance tests that have been carried out on this basic type of construction.

SUMMARY

The analytical work indicates that a tube and fin design yields an air
craft type of radiator having a higher performance and a lower weight than
the plate and fin unit. The,former has the added advantage of requiring less
than one-one thousandth of the number of lineal feet of seam that must be made

leak-tight than that of a comparable plate and fin type radiator.

In any radiator of this type suited to a nuclear aircraft power plant
one must contend with large variations in the physical properties of the air
since the temperature rise through the radiator is approximately 1000 F.
These variations m the physical properties of the air cause the heat transfer
coefficient to be a sensitive function of the detail geometry of the heat
transfer surfaces. It was surprising to find that for the plain fin type of
'construction the heat transfer coefficient decreased rather rapidly with an
increase in metal temperature, whereas with interrupted fins the heat transfer
coefficient was found to increase slightly with increasing metal temperature.
It would appear that in the former case increased air viscosity at higher
temperatures caused a thickening of the boundary layer resulting in reduced
heat transfer. This factor apparently more than offsets the effects of the
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increase in thermal conductivity of the air with increasing temperature.
Interruption of the fins reduced the tendency toward boundary layer thickening
so that with the greater turbulence the increase in the thermal conductivity
of the air more than offsets the boundary layer thickening resulting from
increased'air viscosity.

The technique of making sound, brazed joints with brazing alloys having
remelt temperatures above 2000 F is difficult. The first unit to be tested
was nicrobrazed by the Wall-Colomonoy Corporation of Detroit while the second
unit was nicrobrazed at Y-12. The first unit was operated for 330 hr and the
second unit for 200 hr., each time the test being terminated when a leak de
veloped at one of the brazed joints. The third unit tested was nicrobrazed at
X-10 and was operated for 1212 hr before a leak developed, again at a brazed
joint. The fourth unit tested was nicrobrazed at X-10 and was operated for
200 hr but, since the heat transfer performance was poor, the test was terminated
without running to failure. Each of the first two units was operated at sodium
inlet temperatures of 1500 - l600°F for about 130 hr., while the third unit was
operated for 655 hr at 1500 F, 336 hr at l600°F, and 43 hr at 1700°F.

All three failures were disappointingly unspectacular, the first indication
of trouble in each instance being the appearance of smoke. In one case a small
fire also occurred but it was easily extinguished. This seems to indicate that
the fundamental philosophy of design was sound, that is, the radiator structure
was designed so thajb it would be relatively free of redundant stresses from
differential thermal expansion while pressure stresses were kept to less than
1000 psi so that a burst type failure should not occur. The most likely type
of failure therefore would be the development of a small leak at a fatigue
crack or at a point of localized corrosion caused by imperfections such as a
flaw in the material or a poorly brazed joint.

Heat transfer data from the above tests were used to construct performance
charts for full-scale aircraft type radiators to facilitate turbojet and ramjet
performance analyses. The performance characteristics of two hypothetical
turbojet engines were estimated from the above charts. The first engine was
assumed to have the same weight but a lower compression ratio than that of the
Sapphire. The second was a modification of a Wright engine under-development*Curves
for these engines are included in Figures 25 and 26.

1

The analytical work indicates that the most promising aircraft type
radiator would be similar to those tested except that circular disc fins
instead of plane fins should be used with a staggered rather than an in-line
tube array. The tube diameter and tube spacing appear to be close to optimum
values.
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RECOMMENDATIONS

Determine the upper temperature limit for practical radiator operation
by endurance testing core elements having fins made of the following materials:

a) Type 3l6 stainless steel
b) Type 310 stainless steel
c) Nickel-uncoated
d) Nickel with chromium plate
e) Nickel with ceramic coating
f) Nickel with nicrobraze coating

Determine the relative heat transfer performance of the following
geometries using 3/16" 0«D. tubes spaced on 2/3" centers:

a) In-line tubes, fins interrupted in 2/3" intervals
(3l6 S«S. and Ni fins)

b) In-line tubes, fins with integral ridges (or turbulators)
transverse to air flow

c) Staggered tubes, constant thickness disc fins (both 310 S.S>
and Ni)

d) Staggered tubes, disc fins tapered from root to tip (Ni)

e) Other promising geometries

PRELIMINARY DESIGN AND ANALYSIS

The NEPA plate and fin type of radiator construction (see NEPA-1520)
was predicated on the notion that the radiator air inlet face should be in
a plane perpendicular to the axis of the engine. This requirement made it
necessary that a high percentage of the face area of the radiator be un
obstructed air passage area. Despite the use of a very clever, complex in
volute type of construction, the NEPA group was unable to avoid a 50 /o
increase in engine frontal area arising from the radiator installation. It
was felt that an arrangement shown schematically in Figure 1 might J?e employed
to advantage. Simple rectangular radiator cores can be placed around the axis
of a turbojet engine in much the same way as the banks of cylinders of an
X-type reciprocating air-cooled engine. Helical baffles between the radiator
cores can be made to duct the air along the engine axis between the radiator
cores, transversely through the cores, and then direct it rearward to the
turbine nozzle box. While this arrangement may increase the engine length
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Fig 1 Radiator Installation Arrangement for a Turbojet Engine
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over a similar chemically-powered engine, it should not require any increase
in engine frontal area. It also has the advantage of allowing turbojet engine
control to be effected by means of an air by-pass valve placed in the helical
baffle between adjacent radiator cores.

Round tubes cause a greater obstruction to air flow through a radiator
than either flat or oval tubes. The increases in engine length and weight
caused by the use of round tubes rather than flat or oval ones appeared to
be quite small. The advantage of the greater structural strength and stabili
ty of round tubes coupled with the markedly easier problem of fabrication made
round tubes obviously better for preliminary development work. The use of
large, continuous plate fins as opposed to individual disc fins for each tube
was carefully considered. It was thought that the former was to be preferred
because they clearly give a very stable structure and simply and accurately
space the tubes. It has since become apparent that an equally sound structure
can be obtained through the use of continuous plates, perhaps .040 in. thick,
spaced 2 or 3 in.apart along the tubes with individual disc fins between these
plates. This latter arrangement appears from the literature to give a higher
performance type of construction from the standpoint of nuclear aircraft power
plant requirements.

A paper analysis was made to determine the effects of variations in fin
thickness, tube diameter, and tube spacing on radiator core performance for
stainless steel fins. The work was then extended to higher conductivity fins
of nickel for some of the more interesting tube diameter and spacing combi
nations. To simplify the design of the die required to fabricate test units,
an in-line tube arrangement was adopted. Figures 2A, 2B, and 2C show the
effects of fin thickness and tube spacing on the more important performance
parameters of a radiator core. These curves were studied carefully and an
effort made to assign relative importance to such parameters as the number
of feet of brazed seam, the number of feet of tubing, radiator weight, etc.,
for a full-scale engine installation. The probability of a failure seems to
be directly proportional to both the number of feet of tubing required and
the number of tube-to-header joints. Both of these vary as the square of
the tube spacing which indicates that there is a major incentive to space the
tubes as far apart as possible. It is evident from Figures 2A, 2B, and 2C,
however, that the average fin efficiency falls off very rapidly, and the
radiator weight per effective unit of heat transfer surface is increased as
the tube spacing is increased. Other considerations were also judged to be
important. The air pressure drop was found to be only a few percent of the
compressor air outlet pressure for configurations that seemed of most interest.
Since this would probably be less than the diffuser losses between the com
pressor outlet and the radiator inlets, it appeared that, for this type of
construction, the air pressure drop is a secondary consideration. Although
smaller tube diameters yield higher radiator performance from both volume and
weight standpoints, it was felt that the probability of tubes clogging and
leaks developing favored the use of either 3/l6 or l/4 in. tubes over l/8 in.
diameter tubes. Since an adequate supply of 3/l6 in. diameter tubing was
available for the construction of preliminary tests units, this size was chosen.
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Some studies were made of the effect of sodium pressure drop through the
radiator on both stresses and system component weight. It appeared that
pressure drops up to 50 psi across the radiator imposed no serious weight or
stress penalties in systems that seemed to be of interest.

Other figures of merit in the selection of a radiator core geometry were
considered. These included the volume of liquid that would be contained in
the radiator and factors associated with that volume, such as liquid cost,
potential hazard, and thermal expansion. Thermal lag, engine control, and
response characteristics are also important considerations. All of these
favor the use of the minimum volume of liquid possible in the radiator core.

Any selection of tube spacing must of necessity represent a compromise.
The tube spacing of .667 in. was chosen because it gave a relatively small
number of tube-to-header joints, and a small total footage of tubing per cubic
foot of radiator. Although the fin efficiency for stainless steel fins used
with this tube spacing was low, it was felt that later work could be carried
out with nickel fins and the same dies, tools, and fixtures could still be
used.

The header and manifold arrangement chosen for the cores built to date
can be seen in Figure 6 which shows one of the radiator core elements built
for heat transfer and endurance testing. The air enters at the left end
through the 2 x 3.33 in. face of the finned region and flows through the
12 in. long passages between the fins' from the lower left end to the upper
right end.' There is a plug in the center of the manifold tube that passes
along the side of the radiator in the lower foreground. Hot sodium enters
the manifold tube at the lower right corner and passes to the left into the
three 2 in. diameter header drums at the air outlet end of the radiator. The

hot sodium then flows upward through the tubes in the fin matrix, forward and
to the left in the tube cross-over region, then downward and into the three
header drums at the air inlet end. Two types of tube cross-over arrangement
were used. The first one devised is shown in Figure F-15- It proved to be a
bit difficult from the tube bending standpoint. The second arrangement,
shown in Figure 6, was relatively easy to build and approaches the ideal pure
counter-flow heat exchanger concept almost as closely as the first arrange
ment. Note that, although this arrangement has but two sets of header joints
and appears to give a two-pass cross-flow construction, it actually approaches
a four-pass cross-flow heat exchanger in performance.

Designs for three different sets of requirements were prepared. The
first design work was on a set of radiators for the J-53 engine so that a
comparison with the NEPA radiator design of NEPA-1520 could be made. The
second was for a radiator test installation that might be made in a Boeing
turbojet engine. The third was for small core element heat transfer and
endurance test work. Table I gives the more important data on geometry for
both the NEPA plate and fin and the above ORNL tube and fin radiator cores.
Figure 3 shows the radiator designed for the Boeing turbojet engine test rig.



TABLE I

Data on Proposed Air Radiator Cores
(All values are estimated and are not based on test data)

Core Element for Radiator Core for Radiator Core for

Preliminary Test- Boeing Turbojet J-53 (4 required/
ing (Sea-level) (Sea-level) engine) 45,000 ft.

1.0 4.5/core; l8/eng.

2-pass, cross-flow 2-pass, cross-flow 2-pass, cross-flow

Core volume-ft3 1/16

Type 2-pass, cross-:

No. of feet of 3/l6 in.
tubing(including cross
over between passes ^5

Fin spacing 14/in.

Tube diameter 3/l6 in.

Tube spacing 2/3 in.

Fin thickness .010 in.

Tube thickness .016 in.

Tube material Type 304 SS

Fin material Type 347 SS

Core weight(dry with
out headers) 80 lb/ft3

Core weight(wet with
out headers) 82.4 lb/ft3

Total core dry weight
(with headers)

Total core weight(wet
and with headers)

Weight of liquid in
core and headers

U lb

11-9 lb

•9 lb

365

14/ln.

3/l6 in.

2/3 in.

.010 in.

.016 in.

Type 304 SS

Type 302 SS

80 lb/ft3

82.4 lb/ft3

93 lb

99 lb

6 lb

1580»/core;632O'/eng.

14/in.

3/l6 in.

2/3 in.

.010 in.

.016 m.

SS

SS

80 lb/ft3

82.4 lb/ft3

1510 lb (per eng)

I58O lb (per eng.)

70 lb

NEPA Proposal for

J-53 Engine in IL-12
Report (45,000 ft.)

12.35

4-pass, cross-flow

ll/in.

.007 in.

SS

SS

to
2240 lb ui

240 lb



TABLE I

(Continued)

Data on Proposed Air Radiator Cores
(All.values are estimated and are not based on test data)

Core Element for

Preliminary Test-
ing (Sea-level)

Radiator Core for Radiator Core for

Boeing Turbojet J-53 (4 required/
(Sea-level) engine) 45,000 ft.

TO

NEPA Proposal for

J-53 Engine in IL-12
Report (45,000 ft.)

Length parallel to air
flow 12 in. 12 in. 12 in. 12 in.

Length parallel to liquid
flow 3 in. 11 in. 36 in. (each core)

Width 3-1/3 in. 6-2/3 in. 18 in. (each core)

Inlet face area l/l6 ft2 2
1 ft 4.5 ft2/core;l8 ft2/eng. 12.35 ft2

Free flow ratio (air) •71 »71 •71 =63

Liquid Na Na Na Li

Liquid temp. In - F 1600 1600 1600 1600

Liquid temp. Out - °F 1200 1200 1200 1140

Air temp. In - F 100 350 289 289

Air flow - lb/sec-ft
inlet face area 3-0 3-0 3-3 4.81

Liquid press, drop-psi 7 25 36 50

Air press, drop-psi 1.07 1.00 1.66 1.4

2
Engine frontal area-ft 12.1 18.35

Engine length-in.
(Std. Eng. m 180 in.) 192 172
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HIGH TEMPERATURE BRAZING ALLOYS AND BRAZING TECHNIQUES

The technique of using high temperature brazing alloys to make sound
brazed joints has received considerable attention from the Metallurgy Division
of the Oak Ridge National Laboratory. To date all of the radiators fabricated
have been nicrobrazed. Nicrobraz has good corrosion resistance in sodium and
is very oxidation resistant. Its major disadvantage is that the boron and
silicon added to the alloy to lower its melting point and increase its fluidity
tend to diffuse into the base metal during the brazing operation and embrittle
it. This has proved troublesome in the fabrication of the large radiators de
signed for the Boeing Turbojet Test (see Fig. 3) ""hen several successive brazing
operations have been carried out at temperatures of about 2300 F. Some of the
embrittled tubes have cracked due to the stresses set up by differential thermal
expansion during later brazing operations. The extent of the diffusion of boron
and silicon into the tube wall is very sensitive to the brazing temperature and
the amount of braze material used, the diffusion being more severe at higher
brazing temperatures and wtith greater amounts of Nicrobraz at the joint. In
particularly severe cases the boron and silicon have diffused to the inner surface
of the tube wall. Recent experience has indicated that by carefully excluding
nitrogen from the system Nicrobraz can be made to flow nicely at furnace tempera
tures of 2050°F instead of the 2250 to 2300 F that had seemed necessary in earlier
work. Brazing at 2050°F greatly reduces boron diffusion into the base metal and
the resultant tendency toward tube wall embrittlement.

Other brazing alloys have also been investigated, notably manganese-nickel
and gold-nickel alloys. Sixty-forty manganese-nickel alloy has a flow tempera
ture of l800°F. Tests have indicated that there is little diffusion into the
base metal and consequent embrittlement by this alloy and that it is not as
temperature or amount sensitive as the Nicrobraz. It appears to have good
corrosion resistance in sodium and fair oxidation resistance.

An 82-18 gold-nickel alloy having a flow temperature of 1800 F shows
relatively little tendency to diffuse into the base metal but it exhibits poor
corrosion resistance in sodium.

The following sections describe in some detail the nicrobrazing procedure
and radiator fabrication techniques that have been employed.

Recommended Procedure for Nicrobrazing

Nicrobraz*1 is a trade-marked product produced by the Wall-Colmonoy
Corporation, 19345 John R», Detroit, Michigan. A typical sample contains 70 /o
nickel, l4°/o chromium, 4.9°/o boron, 4.6°/o silicon with the balance iron (from
ball milling), and has a melting point of 1950 F. The recommended brazing tempera
ture is 2150 F. It has proved to be a very excellent brazing material for all of
the iron-chrome-nickel alloys except that some difficulty has been encountered
with type 321 stainless steel. There has also been some difficulty in brazing
surfaces that have been ground with zirconia wheels.

"^Reference 15, p. 651-662



29

When first melted the material has a very high fluidity and wets the surfaces
exceptionally well. At brazing temperatures, however, it diffuses rapidly
into the base material giving a joint having a remelt temperature approaching
that of the base metal. If applied in too thick a layer on a surface adjacent
to the joint to be brazed, it is inclined to dissolve the surface by alloying
and may cause as much as .010"or .020"of material to be melted off and allowed
to flow away. Only enough Nicrobraz material to fill the joint should be used.

The Nicrobraz material comes in the form of a 400 mesh powder. It is
extremely hard and brittle and has not been produced in sheet or wire form.
It can be suspended in a low ash methyl methacrylate cement and painted or
dripped with an eyedropper onto a joint. This cement can be extruded to yield
ribbons .010*to .020"thick from which washers can be punched and used for
brazing. If clearances in the joint of the order of .001*to .003* are employed,
painting some of the Nicrobraz methyl methacrylate cement suspension on the
outside of the joint is generally satisfactory because upon melting the Nicrobraz
material will flow into the joint. However, rapid heating is required because ,
otherwise the Nicrobraz will alloy with the base material before it is well
melted and the joint may not fill completely with braze metal.

Apparently because of the affinity of chromium and boron for oxygen and
nitrogen, (otherwise, cracked ammonia could be used instead of hydrogen) it is
essential that the brazing be carried out in an extremely pure dry hydrogen
atmosphere. It has been found that such an atmosphere can be obtained by passing
water-pumped hydrogen first through a Deoxo Catalytic Unit (to convert any oxygen
present to water) and then through a Lectrodryer to remove virtually all of the
moisture and reduce the dew point to at least -65 F. Because the development of
the technique of controlling these units, particularly regeneration of the
Lectrodryer is rather difficult, it is very important that the dew point of the
hydrogen be checked with a dew point indicator. Commercial sources and approxi
mate price data of these three items of equipment are as follows:

Deoxo Catalytic Unit
50 ft3/hr size — #45.00
Baker Company, Inc.
Newark, New Jersey

Lectrodryer
100 ft3/hr -- #300.00
Pittsburgh Lectrodryer Company
Pittsburgh, Pennsylvania

Dev Point Indicator » #340.00
Illinois Testing Laboratory
420 N. LaSalle Street
Chicago 10, Illinois
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Satisfactory nicrobrazing work is done commercially at Wall-Colmonoy by
placing units to be brazed inside of what are in effect metal bell jars with
a sand seal around the outside of the lower rim. Many operators prefer to
weld the work to be brazed into an airtight can. This insures that no back
diffusion of air or furnace gases will take place through joints or a sand
barrier if the hydrogen flow rate happens to drop off momentarily. When using
canning techniques, it is also recommended that the hydrogen be passed through
a preheater before it enters the can containing the work to be brazed. This
can be done rather easily by bending a 20 ft length of l/4 inch stainless
steel pipe into a flat spiral much like a watch spring. This preheater can
be mounted within a few inches of the can so that it can be pushed into the
furnace along with the work. A rough rule of thumb for a satisfactory hydrogen
flow rate is that there should be about 30 cu ft/hr of hydrogen per cubic foot
of can. This can be established easily with a small rotometer.

When the work is first pushed into the furnace, decomposition of the
methyl methacrylate cement will cause the dew point of the hydrogen leaving
the muffle to rise rapidly to perhaps 0 F. The dew point should then drop back
down to -65 F or lower or a satisfactory job of brazing will probably not be
obtained. It has been found that an initial furnace temperature of 2100 F gives
good results for small units; i.e., cans of 1 cu ft or less. Furnace tempera
tures somewhat higher may prove better for larger units. When the work is
pushed into the furnace, the temperature normally drops several hundred degrees
Fahrenheit and will rise again to the value set on the controls. It appears
that the controls should be set to give soaking temperatures of 2100 F because
the flow of hydrogen over the work cools it to a level somewhat below the
furnace temperature.

-Commercial sources of hydrogen cylinders are such that there is often a
considerable amount of water in the dylinders along with the hydrogen. If the
hydrogen is used until the pressure drops below about 500 psi, so much water
vapor may be present in the hydrogen that the Lectrodryer will be overtaxed.
That is, below cylinder pressures of 500 psi the partial pressure of the water
vapor will become a significant percentage of the total pressure of the gas
leaving the cylinder.

Careful and thorough regeneration of the Lectrodryer in accordance with
the manufacturer's specifications is essential to insure a sufficiently dry
hydrogen atmosphere throughout the entire 1 to 2 hr. of brazing, as well as
during the preliminary purge period. When putting the unit into operation,
the entire system including the can should be first purged with helium or an
other inert gas to eliminate the oxygen, and then purged with hydrogen which
should be ignited and allowed to burn at the outlet from the muffle. The
system should be purged with bydrogen for at least an hour at a flow rate of
about 10 ft /hr-ft of system volume.
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One should not attempt to weld in the vicinity of a brazed joint after
nicrobrazing because of the embrittling effect of traces of the brazing alloy.
Cracking may be prevalent in the weld and in regions surrounding the weld. If
welding should prove essential, the surface should be machined or filed to
make certain that no Nicrobraz material gets into the weld zone.

The film of Nicrobraz material in the vicinity of a joint appears to be
even more oxidation-resistant than stainless steel. This suggests that
radiators might be assembled and the Nicrobraz material applied by dusting
it on. This would serve to coyer the fins with an oxidation-resistant coat
ing and at the same time would take care of the tube-to-fin joints.

A few additional remarks on technique may prove helpful to the novice in
nicrobrazing. These are as follows:

1. The amount of braze material to be applied at each joint can be
learned only through experience.

2. If the work is placed in a can that is welded shut, the hydrogen
flow may be cut to approximately l/3 after the brazing temperature
has been reached to prevent cooling by the hydrogen.

3. The time in the furnace depends on the type of furnace (high or low
speed) and the total heat capacity of the assembly to be brazed.

4. Commercial sources of hydrogen vary in quality from one section of
the country to another. It may be necessary to try several sources
before a satisfactory supply can be found. '^

5. The hydrogen may be burned in the furnace or it may''be- returned to
the atmosphere and burned there.

6. The surfaces of the work brazed should come out very bright and
clean as if electrolytically polished. Even badly oxidized regions
in the vicinity of welds that may have been made to hold the parts
together during brazing will be reduced and appear bright and clean.
If the hydrogen supplied is not dry enough, the surfaces of-stainless
steel parts will be coated with a gray-green film, and inspection will
show that the brazing material has not melted and flowed properly but
remains in dirty, partly sintered granules on the surface. Nickel
parts will come out bright whether the hydrogen is dry or not, but
satisfactory brazing cannot be obtained except with very dry hydrogen.

7. Recent experience has indicated that purging the system with nitrogen
prior to the brazing operation may result in faulty brazed joints. It
is believed that some nitrogen may remain in the system even after the
hydrogen purging operation and form nitrides, thus raising the melting
point of the Nicrobraz. This will cause the braze material to
sinter partially rather than melt and flow into the joint. Tests show
that it is much better to use helium in place of nitrogen to purge the
system.
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8. Use of a heavy liquid cement to suspend the Nicrobraz is not recom-
mendgd since tests at ORNL have shown that even after heating at
1200 F for an hour some heavy liquid cement that had been used had
not evaporated but still was present as a rubbery mass. This may
well prevent the Nicrobraz from flowing properly. Use a thin cement
consisting mostly of solvent.

Suggested Procedure and Specifications for Radiator Fabrication

1. In the first brazing operation braze all connections except those
to the header plugs on the anti-manifold side. The assembly can be
prepared for brazing so that it is almost entirely self-jigging.
The flanges at the ends for the connecting air duct should be
welded on and the two long seams welded in the 2-l/4" x 3-l/2" duct
enclosing the finned region. The long tubular manifold will be
supported by the air duct flanges, and the manifold ends of the
header drums will be supported by the manifold tube. Six tabs bent
out from a sheet metal angle will support the other end of each
header drum. Use a sheet of plain carbon steel shim-stock (about
.020 in.) between the assembly to be brazed and the can to prevent
the formation of a brazed connection to the can caused by excess
braze material running to the bottom of the assembly.

2. After brazing inspect the unit visually for good fillets in tube-
to-header joints and for dissolving away of the tube walls caused
by use of an excess of brazing material.

3« Using rubber gaskets, clamp plates over the openings in the header
drums and the manifold tube. Applying helium at 15 psi, submerge
the unit in hot water (about 160 F). Wipe off all air bubbles.
Watch carefully for 30 minutes looking for bubbles to form at the
joints.

4. Apply brazing material lightly to patch any leaks found in (3) or
any poor joints found in (2). Install header drum plugs with brazing
material and carry out second brazing operation.

5« Repeat inspections carried out in (2) and (3) above except using
helium at 60 psi. If leaks develop, patch with brazing material and
braze a third time. (Note: bubbles the size of the head, of a pin
requiring 10 minutes to form indicate leaks that may be tolerated.
No more than two such leaks may be permitted in one radiator core.)

6. Do not try to patch any leaks in nicrobrazed joints by welding.



SUGGESTED JIGGING FOR BRAZING

Manifold and Angle Held Snuggly Together at Each End With Baling Wire

z
C.R. Sheet

About 12 Gauge

Tab Bent Out

to Support -
Header Drum

33
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HEAT TRANSFER ANALYSIS

In approaching the basic design problem from the heat transfer standpoint
it was immediately evident that the temperature drop from the liquid metal to
the tube wall would be trivial and that the heat transfer resistance on the
air side of the radiator would be controlling. Thus large extended surfaces
composed of either plate fins, circular disc fins, discontinuous strip fins,
or pin fins must be employed. The problem is complicated by the large tempera
ture differences through the heat exchanger so that far from isothermal con
ditions prevail.

Discontinuous strip fins and pin fins were investigated experimentally
by Norris and Spofford, reference 13. They were able to correlate their
results by the following empirical correlation.

h c a2/3 ZbG _1/2_§(£_*) . 1.0(i)

where h - heat transfer coefficient

c - specific heat
k - thermal conductivity
G - mass flow

u - viscosity
Zp - the heated perimeter

This same relation was also satisfactory for correlating the experimental
results of Johnson, reference 9, using circular disc fins. Although this is
a laminar flow solution it has been found to hold for the above types of
surface for Reynolds numbers (based on length) up to 10,000.

The heat transfer coefficient for laminar flow and constant wall tempera
ture for flow between infinite parallel plates can be predicted by the analysis
of Norris and Streid, reference l4. Their solution approximates the heat trans
fer coefficient for plate fins in which a large fin pitch is employed. Their
correlation has also been shown to fit the experimental data of Kays, reference
10, for plate fin radiators. Using the logarithmic mean temperature difference,
the following expressions were derived by Norris and Streid for the heat
transfer coefficient.

hD o^cGD^1'3 . ,cGD2v . _rt
-k - 1°85^-kir) for (-e-> > 7°



5j> . 7.60 for («»£) <70

where L - heated length
D - equivalent diameter (twice the gap for infinite parallel plates)

The heat transfer coefficient for turbulent flow for plate fin radiators
can be predicted approximately by the formula proposed by Colburn, reference 2.

2/3 -0 2

When the wall or fin temperature of the radiator is much larger than
the mean air temperature, the heat transfer coefficient on the air side is
generally lower than the value predicted by the isothermal heat transfer
correlations just presented. The isothermal heat transfer correlations can
sometimes be corrected to apply to non-isothermal conditions by evaluating
the properties of the air stream at a particular temperature. Deissler,
reference 4, made an analysis for non-isothermal laminar heat transfer for
a Prandtl Number of 1 for flow through circular tubes. He found that evalu
ation of the thermal conductivity at the following particular temperature in
the isothermal heat transfer correlations brought the predicted value into
agreement with his non-isothermal analytical result.

*-0.Z7 = -°'2T(to "V +*b

where t - absolute wall temperature ( R)
t. - absolute bulk mean temperature ( R)

Deissler, reference 5, has also made a similar analysis for the turbulent
flow region. When the gas is being heated he recommended evaluating the
physical properties at the following temperature

*0.4 " 0'Kto -V + \

35



36

When the gas is being cooled the following temperature was employed for
evaluating the physical properties in the isothermal heat transfer corre
lations .

*n A = °-6(^ " K) + *0.6 = u,u^o " V + ^b

These latter two particular temperatures were shown to correlate the non-
isothermal turbulent flow heat transfer experiments with air at NACA in
Cleveland, reference 8.

The experimental results obtained at ORNL on the 15 fins/in. continuous
plate-fin radiator were compared to the heat transfer coefficient predicted
by Norris and Streid's analysis using the non-isothermal correction proposed
by Deissler above. The experimental heat transfer coefficients fell in general
below the theoretical predictions as shown in Figure 4.

An analytical study was made on plate-fin type radiators in order to
determine the design which would transfer the maximum amount of heat to the
air stream for a given radiator weight. Plate-fin type radiators were
chosen for the analysis not only because they could be fabricated easily
but also because they were expected to give the maximum pressure drop efficiency
for extended surfaces. The efficacy of this selection has been shown in a recent
study by Kays, reference 10, in which a rectangular channel was found to give a
higher heat transfer-friction power characteristic in the laminar region than a
circular tube, and gave approximately the same characteristic in the turbulent
flow region. A set of calculations was made covering a range of fin thicknesses,
fin pitch, and tube spacing for a fixed mass flow per unit of frontal area and
for fixed thermal boundary conditions. The isothermal correlations for the
heat transfer coefficient presented by Norris and Streid, and by Colburn, were
used in the calculations. If the pressure drop is held to 5°/o of the inlet
absolute pressure and a stainless steel radiator is employed, the optimum
feasible design appeared to be one consisting of l/8 m. tubes, 0.010 in. thick
fins, 30 fins/in. and 3/8 in. tube spacing. The complete analysis is presented
in reference 6. A comparison of relative weight per unit of heat transferred
for a fixed mass flow per unit of frontal area and fixed thermal boundary
conditions is plotted versus fin pitch in Figure 5 for stainless steel fins
having a thickness of 0.010 in. with a tube spacing of three times the tube
diameter for l/8, l/4, and l/2 in. O.D. tubes.
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DESCRIPTION OF RADIATOR CORE ELEMENTS TESTED

Radiator Core Element No. 1

The first radiator core element tested was a continuous fin and tube
heat exchanger similar to that shown in Figure 6, except that it had 10.5
fins/in. The tubes were arranged to give three parallel two-pass groups,
15 tubes per group, placed in series in such a way that the overs-all' per
formance was roughly equivalent to a conventional four-pass heat exchanger.
Table III lists the important dimensions of the radiators and the materials
of construction.

The header and manifold arrangement chosen for the cores-built to date
can also be seen in Figure 6. There is a plug in the center of the manifold
tube that passes along the bottom of the radiator in the lower foreground.
Hot sodium enters the manifold tube at the lower right corner of the radiator
and passes to the left into the three 2 in. diameter header drums at the air
outlet end of the radiator. The hot sodium then flows upward through the
tubes in the fin matrix, forward and to the left in the tube cross-over region,
downward and into the three header drums at the air inlet end, and out through
the manifold to the heating circuit. The air enters the left end of the
radiator through the face of the finned region and flows through the passages
between the fins from the lower left end to the upper right end.

Radiator Core Element No. 2

The second radiator core element tested was a round tube and continuous

plate fin heat exchanger. Figure F-15 shows this core element after termi
nation of the endurance test. Note the damage done to the fins at the lower
left hand corner of the radiator where the sodium leak occurred. This radiator

differed from the first one tested in that it had 15 fins/in. and used a differ
ent tube cross-over arrangement.

Radiator Core Element No. 3

The third radiator core element tested had 15 fins/in. with the fins
interrupted at two-inch intervals in the direction of air flow, each
fin section containing 15 tubes. The tube cross-over arrangement was the
same as that used for the first radiator tested.

Radiator Core Element No. 4

Calculations indicated that a core element 2-2/3 in- long in the direction
of air flow using 30 fins/in. might give approximately the same performance as
the previous radiators tested. The radiator was made 4 in. long to permit the

39
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use of headers similar to those employed on the previous radiators (see
Fig. 7)• Because of the close spacing of the fins, 20 mil nichrome wire was
placed between adjacent fins parallel to the direction of air flow to prevent
the fins from warping during the nicrobrazing operation.

2 o
Although heat transfer coefficients as high as 70 - 80 Btu/hr-ft - F had

been computed for the very close fin spacing the experimental data gave values
of 3 to 7 Btu/hr-ft -°F. The poor performance apparently was caused by poor
bonding in the nicrobrazed tube-to-fin joints because, when the sodium inlet
temperature was raised to 1550 F, the entire fin matrix did not glow red as
it had in the other radiators when tested at this temperature.

The poor brazing was most likely caused by the insertion of the wire
spacers between the fins after the radiator had been prepared for nicro
brazing since it was observed that some of the brazing compound was scraped
off by the wires. It is evidently advisable to put the wire spacers between
the fins while assemblying any other radiators of this type in the future.

The test of this radiator was halted after 200 hr. of operation because
its poor performance hardly justified further testing. Fabrication and test
ing of another of these radiators is planned when priorities permit.

Table II shows a list of the radiator core elements that have been tested
and those proposed for testing. Figures 8 and 9 are typical assembly drawings
that show two types of disc fin radiators proposed for testing.







TABLE II

TYPES OF TUBE AND FIN RADIATOR CORE ELEMENTS

PROPOSED FOR DEVELOPMENT TESTING

Tube Diameter = 3/l6" O.D.
Tube Material - Type 316 Stainless Steel (if available)
Tube Spacing Transverse to Air Flow - 2/3"
Tube Spacing in Direction of Air Flow - 2/3"
Air Passage Length - 12"
Air Inlet Face - 2" x 3-l/3"

Type Fin Description

A Plain plate

B Plain plate

C Plate interrupted
every 2"

D Plate interrupted
every 2/3"

E Plate interrupted every
2", with electroformed
turbulators

F Disc fins, stamped,
ceramic coated

G Disc fins, stamped

H Disc fins, stamped

I Disc fins, stamped

J Disc fins,- coined

K Disc fins, stamped,
chrome plated (Possibly
.00031')

*L Plain plate
*Air passage length

No. Fins Fin Tube

per Inch Material Arrangement

10.5 s.s. In-line

15 s.s. In-line

15 s.s. In-line

15 s *s» In-line

15 Ni In-line

15 Ni In-line

15 s.s. In-line

15 Ni In-line

15 Ni Staggered

15 Ni Staggered

15 Ni In-line

30 Ni In-line

4"

Status as of

October l4, 1952

Test completed May, 1952

Test completed June, 1952
)

Test completed November, 1952

Ready for test (March, 1953)

Fins being fabricated for ORNL

Fabrication technique being
developed at ORNL

Suggested Wright Field project

Suggested Wright Field project

Suggested Wright Field project

Suggested Wright Field project

First test terminated December, 1952
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DESCRIPTION OF TEST LOOP^

A picture of the test loop is shown in Figure 10. The heat source was
a direct electrical resistance system capable of delivering 60 Kw at a sodium
outlet temperature pf l600 F. The source was made up of two 50 ft4 parallel
paths of l/4 in. Type 316 stainless steel pipe coupled to a high current
Thomson welding transformer. A picture of the heating coils is shown in
Figure 11. The sodium was pumped through the loop with a modified General
Electric G-3 electromagnetic pump. The pump was operated at temperatures as
high as 1300°F delivering 3.5 gallons per minute at a head of 10 lb^/in . Air
was supplied to the radiator by a model 7E Buffalo Blower capable of producing
a static head of 12-5 in. of water over the range of air flows used in the
test. Recently a Roots-Connersville gas pump driven by a varidrive unit was
installed which is capable of delivering the required volume at a static head
of 50 in. HpO with the added advantage of greater air flow range and better
regulation.

Primary electromagnetic flow meter elements were located on the main
stream and the by-pass circuits« Trapped gas pressure measuring volumes were
connected to ordinary bourdon tube pressure gages with approximately 4 fto of
1/8 -in. copper tubing. These units have operated effectively with NaK, but
with sodium they will generally cause trouble after a few hundred hours because
of sodium vapor condensation plugs$ unless the temperature of the free liquid
surface in the well can be kept below 275 F.

A by-pass filter circuit has been designed into the system to utilize the
header tank as a cold trap to trap out the oxides. The flow through this
circuit was originally restricted by a l/8 in. orificeoin one of the flanged
joints to prevent the cold trap from running above 300 F. Clogging of this
orifice and/or the filter caused the flow rate through the by-pass system to
drop to practically zero after approximately 100 hrj> of operation. After this
happened, oxide plugging of the colder radiator tubes would begin to cause
losses in the heat transfer performance. This plugging could be relieved by
shutting off the air flow and running the radiator isothermally at 1200 F for
about an hour. After normal operation was resumed, the plugging would start
again and after a few hours a drop in heat transfer performance would again be
observed. A valve was finally installed in place of the orifice so that the
by-pass flow rate and hence the temperature of the by-pass circuit could be
controlled. At the present time this by-pass circuit is operated at tempera
tures between 600 and 800 F below the main stream with approximately l/8 of
the total system flow continuously paralleled through the header tank and
filter. A heater is used to keep the filter temperature about 50 F above the
header tank (cold trap) temperature.. Operation in this manner has proved very
successful.

Experience up to the present time indicates that even though the oxide
concentration in the system caused plugging of some of the heat exchanger tubes
before the by-pass filter system was set up properly, it did not cause any
noticeable corrosion.

*Reference 18, p.5.
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RADIATOR TEST DATA

The following series of graphs summarizes the radiator core element
test data obtained during the past year. During this period four core elements
were fabricated and tested. Detailed data on their construction is given in

Table III.

The test data for the last core element tested (30 fins/in) is not
included among these charts. The heat transfer performance of this radiator
was far below the predicted value and did not compare favorably with the data
obtained from the first three core elements tested, and hence would be of
little interest. As explained in an earlier section, it was felt that poorly
brazed tube-to-fin joints accounted for the poor performance of this radiator.

It is interesting to note from Figures 13A, 13B, and 13C that for the
uninterrupted fin radiator core element the heat transfer coefficient decreased
with increasing sodium inlet temperature while for the interrupted fin type the
heat transfer coefficient increased with increasing sodium inlet temperature.
As previously mentioned, it is felt that this effect is dependent on which of the
two factors predominates at elevated temperatures - increased thermal conductivity
of the air or increased viscosity causing a thickening of the boundary layer.

It is also of interest to note that the air pressure drop through the
interrupted fin core was less than that through the plain fin core. No satis
factory explanation has been given for this but it is felt that experimental
inaccuracies may have been responsible.

The method of computing the radiator performance parameters from ,the
experimental data is shown in Appendix A together with tables of these data for
radiators No. 1, No. 2, and No. 3°
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FIGURE /3. CONCLUDED. SODIUM TO AIR RADIATOR CORE ELEMENT HEAT
TRANSFER PERFORMANCE. ( h vs. AIR FLOW).
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DESIGN

TABLE III

DETAILS OF AIR RADIATORS

Radiator

No. 1

Radiator

No. 2

Radiator

No. 3

Radiator

ta No. k

Fins per inch 10.5 15 15 30

Fin thickness (in*) 0.010 0.010 0.010 0.010

Distance between fins (in.) O.O85 0.057 0.057 • 0.023

Fin length (direction of air
flow)(in.) 12 12 12 k

Fin width (in.) 3-375 3.375 3-375 3.375

Fin material 3V7 stain
less steel

3V7 stain
less steel

304 stain
less steel

Nickel

Number of active fins 21 28 29 60

Tube O.D. (in.) O.1875 0.1875 0.1875 0.1875

Tube wall thickness (inj 0.015 0.015 0.025 0.025

Tube spacing (in.) 0.667 i- £
square array

O.667 b_- £
square array

O.667 i- 4
square array

O.667, i.- <t
square array

Number of tubes 90 90 90 30

Tube material 304 stain
less steel

304 stain
less steel

3l6 stain
less steel

3l6 stain
less steel

Height of radiator fin region
(in.) 2 2 1.9 2

Face area (in?) 6.75 6.75 5.76 6.46

Air passage free flow area

(m?) 4.23 4.08 3^3 2.84

Sodium passage free flow area
(in?) 1.753 1-753 1.336 0.445

Radiator No. 1, No. 2, and No. 4 have uninterrupted fins .

Radiator No. 3 has interrupted fins. A cut was made afefive places along the fins
perpendicular to the direction of air flow. There are 15 tubes in each section.

Radiator No. 3 has a section of the fins at the top center plugged with brazing material.
It was estimated that this decreased the face area and free flow area by 10°/o.



63

CHARTS FOR THE ANALYSIS OF TEST DATA

Figure l8 is a chart in which logarithmic mean temperature difference is
plotted as a function of the temperature differences at the inlet and at the
outlet faces of the heat exchanger. In the radiator tests of this report the
greatest temperature difference was that between the sodium and the air at the
air inlet face, while the least temperature difference was that between the
sodium and the air at the air outlet face.

While it is most convenient to reduce test data to figures of merit for
heat exchanger performance on the basis of the conventional relationships
between heat transfer coefficient' and fluid flow rate, the design of radiators
for turbojet or ramjet engines is most easily carried out through the use of
charts giving the parameter heating (or cooling) "effectiveness" as a function
of both air flow rate and radiator air passage length. If an attempt is made
to design a radiator to meet specified engine performance conditions simply
through the use of heat transfer coefficient data, a considerable amount of
tedious trial and error calculation, is required because there is no explicit
relation between the conditions given and the logarithmic mean temperature
difference. This tedious trial and error work can be avoided through the use
of Figure 19 which relates the logarithmic mean temperature difference and the
heating effectiveness. Heating effectiveness is ordinarily defined as the
temperature rise (or drop) in one fluid stream divided by the difference in
temperatures between the two fluid streams at their respective inlets to the
heat exchanger. Heating effectiveness is commonly expressed as either a ratio
or as a percentage (for it can never be greater than 100 /o). Appendix B gives
an illustration of the use of the graph of Figure 19•

The over-all heat transfer coefficient differs from the local heat transfer

coefficient because of the temperature gradient along the fins. Figure 21 shows
a set of curves for fin efficiency as a function of the local heat transfer co
efficient "h" and the thermal conductivity "K" of the fins. These were computed
from Reference l6. Figure 20 was prepared from Figure 21 to show the local heat
transfer coefficient as a function of over-all heat transfer coefficient for

stainless steel fins to facilitate reduction of test data. Note that it was
necessary to prepare curves for each of a series of mean metal temperatures
because variations m the thermal conductivity of stainless steel are important.

Figure 22 is a chart giving heating effectiveness as a function of radiator
depth in the direction of air flow for various radiator air flow rates for the
best geometry tested to date. Graphs of this type are particularly useful in
the calculation of turbojet and ram-jet performance where the heat is supplied
by NaK-to-air radiators.
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ENGINE PERFORMANCE STUDIES

Turbojet Engine Performance

It is not possible to balance the relative importance of such radiator
parameters as air pressure drop, heat transfer coefficient, radiator weight
in pounds per cubic foot, etc., except through a study of the over-all per
formance of a turbojet or ram-jet engine installation. This over-all perform
ance may be expressed in two common figures of merit; namely, pounds of thrust
per pound of air passing through the engine per second and pounds of engine
per pound of thrust. Mr. $. F. Ruffner of Boeing suggested that engine-per
formance be evaluated at sea level, 15,000 ft , 35,000 ft , ii-5,000 ft , and
55,000 ft and at flight Mach numbers of .3, .6, and .9 at the lower altitudes,
and .9, 1.2 and 1.5 at the higher altitudes. On the basis of the results of
such a study the performance of radiators of different materials or different
geometries can be compared to give some concept of the relative importance of
the various-design parameters.

Some initial calculations were made for the GE J-53 engine so that
comparisons might be made with the proposal in NEPA Report No. 1520. Since
this engine appeared to be inherently heavy, some further calculations were
based on the Sapphire engine. These assumed that removal of the combustion
chambers would compensate for the weight increase resulting from the addition
al structure that might be required for a liquid metal radiator installation.
Thus the total engine weight was taken as the weight of the radiators plus
the dry weight of the standard Sapphire turbojet. Since examination of ORNL
Report No. ANP-57 indicated that a compression ratio somewhat lower than the
standard Sapphire compression ratio of 6.85 should give better performance,
calculations were carried out for engine compression ratios of both k to 1
and 6.85 to 1. Several curves of engine weight, radiator weight, and total
weight,all in pounds per pound of thrust were plotted as a function of
radiator depth to investigate the effects of compression ratio. It was found
that only at sea level did the 6.85 compression ratio give the better perform
ance. The radiator core matrix chosen for all of the engine performance
estimates in this report was the best for which test data were available at
the time of writing; namely, plain fins interrupted in the direction of air
flow with 15 fins/in. and 3/l6 in* diameter tubes on square centers. While
no test data were available for nickel fins with a ceramic coating, it was
felt that the performance with these fins could be estimated with little error
from data for stainless steel fins.

Since the engine installation weight should probably include not only
the radiators and turbojet engine but also the weight of pumps and lines for
the liquid metal circuit, a brief study of optimum line size was carried out.
It is obvious that as the line size is reduced the pumping power is increased
so that the weight of the pump and pump drive system must increase. Whether
the weight of the pipes will increase or decrease as pipe diameter is reduced
is not obvious, because increases in system pressure drop resulting from
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reduced line sizes might require pipe walls so much thicker that an increase
in pipe weight with a reduction in pipe diameter might conceivably result.
Figure 2k shows the results of a rough study on the effect of pipe sizes on
pump and line weight for a typical turbojet engine installation. It was
assumed that 20 ft? of pipe would be required from the reactor to the turbojet
engine. It was also assumed that the total weight of the pump and pump drive
mechanism charged to the installation should be 2 lb«i per horsepower input to
the pump shaft. This was based on some rough estimates of the weight penalties
associated with compressor air bleed-off from the turbojet compressor and an
air turbine drive. The wall thickness of the liquid metal pipes was taken as
.10 in. or a stress limited value, whichever was the greater. The stress
limited value was calculated from line pressures using an allowable stress of
1500 psi at l600°F, and an allowable stress of 11,000 psi at 1100 F. It was
deduced from these curves, that a rough estimate of pump and line weight was
given by multiplying the power supplied to the radiators in kilowatts by .0k
to get pump and line weight in pounds. These studies also showed that if the
engine installation is designed to give peak performance at sea level instead
of high altitude the use of 3/16 m. O.D. tubing in the radiators results in
excessive pressure losses. This condition can be alleviated through the use
of larger tubing in the fin matrix (perhaps lA in. O.D.) and by changing the
radiator proportions to iprovide more tubes operating in parallel.

The first set of calculations made on turbojet engine performance covered
a range of radiator inlet face areas and radiator depths (air passage lengths)
Thus with a given radiator core geometry a wide variety of potential installa
tion possibilities was considered.

Results of the calculations for performance of the Sapphire for several
flight conditions are shown in Figures 23A, 23B, and 23C Note that the curves
give relatively broad, flat peaks so that it is evident that the performance
is not too sensitive to radiator inlet face area or radiator depth. The air
pressure drops are relatively small — of the same order as the diffuser losses
to be expected between the compressor outlet and the radiator inlet.

Examination of the first set of curves prepared indicated that the radiator
face areas chosen were not small enough to bracket the optimum values. In
order to get some idea of the2best performance without making a new set of curves
it was estimated that a 12 ft face area and a 12 in. depth would yield optimum
performance. The curves of Figure 25 were then prepared to show the performance
of the engine for a wide range of flight conditions with this particular radia
tor core installation. Subsequent work along these lines has indicated that a
10 ft face area and al^m.depth would yield a small improvement in performance.
To accommodate this 2 in. increase in depth it would be necessary to use three
radiators arranged in the form of a three-pointed star rather than four radiators
in the cross-shaped array of Figure 1. The three-pointed star arrangement gives
a somewhat greater free flow area and a decreased length along the engine axis
as compared to the cruciform arrangement.
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The results of this preliminary work indicated that a larger engine
having a lower weight per pound of air handled would be highly desirable.
Engineers of the Wright Aeronautical Company suggested that an engine they
have under development might be modified to meet these-requirements. By re
moving the burners and the center spool of this two-spool engine while adding
two stages to the remaining compressor they estimated that a considerable
weight saving could be effected. Thus this engine having a rated air flow
of 220 lb/sec*', modified to accommodate four radiators, would weigh approxi
mately 3100 lb. Ho curves similar to those of Figure 23 have been made as
yet for this modified Wright turbojet engine, but its performance with two
particular sets of radiators was estimated and is given in Figure 26. The
solid lines indicate the performance of this engine using the same size
radiators as were used in the Sapphire engine. The dotted lines indicate
the expected performance with much larger radiators.

Ram-jet Engine Performance

A series of ram-jet performance calculations was prepared which may prove
useful in connection with rough design estimates of possible missile power
plants. The assumptions made for these calculations are included in Figures
27A and 27B.

The initial set of computations determined the specific thrust and
specific heat consumption of a ramjet using sodium-to-air radiators as the
heat source for various radiator air outlet temperatures and flight Mach
numbers of 1-5, 2.5, and 3.5. This data was applicable for altitudes above
35,000 ft.

The next set of calculations estimated the performance of a ram-jet using
particular radiator configurations and air flows. As shown in Figures 27A and
27B the radiator depth in the direction of air flow was varied from 3 ^° 12 in*
for air flows of k to 16 lb/sec-ft of radiator inlet face area. At a Mach
number of 1»5 the air pressure drop through the radiators became excessive
and no further performance calculations were made at this speed. There is
little incentive to use air flows in excess of 16 lb/sec-ft of radiator inlet
area since the total power plant weight is decreased only slightly and in some
cases may increase.

It can be seen from these curves that the total power plant weight given
in pounds per pound of thrust is approximately that to be expected from a
reciprocating engine* excluding fuel load. In these ramjet performance studies
a weight penalty of 0.5 lb/lb of thrust has been included for the unshielded
reactor. Previous weight studies made on a modified Sapphire turbojet engine
have shown that the total power plant weight of this type of a power plant,
excluding any reactor weight penalty, is greaterthan that of the ram-jet.
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Some estimates of the required radiator sizes for various air flows,
radiator depths, and number of engines used has indicated that for air flows
of 12 to 16 lb/sec-ft it may be feasible to pass the air straight through
the ramrjet in an axial direction. This would eliminate the need for any
elaborate ducting with its consequent pressure loss and undesirable flow
patterns as was necessary,in the turbojet installation. In some instances,
the required radiator frontal area is only 8l /o of the duct inlet area which
makes this arrangement quite attractive. Even for air flows as low as 8
lb/sec-ft the radiators may still be installed in this manner if they are
mounted at an angle to the plan* perpendicular to the axis of the ram-jet.
Another incentive to use higher air flows is that the required duct size is
decreased.

It was also felt that these ramrjet performance calculations may prove
of interest in connection with the possible use of iaa*-jet engines as auxilia
ry power plants that might be operated at high altitudes and high air speeds,
since the output of the reactor is not affected by altitude and there is a
much larger amount of power, available at high altitudes than could be utilized
by the turbpjet engines.

The radiator data used in making these calculations was the best avail
able at the time of writing, namely test data from a core element using flat
plate, nickel fins, 15 to the inch, and interrupted every 2 in. in the
direction of air flow. Since further radiator development work is expected
to improve the heat transfer performance and decrease the weight of these
heat exchanges, particularly the ceramic coated, nickel disc fin, staggered
tube type, these ram-jet performance estimates may be conservative.
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APPENDIX A

RADIATOR CORE ELEMENT TEST INSTRUMENTATION AND COMPUTATION

The details of the instrumentation employed and the methods used to
compute radiator core element performance have an important bearing on the
significance of many of the curves presented in this report. The instru
mentation for each of the items of data affecting radiator performance is
described below. Complete data sheets are then presented followed by a
table specifying the calculation procedure for each column of the data sheets.

Instrumentation

1. Air inlet temperature •

2. Air outlet temperature

3« Sodium inlet temperature -

k. Sodium outlet temperature

Taken as room temperature at blower inlet

Six modified Probert Probes were arranged
in a shielded duct 9 in. downstream from
the radiator. The air outlet temperature

was taken as the average of these six read
ings. The probes were arranged as shown
below.

Shielded

Duct

Probe

Two thermocouples were welded to the sodium

inlet line to the radiator. They were covered
with Sauereisen and 6 in* of slag wool insulation
The sodium inlet temperature was taken as the
average of these two readings. The Brown
recorder was checked with a Leeds and Northrup

potentiameter over the Na temperature range and
the error was less than 1 F at 1600 F.

Similar to the above arrangements for sodium
inlet temperature.
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5. Sodium flow rate A venturi tube was connected to a bourdon
tube type of differential pressure gage. It
was calibrated with water and the readings

corrected for the difference in density
between water and sodium. An electromagnetic
flowmeter was checked against the venturi tube
and a calibration chart was constructed to

convert millivolts to gallons per minute. The
electromagnetic flowmeter was found to be more
accurate than the venturi tube at low flow

rates. The venturi tube was not used for later
test data because the pressure gage line plugged.

6. Pressure drop across radiator-This was taken to be the static pressure drop
between a point 18 in. before the radiator and
8 in. after the radiator. It was measured by

a manometer in inches of water. Readings were
corrected for the difference in flow passage

area between the two stations. The arrangement
used is shown below.

Air

Flow' 10"

Air flow rate The static pressure drop across a 2.8 in.
diameter sharp-edged orifice was measured with
an inclined manometer. The orifice was pre

ceded by 18 ft* of 10 m. diameter straight
pipe. A calibration chart was constructed
using A.S.M.E. standard orifice data to give
the air flow rate in lb/sec« in terms of the
pressure drop across the orifice in inches of
water.



8. Inlet air pressure The static pressure well upstream from the
radiator was measured by means of a mano
meter and this was added to the barometric

pressure in the room.

A heat balance was made by comparing the heat lost from the sodium to
the heat gained by the air. These values usually differed by 10 - 15 /o.
This discrepancy was probably due to the inaccuracy of the sodium flow measure
ments as these fell in the lower portion of the range of the sodium flow meter
ing Instruments.
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Data

Sheet

Column

Number

11

12

13

15

16

RADIATOR PERFORMANCE COMPUTATIONS

Item Source

Na flow, gpm Electromagnetic flowmeter

Na inlet temperature, F - Brown recorder

Na outlet temperature, F Brown recorder

Na temperature drop, F = Column 2 - Column 3

Orifice air pressure, inc.1 H2O - Water. manometer^

Orifice air pressure, in* Hg abs< Barometer reading + Column 5/
specific gravity of Hg

Air inlet temperature, F - Room temperature at blower inlet

Air outlet temperature, F - Average of six readings from tempera
ture probes in a shielded duct 9* in°
downstream from radiator outlet face

Air temperature rise, F = Column 8 - Column 7

/ 3 ^ / 3 520 R Column 610 Air density, lb/ft* = .0765 lb/ft* zg^ *+kbo * 29.92

Orifice differential pressure, in<* H2O Inclined manometer

Air flow, lb/sec - Orifice calibration curve

Max.. . temperature difference, F = Column 2 - Column 7

, o / Column 9Ik Cooling effectiveness, /o = nnlTnnn 13

Heat from Na, Btu/sec = w„ Cri 4T where v 4= weight flow of Na lb/sec
n *Ta n n

Cp b specific heat of Na
n (constant pressure)

AT = Na temperature drop =
Column 6

Mean air temperature, °& = l/2 Column 9 + Column 7 + ^0



Data

Sheet

Column

Number

17

18

19

20

21

22

23

2k

26

29

89

Item Source

Heat to air, Btu/sec = W c AT where W = weight flow of air
^a lb/sec = Column 12

c = specific heat of air
a (constant pressure) at

temperature in Column l6

AT = air temperature rise
= Column 9

Outlet temperature difference OTD, F - Column 2 - Column 8

Inlet temperature difference ITD, F = Column 3 - Column 7

Log mean temperature difference LMTD, F
Column 19 - Column 18

Column 19
log,

e Column 18

FJ

Air flow, lb/sec/ft free flow area = Column 12 t free flow area

Air flow, lb/sec/ft face area = Column 12 * face area

> * *j. tu/jm.3 „ •, •,« Column 7 + ^OMean air density, lb/ft = Column 10 x - , {&
Column Id

Pressure drop across radiator, in* H2O Water manometer

__ y,-K _ _ ... . , _ n Column 23 x Column 2k25 lTl\ P for radiator, inches HpO = WfG*>

Over-all heat transfer coefficient, U>
Btu Q

Hr-ft2-°F AAT

where Q = heat to air, Btu/hr « Column 17 x 3600

AT - log mean temperature difference = Column 20

A « heat transfer area of radiator (see Table III)

27 Local heat transfer coefficient, h, Btu/hr-ft -F - read from Figure 20
using value of U in
Column 26

.2 oT

28 Viscosity of airji, lb/ft sec x 10' - See "Air Tables," Keenan and
Kaye, p. 3k, using temperature
in Column lo

Free stream Reynolds number, R =
(Column 21)(twice distance between fins/f^g

Column 28
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\ APPENDIX B

EXAMPLE OF THE USE OF FIGURE 19

(Logarithmic Mean Temperature Difference Against Cooling Effectiveness
for

Various Ratios of Primary Fluid Temperature Change to Inlet Temperature Difference)

T,-

Consider a counterflow heat exchanger shown below.

B

where T's refer to primary fluid temperatures
and t's refer to secondary fluid temperatures,

Heatmg effectiveness is defined as

y*i
1-T1-t1

and calling "t^-t^. = a t

then

and

and T,-t.. = ITD (inlet temperature difference)

n= Al_
" ITD

t2 » tx+At = t1+ V\(ITD)

Logarithmic mean temperature difference is defined as;

LMTD =

ATA-ATB (Tg-t^ - (Trt2)

log. (ATBi log,eiVt2

Sometimes called cooling effectiveness.



WED = /VWW - f(T -t ) - (Tl-T2)]
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(t2"tl) " (T1 ~ T2> (*2"tl) " (Tl-T2}

Calling T,-T2 = AT and dividing both sides of the equation by ITD and the
numerator ana denominator of the log term by (T,-t..) there results

AT

LMTD ITD

ITD /n AJE

log ' ITD
h . A
r it
U - p

Referring to the diagram on page90 let us assume that Ti and t]_ are known
or fixed. We then know the value of ITD since ITD = T-j-t,. For any desired
value of T2 we must solve for t£. Using the usual equations for heat transfer

% - VCpftg-t^

Qg = UA(LMTD)

we can assume a value for t2, solve for LMTD and repeat this process until
qx= y

By means of Figure 19 this work is greatly simplified. Since Q-, = Qp then

wc (tg-t^ = UA(LMTD)

WC "WC

LMTD - ^(yv - gJ? At

Dividing both sides of the equation by ITD

LMTD _ !!E;7 since _£t _
ITD ~ Ua'( ITD
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1 = zz\
LMTD wc.

ITD
P

where U, A, w, and c are all known quantities. If mb chose a value* of Tg,'
we then know T-j-Tg = AT and hence the value of -TD •

AT 1Since we now know the values of -£zk a-11"3- tmvt> ' we determine their point

LMTDof intersection on Figure 19 • This then determines the value of 1_ and D
which allows us to solve for LMTD.



APPENDIX C

PUMP AND LINE WEIGHT STUDY

for

A FULL-SCALE TURBOJET NaK SYSTEM
(Sample Calculation)

Assumptions;

1. Coolant composition — jk /o Na - k6 /o K

2. NaK inlet temperature to radiator — l600 F

3. NaK outlet temperature from radiator -- 1100 F

k. Pump weight —2 lb/hp input

5. Pump efficiency -- 70 /o

6. NaK pressure drop through radiator — 36 lb/m

7. NaK pressure drop through shield and intermediate heat exchanger —
60 lb/4«2m

93

Btu8. Specific heat of NaK -- c = 0.26 lb_uF

9. Radiator weight per engine -- I58O lb(wet)

4.0. Distance from reactor to radiator -- 20 ft

11. Pipeline pressure drop -- 1 velocity head pressure drop per
50 pipe diameters of length

12. Pipeline material -- Type 316 stainless steel

13. Allowable steel stress -- 1,500 lb/m at l600 F
11,000 lb/iir at 1100°F

These figures were based on an allowable stress 20 /o of the ultimate
tensile strength or 33% of the stress for rupture in 1000 hr, or
the stress for l°/o creep in 1000 hr, whichever was the lowest.

ft BtuIk. Heat flow — 18,500 kw or 63 x 10° -^ per engine

15. Specific weight of NaK 1300°F - 0-7^ ^ or k6 lb/ft .
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SCHEMATIC DRAWING FOR PUMP AND LINE WEIGHT STUDY

Air from

Compressor

Hot

NaK at

l600°F

Liquid Fuel

Liquid Fuel

Radiator

Intermediate Heat

Exchanger

r

Hot Air to

Turbine and

Jets

Cold NaK

at 1100 F

Pump

20 ft*

t
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Sample Computations:

Assumed pipe data -- 3«500 in. schedule kO Type 3l6 stainless steel pipe
Weight per ft = 9-2 lb. !
I.D. = 3.548 in. ''
Wall thickness = 0.226 in.
Flow area = O.06865 ft2

Q= cvAT where Q = heat transferred in radiator = 63 x 10 §-^
c = specific heat of NaK = 0.26 ° uUt;,

g P lb-uF
63 x 10 = 0.26 w (500) w = weight flow of NaK lb/hr

k
w = 48.5 x 10 lb/hr AT = NaK temperature drop through radiator

= 500°F

ft
Volume flow of NaK - V - ——

mm

k 1
V = 48.5 x 10 lb/hr = 176 ft^/min

NaK pipe velocity - v - ft/sec

v= 176 ft^/mm x1min/60 sec x 1/0.0685 ft2 = 42-8 ft/sec

p

Dynamic head - h - lb/in of NaK for v = 42.8 ft/sec

h = pv /2 where p = density of sodium '-

h-tyg§g. x̂ 2'8 f"^ x1ft2/l44 in2
h= 9.09 lb/m2

Pressure drop through piping - Ap - lb/in

p kO ft x12 in/ft x9.09 lb/in2
A = 3-5^8 in x 50

AP = 24.60 lb/in2

Total head to be developed by pump - H_ - lb/in

H_ = pressure drop through radiator + pressure drop through shield +
pressure drop through pipe

Hj =36 +60 +24.60 =120.60 lb/in2



96

Pump power required - P- HP

P mtotal head x capacity = 120.60 x 176 x 144 x 1 hp/33,000 x 1/.7

Pp = 132 hp

Pump weight - w- lb

w = 132 hp x 2 lb/hp

w = 264 lb
P

Pipe weight - w . - lb

w = 40 ft x 9.2 lb/ft
pi y '

w = 368 lb
pi J

Weight of NaK holdup in pipe - w - lb

ww „. m40 ft x O.06865 ft2 x 46 lb/ft3
NaK

v„ __ = 126 lb
NaK

Total NaK system weight - w- lb

wm = w + w . + w,T „ + weight of radiator (wet)
T P pi NaK &

w = 264 + 368 + 126 + I58O

wT = 2338 lb

If we wish to design the pipe wall thickness on the basis of allowable
wall stresses, we proceed as follows:

o

Assume a 5 lb/in suction pressure

Pressure in pipe at 1100°F = 125-6 lb/m

Pressure in pipe at l600°F = 65.6 lb/m (60 lb/m lost through shield)



t=|- where t•pipe thickness -in.

o„
at 1100 F

D = pipe diameter = 3.548 in,

p a pressure in pipe = 125•6 lb/m*1 at 1100UF

and 65.6 lb/in2 at l600°F
s - allowable wall stress in pipe = 11,000 lb/in* at 1100UF

and 1500 lb/in2 at l600°F

. 125.6 x 3-548 n non, .
t m2x 11,000 " °-0203 in

at l600°F

%~ 2 x 1500 0,0'T° in

weight per ft « 3.O3 lb

weight of 40 £% • 121 lb

wT = 2091 lb

97
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APPENDIX D

PERFORMANCE CALCULATIONS FOR A MODIFIED SAPPHIRE TURBOJET ENGINE

Two tables are presented below giving the method of calculating the
performance of a modified Sapphire turbojet engine. The first table outlines
the procedure used when the radiator proportions are varied while the second
table deals with the performance Calculations of the Sapphire engine with a
fixed radiator configuration for various altitudes and flight Mach number.

PERFORMANCE CALCULATIONS FOR A MODIFIED SAPPHIRE TURBOJET ENGINE

FOR

VARIOUS RADIATOR DEPTHS AND RADIATOR INLET FACE AREAS

Corrected compression ratio = 4.00:1
Engine, weight = 2785 lb
Radiator weight = 90 lb/ft3
Sea level air flow = 117 lb/sec

Radiator inlet face area = 10,
12, 15 ft2

Engine diameter = 37-5 ia-
Radiator depth = 12, l4, l6 m.

Method of Computation

Altitude, H - ft Chosen arbitrarily

Mach number, M Chosen arbitrarily

Radiator inlet face area,

Ar" ft2

2
Chosen as 10, 12, 15 ft

Air passage length,

L, - in. .
Chosen as 12, l4, l6 m<„

Air flow, F - lb/sec
T

F=117 x Tx ^ x^ \

where 117 = sea level air flow lb/sec

<T' = altitude density ratio

Z = ram compression ratio

(see page 100)

T = ambient air temperature - R

T-, = compressor inlet temperature
°R (see pagelOO)
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Method of Computation (continued)

p

Radiator air flow, GR - lb/sec-ft
of radiator inlet area **~A

Radiator inlet temperature,
oTg - °R

See page100

Initial temperature difference,
ITD - °R

ITD =2060 -T2(2060°R is Na inlet temp.)

Cooling effectiveness, 77 Read from Fig. 22 using value of GR
and Lp

Turbine air inlet temperature, ^ =1*2 -46o] +J^itdJ

Specific thrust, I - lb/lb air/sec From charts in ORNL Report ANP-57

Specific heat consumption, C -
Btu/sec-lb thrust

From charts in ORNL Report ANP-57

Radiator weight per engine, W_ - lb
Jfc\

WR -90 lb/ft3 x^x Lp/12
Total thrust, %- lb £*= I x G

Engine weight per lb of thrust,
W

w - 27b5

Radiator weight per lb of thrust,

WR

W -5*WR" %

Power consumption, C_ - kw CT = 1.05479 xXx Cg (1.05479 =
3600 sec/hr

-)

Pump and line weight per lb of thrust,
0.04>C

W = (0.04 is an empirical
& factor from pump and

line weight studies)

-

Total engine, radiator, pump and
line weight, WT - lb/lb thrust

wT = we +wR +wp
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PERFORMANCE CALCULATION METHODS FOR A MODIFIED SAPPHIRE TURBOJET ENGINE

FOR 2
A 12 INCH RADIATOR DEPTH AND A RADIATOR' FRONTAL AREA OF 12 FT

Corrected compression ratio = 4.00:1
Engine weight = 2785 lb
Radiator weight = 1080 lb
Sea level air flow = 117 lb/sec

Method of Computation

Radiator depth = 12 in 2
Radiator inlet face area = 12 ft

Engine diameter = 37«5 in.

Altitude - H - ft Chosen arbitrarily

Mach number - M Chosen arbitrarily

Altitude density ratio - (T Taken from tables of properties of
standard air

Altitude pressure ratio - P
ra

Taken from tables of properties of
standard air

Ambient air temperature - T - R Taken from tables of properties of
standard air

Ram compression ratio - Z

where e = adiabatic efficiency of
ram compression

M - Mach number

Compressor inlet temperature - T-, -
°R L Tl -To l1+^0

Compressor outlet temperature - T0 -
°R 2

T2 = T, + 250 (see note on page 102)

Corrected engine compression ratio

"Ze
Ze =

250 ,J 7/7-1
_To(l+2§i (M2) J

Over-all compression ratio - Z~ \ = Zr x Ze

Air flow - G - lb/sec
T

G = 117 x cTx Z x =-
11

Ratio of compression inlet air density
to sea level air density - (f~

<rc= <7~*Zrx^
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Method of Computation (continued)

Ratio of radiator inlet air density
to sea level air density - <f~

To(Tr= ^xZTxf-

Compressor outlet pressure - Pp -
lb/ft

P2 - Pra x ZT X Po
where P = sea level atmospheric

° pressure in lb/ft2
p

Radiator air flow -GR - lb/sec/ft
of radiator inlet face area

UR " 12

Heating effectiveness - T\ Read from Fig. 22 using value for Gp

Initial temperature difference -

ITD °F
ITD - 2060 - Tg (Na inlet temperatureo

is assumed to be 2060 R)

Turbine air inlet temperature - "fc- -
°F 5

t3 =[t2 -46o]+ [h-itdJ

Pressure drop across radiator -AP -
' 'incbes HgO

Read from Fig. l6 using values for
GR and <TT

Pressure-drop across radiator -AP_ -
'lb/ft2 R

AP ,
Ap_ = .r x 62.4 lb/ft3 x 1.1

R >o *-n

(1.1 is a calibration factor
for manometer)

Pressure drop across radiator as /o
of radiator inlet pressure - /o AP

%AP= R
r2

Specific thrust - I - lb/lb air/sec From charts in ORNL Report ANP-57

Total thrust - %- lb Z= I x G

Specific heat consumption - C -
Btu/sec-lb thrust

From charts in ORNL Report ANP-57

Total heat consumption - C™ - kw' CT = 1.05479 xCg x%(1.05479 =
3600 sec/hr x
3413 Btu/kw-hr;
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Method of Computation (continued)

Lb engine weight per lb thrust - WQ
e

W
e

•2785

Lb radiator weight per lb thrust - W WR
1080

" 7t

Pump and line weight - W- lb/lb thrust
Jtr WP

CT= 0.04 x -^,(0.04 is an empirical
Ii factor from pump and

line weight studies)

Total engine, radiator, pump and
line weight - W_, - lb/lb thrust

- - -

WT = we + wR + wp

The modified Sapphire engine was assumed to have a compression ratio of
4.00:1 at standard sea level conditions and M = 0.

Let T, = compressor inlet temperature R

Tp = compressor outlet temperature^ R

AT = temperature rise through compressor = T2 - T,

ATT
X2 Tl + AT

T _ Tl

7-1

= 1 +
T,

2 7
— = Z where Z = sea level compression ratio of compressor

1 S 6 Cr,
7 = ~

r 7-1 1

- 1at = t± IS
7

for T± = 520°R

Ze=^
7 = 1.395

AT = 250°F

Since A T depends only on tip speed , A t will be the same for all
conditions since a constant compressor speed and efficiency is assumed.

*_
Reference 1, p. 30
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APPENDIX E

PERFORMANCE CALCULATIONS FOR A NUCLEAR POWERED RAM-JET ENGINE

The ram-jet engine may find future use as an auxiliary power plant at
high altitudes and high air speeds or as a possible missile power plant. The
first table presented below outlines the method used to compute the generalized
ram-jet performance at altitudes greater than 35>000 ft. The second table out
lines the method used to compute the performance of a nuclear powered ram-jet
at 65,000 ft for Various air speeds, radiator air flows, and radiator depths.
The last table shows how the radiator size is affected by the number of ram-jet
engines and flight Mach number.

METHOD OF COMPUTING GENERALIZED RAM-JET PERFORMANCE

(For Altitudes Greater Than 35>000 ft)

Altitude, H - 35,000 to 125,000 ft
Ambient air temperature, TQ - 393°R
Acoustic velocity, V - 974-5 ft/sec

Altitude density ratio (T- 0.07413
Ambient air pressure, P0 - 118.8 lb/ft
Enthalpy of ambient air, 0Q - 93-85 Btu/lb
Pressure ratio of ambient air,
P = O.4567
ro

Method of Computation

Mach number, M Chosen arbitrarily

Air speed, V - ft/sec V = M x acoustic velocity = M x 974-5

Isentropic enthalpy rise of air in

diffuser, A0 - Btu/lb
' *1S

A^ls =?Ft g= 32-17 ft/sec2IB dgj J= 778>l6 ft_lb/Btu

Enthalpy rise of air in diffuser
used in computing ram compression
ratio, A$ - Btu/lb

A0 = A0 x Y) K) = diffuser efficiencyis ijj ijj = ogo at M= 1>5

= O.85 at M = 2-5
= 0.70 at M = 3-5

Radiator outlet temperature,

T2 - °R
Chosen arbitrarily as l46o, i960,

2460, 2960°R

Pressure ratio at radiator

outlet, P
r2

Use "Gas Tables" by Keenan and Kaye,
Table 1 and Tp

Enthalpy of air at radiator
outlet, 02 - Btu/lb

Use "Gas Tables" by Keenan and Kaye,
Table 1 and T2
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Method of Computation (continued)

Pressure ratio at compressor
outlet, P

rl

Use "Gas Tables by Keenan and Kaye,
Table 1

Ram compression ratio, Z

p P

rl rl
Zr " P"r" " O.it-507

ro

Pressure drop across radiator
as /o of diffuser outlet pressure,
APR%

Chosen arbitrarily as 0, 5, 10> 20, 30%

Pressure ratio at exhaust conditions,
P

r3
V

\
V1 - t3j>

Enthalpy of air at exhaust conditions,
0j - Btu/lb

Use "Gas Tables" by Keenan and Kaye,
Table 1 and P

r3

Change in enthalpy of air during
expansion, Aj( - Btu/lb

A0e « 02 - 03

Specific thrust, I - lb/lb air/sec 2=\
2|x eo x(A0e +A0) -|
where e, w Jet efficiency

Specific heat consumption, C -
Btu/lb thrust-sec

„ 02"01- A0
Cs - I
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COMPUTATION OF THE PERFORMANCE OF A NUCLEAR POWERED RAM-JET ENGINE

Total weight of missile - 100,000 lb
Reactor system - Circulating fluoride

fuel with NaK secondary circuit
Reactor and intermediate heat exchanger
weight (unshielded) - 12*500 lb

Radiator weight - 90 lb/ft^
Duct weight - 7 lb/ft* duct surface area
Pump and line weight - .04 x kw/lb thrust
Lift to drag ratio - 4
Radiator airflow - G_ - 4, 6, 8, 12, l6
lb/sec-ft2 radiator inlet area

Radiator depth - L- 3, 6, 9, 12 in
Altitude - H - 65,000 ft
Ambient air temperature - T - 393 R
Acoustic velocity - V - 974.5 ft/sec _
Ambient air pressure - P - 118.8 lb/ft
Altitude density ratio - (j- = 0.07413
Altitude pressure ratio - P = O.O561

Method of Computation

Mach number, M

Radiator airflow, GR -
lb/sec-ft radiaxor inlet area

Radiator depth, Lp - in.'

Ram compression ratio, Zr

Radiator inlet temperature,

T, - °R

Ratio of radiator inlet air density
to sea level air density, (J~

Pressure drop across radiator,
APr - m-. HgO

Pressure drop across radiator,
APR - lb/ft2

R

Chosen arbitrarily

Chosen arbitrarily as 4, 6, 8, 12, l6
lb/sec-ft radiator inlet area

Chosen arbitrarily as 3, 6, 9> 12 in.

See page 105

Use "Gas Tables" by Keenan and Kaye,
Table 1 and 0, where 0, = 0 +A0is =
93.85 + A0n X

is

T

<T^ = <Tx Zr x ~

29.133
T-,

0.07413 x Z^ x3|3_
r il

Read from Fig. l6 using values of G,
and <T^ R

AP

APR =^IH^x62^lb/ft3x1-1
(l.l is a calibration factor
for manometer)



Method of Computation (continued)

Pressure at radiator inlet,
Pn - lb/ft2

Pressure drop across radiator as
°/o of radiator inlet pressure, &PV /o

Heating effectiveness, h

Initial temperature difference, ITD,
°F

Radiator outlet temperature,

T2 - '°R
Specific thrust, I - lb/lb air/sec

Net specific thrust, IN - lb/lb air/sec

Specific heat consumption,
C - Btu/lb thrust-sec

Lb thrust per ft of radiator
inlet area, £. - lb/ft

Lb radiator per lb thrust, W -
lb/lb thrust

Pl = Po x Zr = ll8'8 x zr

Ap
a^ o/ R

x 100
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Read from Fig. 22 using values for
G^andl^

ITD = 2060 - T-, (Na inlet temperature
, is assumed to be 2060 R)

T2 . Tx + K|_(ITD)

See page 105

I„ = I - ID where ID = specific drag due
to nacelles

lb/lb air/sec
m5 lb/lb air/sec at

M = 2,5
= 3 lb/lb air/sec at

M* 3-5
(see Reference 19)

See page 105

$ka - h x gr

W0 = 90 lb/ft radiator x
R

h
12 .in/ft * T

RA

7.5 L,

T.
RA
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Method of Computation (continued)

Heat consumption per lb thrust,
C - kw/lb thrust
s

Cs .1.0*79 CS (1.05479 -gg|^V

Pump and line weight plus reactor weight,
Wp +WRe - lb/lb thrust

W-, + WD = 2 x 0.04 x C
F Re S

(0.04 is an empirical factor
from pump and line weight
studies) ^

Required ram-jet air flow, F
lb/sec r;)

F =2|^ (25000 0lb thrust required
J n for 100,000 lb missile)

o

Required duct inlet area, A, - ft
F
ri 2Ad « •— where G .= air flow per ft of
rj J duct area p

= 13 lb/sec-ft at
M= 2-5 p

= 18 lb/sec-ft at
M = ^.5

p
Required duct diameter, D, - ft ug, - \j where N= number of ram-,iet

VNit engines

Lb duct per lb thrust, Wd - lb/lb thrust
7*DdLd

Wd = where 7 = lb per ft of
25000/N duct surface area

Total reactor, radiator, duct_and pump
and line weight, W_ - lb/lb thrust WT =WRe+ % +¥d +wp
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EFFECT OF HUMgBR 07 BAH-JET EielHBB AMD MACH HUMBER OH DUCT Aim RADIATOR SIZE

S
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a-—

O— O'
P P

o .a o id

s s

41

as
K.

O $

o<13 oj
eg «j n

o o
p

o

p s
Si!

5 * 2 899 727 218 125 6 6*3 5 070 112 5 91 0 3* 2* 60 66 1 10*6 0 9*n 3* 57 20 19 3 25 4 50

3 1* It 899 727 218 125 * 691 3 585 56 3 *5 5 22 15 46 55 1 2250 1 0400 17 29 10 10 3 25 * 50

3 It 6 899 727 218 125 3 830 2 927 37 5 30 3 17 12 *0 *5 1 3177 1 1109 11 52 6 73 3 25 4 50

3 6 2 95I1 7*6 328 188 6 835 5 136 79 5 62 0 35 25 *1 *5 1 0*58 0 8918 36 69 20 72 2 17 3 00

3 6 It 95* 7*6 328 188 * 833 5 632 39 8 31 0 23 16 31 35 1 1705 0 985* 18 35 10 36 2 17 3 00

3 6 6 95* 7*6 328 188 3 9*6 2 965 26 5 20 7 18 12 27 31 1 2658 1 0571 12 23 6 91 2 17 3 00

3 8 2 988 760 *37 250 6 955 5 18* 62 0 *7 5 36 25 31 3* 1 01*1 0 8620 38 00 21 11 1 63 2 25

3 8 It 988 760 *37 250 * 918 3 666 31 0 238 2* 16 23 27 1 1*08 0 9565 19 00 10 56 1 63 2 25

3 8 6 988 760 *37 250 * 015 2 993 20 7 15 9 18 12 21 2* 1 2379 1 0289 12 67 7 0* I63 2 25

3 12 2 1041 779 655 376 7 1*0 5 2*8 *3 5 32 5 37 25 21 23 0 9829 0 8305 *0 00 21 6* 1 09 1 51

3 12 It 1041 779 655 376 5 0*9 3 711 21 8 16 3 2* 16 16 IB 1 1129 0 9261 20 02 10 82 1 09 1 51

3 12 6 low. 779 655 376 * 122 3 030 1*5 10 9 19 12 lit 16 1 2126 0 999* 13 3* 7 21 1 09 1 51

3 16 2 Ill) 786 87* 501 7 375 5 272 3* 5 2* 5 36 26 16 17 0 9750 0 81*1 *2 73 21 83 0 81 1 13

3 16 It 11)1 786 87* 501 5 215 3 726 17 3 12 3 25 16 12 1* 11093 0 9101 21 37 10 92 0 81 1 13

3 16 6 mi 786 87* 501 * 258 3 0** 11 5 8 2 20 12 10 12 1 212* 0 9838 1* 24 7 28 0 81 1 13

6 it 2 71*6 661 218 125 6 0*2 * 83* 93 0 82 5 30 23 7* 86 1 2597 1 0992 28 69 18 36 3 25 4 50
6 It It 7116 661 218 125 * 273 3 *19 *6 5 *1 3 20 15 56 66 1 3699 11873 1* 3* 9 18 3 25 * 50

6 * 6 7lt6 661 218 125 3 *89 2 792 31 0 27 5 15 11 50 60 1 115*3 1 2*77 9 56 6 12 3 25 4 50

6 6 2 806 679 328 188 6 282 * 902 67 0 56 5 32 23 50 59 1 1616 1 000* 31 00 18 86 2 17 3 00

6 6 It 806 679 328 188 * **3 3*67 33 5 28 3 21 15 38 *5 1 2761 1 0898 15 50 9 *3 2 17 3 00

6 6 6 606 679 328 188 3 628 2 831 22 3 18 9 16 11 33 U 1 3639 11583 10 33 6 29 2 17 3 00

6 8 2 8lt7 69* *37 250 6 *39 * 953 53 0 *3 5 33 2* 39 It* 1 1153 0 9*79 32 58 19 28 1 63 2 25

6 8 It 8I17 69* 437 250 * 55* 3 503 265 21 8 21 15 30 35 1 2327 1 0382 16 29 9 64 1 63 2 25

6 8 6 8*7 69* *37 250 3 718 2 860 17 7 1* 5 16 11 27 32 1 3226 1 107* 10 86 6 42 1 63 2 25

6 12 2 936 718 655 376 6 771 5 037 39 0 30 0 35 2* 27 30 1 0690 0 8926 36 00 19 9* 1 09 1 51

6 12 It 936 718 655 376 * 788 3 562 19 5 15 0 23 15 20 2* 1 192* 0 98** 18 00 9 97 1 09 1 51
6 12 6 936 718 655 376 3 909 2 908 13 0 10 0 17 11 18 21 1 266* 1 05*7 12 00 6 65 1 09 1 51
6 16 2 IO87 735 87* 501 7 29* 5 010 3* 0 23 0 38 2* 21 23 1 0781 0 8629 41 80 20 *2 0 81 1 13
6 16 It 1087 735 87* 501 5 158 3 606 17 0 11 5 25 16 16 17 1 2110 0 9598 20 90 10 21 0 81 1 13
6 16 6 1087 735 87* 501 * 211 2 9** 11 3 7 7 19 12 1* 15 1 3129 1 0310 13 93 6 80 0 81 1 13

9 It 2 681 620 218 125 5 773 * 682 85 0 77 5 29 22 106 127 1 *015 1 2372 26 19 17 22 3 25 4 50

9 it It 681 620 218 125 * 083 3 311 *2 5 38 8 18 1* 85 100 15067 1 3225 13 10 8 61 3 25 4 50

9 it 6 681 620 218 125 3 33* 2 703 28 3 25 9 1* 10 73 93 1 5875 1 3879 8 73 5 7* 3 25 4 50

9 6 2 729 639 328 188 5 97* *75* 61 0 53 0 30 23 73 83 1 2709 1 1002 28 04 17 75 2 17 3 00

9 6 It 729 639 328 188 * 225 3 362 30 5 265 19 1* 58 68 1 3796 1 1868 1* 02 8 88 2 17 3 00

9 6 6 729 639 328 188 3 *50 2 7*5 20 3 17 7 15 10 *9 6* 1 *63* 1 2532 9 3* 5 92 2 17 3 00

9 8 2 781 656 *37 250 6 183 * 816 *9 0 *1 0 31 23 57 6* 1 2116 1 0262 30 04 18 22 163 2 25

9 8 It 781 656 *37 250 * 373 3 *06 2* 5 20 5 20 It It* 53 1 32*3 1 lj.60 15 02 9 11 163 2 25

9 8 6 781 656 »37 250 3 571 2 781 163 13 7 15 11 39 *5 1 *108 1 1833 10 01 6 07 163 2 25

9 12 2 877 679 655 376 6 553 * 902 365 28 5 33 23 ItO *5 1 150* 0 9537 33 73 18 66 1 09 1 51

9 12 II 877 679 655 376 * 63* 3*66 18 3 1* 3 22 15 30 3* 1 2698 1 0*30 16 86 9 *3 1 09 1 51

9 12 6 877 679 655 376 3 78* 2 830 12 2 9 5 If 11 26 31 1 361* 1 1115 11 24 6 29 1 09 1 51

9 16 2 1020 700 87* 501 7 067 * 977 32 0 22 0 36 2* 32 33 1 1539 0 9160 39 23 19 44 0 81 1 13

9 16 It 1020 700 87* 501 * 997 3 519 16 0 11 0 2* 15 2* 26 1 2826 1 0066 19 62 9 72 0 81 1 13

9 16 6 1020 700 67* 501 it 080 2 873 10 7 7 3 18 11 21 2* 1 381* 1 0761 13 08 6 48 0 61 1 13

12 It 2 638 595 218 125 5 588 * 586 80 0 7* 5 28 22 103 122 1 5295 13655 24 54 16 52 3 25 4 50

12 It It 638 595 218 125 3 952 3 2*3 *0 0 37 3 18 13 80 103 1 6313 1 4*91 12 28 8 26 3 25 4 50

12 It 6 638 595 218 125 3 227 2 6*8 267 2* 9 13 10 7* 90 1 709* 15132 8 18 5 51 3 25 4 50

12 6 2 685 613 328 188 5 790 * 655 57 0 51 0 29 22 71 83 1 3686 1 1921 26 3* 17 02 2 17 3 00

12 6 It 685 613 328 188 * 095 3 292 28 5 25 5 19 1* 5* 66 1 *7*2 1 2770 13 17 8 51 2 17 3 00

12 6 6 685 613 328 188 3 3** 2 688 19 0 17 0 1* 10 *9 61 1 5552 1 3*20 8 7B 5 67 2 17 3 00

12 e 2 7*6 630 *37 250 6 0*2 * 720 *6 5 39 5 50 22 56 65 1 3061 1.10*9 28 69 17 50 1 63 2 25

12 8 It 7U6 630 *37 250 It 273 3 338 23 3 19 8 20 1* *2 51 1 *l63 1 1909 14 34 8 75 1 63 2 25

12 8 6 7*6 630 *37 250 3 *89 2 725 15 5 13 2 15 10 37 *6 1 5007 1 2568 9 56 5 83 1 63 2 25

12 12 2 828 6*9 655 376 6 367 * 783 3* 5 27 0 32 2} 39 *2 1 22*5 1 0076 31 84 17 98 1 09 1 51

12 12 It 828 6*9 655 376 * 502 3 382 17 3 13 5 21 1* 30 35 1 3*05 1 0948 15 92 8 99 1 09 1 51

12 12 6 828 6*9 655 376 3 676 2 761 11 5 9 0 16 11 26 29 1 *295 1 1616 10 61 5 99 1 09 1 51

12 16 2 962 676 87* 501 6.836 * 889 30 0 21 0 35 23 31 33 1 216* 0 9640 37 00 18 78 0 81 1 13

12 16 It 962 «76 87* 501 *853 3 *57 15 0 10 5 23 15 23 25 1 3*15 1 0531 18 50 9 39 0 81 1 13

12 16 6 962 676 87* 501 3 962 2 823 10 0 7 0 18 11 20 23 1 *373 1 121* 12 33 6 26 0 81 1 13
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APPENDIX F

METALLOGRAPHIC EXAMINATION OF NICROBRAZED STAINLESS STEEL

SOBIUM-AIR HEAT EXCHANGERS FOLLOWING FAILURE DURING TEST

(By E. E. Hoffman, ORNL Metallurgy Division)

Summary

It is concluded from the examination of these heat exchangers that the
failures occurred at one of the brazed tube-to-header joints and that the
leaking sodium accelerated the attack on the outer surface of the tube below
the initial leak reducing the thickness of the tube and causing a larger

secondary leak.

Test Data

The first heat exchanger was operated continuously for 330 hours. The
average sodium "in" temperature for the test was 1200 F, while the average
"out" temperature was 950 F. For 140 of the 330 hours the "in" temperature
was 1500-l600°F, while the "out" temperature was 1200°F. The sodium flow
rate was 3 gallons per minute which gave a flow velocity of approximately
2 feet per second in the tubes. The air entered the radiator fins at a
temperature of 80 F. The average "out" temperature of the air was 85O F,
while the maximum "out" temperature of the air was 1100 F- The maximum
velocity of the air in the heat exchanger was 100 feet per second. The tubes
were constructed of 304 stainless steel, the fins of 347 stainless steel and
the headers of 316 stainless steel.

The second heat exchanger was operated continuously for 199 hours. The
average sodium "in" temperature for the run was 1200 F and the "out" tempera
ture was 1000 F. For 74 of the 199 hours the sodium "in" temperature was
l600 F while the "out" temprature was 1300°F. The sodium flow rate was 3
gallons per minute which gave a velocity of approximately 2 feet per second
in the tubes. The air entered the radiator fins at a temperature of 80 F.
The average "out" temperature of the air was 850 F, while the maximum "out"
temperature was 1100 F. The maximum velocity of the air in the heat exchanger
was 100 feet per second. The tubes were constructed of 304 stainless steel,
the fins of 347 stainless steel and the headers and manifold of 316 stainless
steel.
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Discussion

Figures F-l and F-2 show different views of half of the first heat ex
changer following test. Fig. F-3 shows a portion of the radiator section
above the inlet tanks where the leak occurred. The 347 stainless steel fin
was heavily attacked by the leaking sodium. It is believed that the leak
occurred on the bottom side of the center tube in the second row from the top
(see Fig. F-3). This leak is thought to have occurred after the sodium leak
in the nearby brazed tube-to-header joint. The wall thickness was greatly
reduced in this area. Most of this reduction in thickness is believed to

have taken place after the leak occurred, the tube and fins being attacked in
a similar manner. Fig. F-4 shows an enlarged view of the tube which leaked
during the test and an adjacent tube. Fig. F-5 shows a longitudinal view of
these tubes at a still higher magnification. The thick sections are portions
of the tank, while the thin sections in the center of the picture are portions
of the tubes which projected up from the tank and entered the fins. The leak
occurred in the tube and header section on the right in Fig. F-5. It may be
easily seen that the braze material did not give a good joint especially in
the top section. It is believed that at some section of this tube-to-header
joint the sodium leak occurred and subsequent attack on the outside of the tube
took place which thinned the tube down until a leak also occurred in the tube.
It is improbable that the attack began on the inside of the tubes as no evidence
of this was found on examining the tubes in areas where no leaks occurred.

The photomicrograph (Fig. F-6) of a braze made between the manifold and
tank shows that the joint is sound. Figures F-7 and F-8 show two tube-to-header
joints where the brazing alloy showed good flow properties, while Figures F-9
and F-10 show similar joints where flow was not sufficient to produce good
joints. Although these joints can not be considered as desirable, they did not
leak during the test.

Figures F-ll, F-12, and F-13 show typical joints obtained by nicrobrazing
the fins to the tubes. The curved portion in each case is the fin. All the
brazed fin joints appeared to be adequate for strength and heat transfer.

The metallographic examination of the tubes did not reveal attack on the
inner surface. However, there did seem to be a 2 to 3 mil oxide layer on the
outer surface of the tubes as shown in Fig. F-l4, which is a photomicrograph of
the outer surface of adjacent tubes.

It can be seen in Fig. F-15 that the fins of the second heat exchanger
were heavily attacked by the sodium after the leak developed. Fig. F-l6 shows
a close-up of the tube-to-header joint where the leak occurred. It is believed
that this leak occurred in the tube-to-header joint despite the fact that a
photomicrograph of a cross-section of this joint (Fig. F-17) appeared to be
sound. Had the cross section been taken at a different position the leaking
portion of the joint might have been detected. Following the small leak in
the joint, the sodium rapidly attacked the tube and the large leak developed.
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Of nine tube-to-header joints which were examined, one-third had voids
present in the joints. Fig. F-l8 shows one of the good joints, while Figures
F-19 and F-20 show defective joints. These voids (Figures F-19 and F-20)
extended over half way across the joints. There was no appreciable under
cutting at any of the tube-to-header joints. It may be that following the
revised nicrobrazing procedure in which nitrogen is carefully excluded from
the system the formation of these voids may be reduced or prevented.

The 304 stainless steel tubes were examined at both the hot and cold
end of the heat exchanger (Figures F-21 and F-22). The inner surfaces of both
tubes were roughened. The surface of the tubes in the "hot" section was
roughened slightly more than in the "cold" section. There seemed to be a layer
of recrystallized grains on the surface of the "hot" tube- There appeared to be
quite a bit of carbide precipitation in both the hot and cold section of the
tubes. The inside' surface of the manifold section (Fig. F-23) was etched
slightly by the hot circulating sodium.
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