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Introduction

The Aircraft Reactor Test (ART) main heat dump design included sixteen
pairs of high-performance, NaK-to-air radistor matrices, each designed to re-
move 3.5 MW of heat from the reactor main NaK system. Since this radlator de-
sign was based on results from an experimental program conducted with smaller
single unite (0.5 MW)L, it was considered essential to determine the reliability

~ and performance of full scale prototypes prj;'or to final acceptance of the design

for ART application.

The ART radiator design provided for two identical tube-fin matrices to
be mounted in a common plane on either side of commen inlet and outlet NaX
headers., For test purposes, one tube-fin matrix was omitted from the radiator
unit., This provided a single tube-fin matrix of 1.73 MW capacity possessing
all the design features of the paired full scale radiastor arrangement. This
report covers the performance and endurance testing of two such test units.

Summary

The performance data obtained on the two ART prototype test units were in
substantial agreement. The heat transfer performance of thege units represented
approximately 30% improvement at design alr flow over the smaller 500 KW test
units on vwhich the full scale design was based. The air pressure drop was ap-
proximately 10% higher than the 500 KW units. The initial NaK pressure drop
correlated on the hasis of a mod:.fied friction factor was in substantisl agree-
ment with the 500 KW unit data. This pressure drop increased throughout radiator
AT operation, This increase has been observed in all previous radiator tests
and is attributed to a metal mass trangfer buildup which occurs in the radiator
tubes during AT operation.

Both radiators failed during endurance testing. Radiator No. 1 operated
880 hours, including 480 hours with a heat load, and was subjected to 9 thermal
cycles. Radiator No. 2 operated 862 hours, including 431 hourg with a heat load,
and endured 181 thermal cycles representing 6 times the maximum number of cycles
proposed for the ART radiators.

Metallographic examination of representative tubes from Radiator No. 1 dis-
closed no evidence of incipient cracking, Examination of tubes from the failure
area of Radiator No. 2 disclosed grain boundary voids in one of forty tubes ex-
amined. These volds could have been caused by excessive plastic strain in this
tube and may have been responsible for the failure., In any event, the failure
of these two ART test radiator units indicate that additional test and de=
velopment work would be required before ART radiator life could be predicted
with any degree of confidence,

J"Iﬂl&cl’he::-scm, R. E. et al, "ART Prototype Radlators Development Program and
Metallurgical Results", ORNL 2436,




3.0 Radiator Design

The ART NaK-to-air radietor units each consisted of two idemtical round-
tube, flat-platefin matrices mounted in a common plane on either side of common
inlet and outlet NaK headers, as shown in Figure 1. The radiator is a counter-
" current-crossflov design with air flowing perpendicular to the NaXK tubes and
parallel to the surface of the fins., NaK enters the inlet header on the air
outlet side and leaves the NaK outlet header on the air inlet side. Since the
tubes are U-shaped, the NaK makes two passes through the air stream. The units
tested included only one fin matrix, as shown in Figure 2, After the test units
were fabricated, the ART radiator design was revised to increase the dlstance
between the NeK header and the first row of fins by 1/2" and reduce the maximum
individusl fin length to 3.3". The test units were modified to simulate these
revisions by slitting the fin matrix, as shown in Pigure 3. The slits at the
U-bend end of the matrix vere to minimize thermal stresses due to the mouniting
arrangement required in the test stand to simulate the ART radiator mounting.
The dimensional parameters of the ART radiator unit and the test units are shown
in Pigure

The test units were fabricated by York Corporation, the ART radistor vendor,
from ORNL designs and specifications under close ORNL inspection and quality
control, Test radiator specifications and preoperstional inspection reports
are included in the Appendix.
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1, Photograph of ART NaK-tfo—Air Radiator Unit.
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Fig. 2. Photograph of ART Prototype NaK - to-Air Radiator Test Unit.
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Figure 4

Table of Dimensional Parameters for“ART Radiators
and Prototype Test Units

Paired ART

Radiator _Prototypé

Units Test Unit
Rating, MW 3.5 1.73
Tube material Incohel Inconel
Tube size 3/16" 0.D. .025" wall  3/16" 0.D. .025" wall
Fin material ' .005" copper, clad with .0025"

stainless steel type 310

Pace area, ft2 6.25
Minimum air free flow area, P12 3.66
Collar & tube wall thickness, in .035
Pin area, £t2 922
Exposed collar area, ft2 5.2
Inside tube area, ££° k2,7
Mean tube area, £t2 Ihy,2.
No. of tubes 360
Wo. of tube rows 8
NeX flow aresa, £t2 .037h
NeK flow area, in® 5.34
Alr equivalent Dia., £t. 8.7 x 1077
(4 x Matrix Air Volume )

‘Matrix Heat Transfer Surface
No. of fins per bank 235
Mean NaK flow length; in 37.1
Length of air flow passage, ft 5451
1L/D ' 269

3.14
1.81
.035
Loo
20.6
16.4
20.5
180

8
.0187
2.69

8.43 x 10“3

240
37.1
«5531
269
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4.0 Experimental Program
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Test Stand Design

An elementary flow dlagram of the radiator test facility is
shown in Figure 5. A photograph of this test facility is shown in
Figure 6, The NaK was circulated by a centrifugal, sump-type pump
(type DANA), belt driven by a 40 HP . Ajusto-Spede motor. The heat
source consisted of a Struthers-Wells gas-fired NaK furnace (rated
at 1 MW) equipped with a stack extension which increased the maximmm
heat output capacity to 1.6 MW. This furnace modification made it
possible to operate the radiator test units up to aypro:d.mately 90%
design heat load at design Nek temperatures. Air was supplied to the
radiator by an American Blower Corporation type PB, size 9-42 blower
driven by a 50 HP Ajusto-Spede motor. The main NaK loop piping was
2" schedule 4O Inconel. The NaK system was equipped with an ART-
type circulating cold trap for oxide removal and a plug indicator
for monitoring the oxide level in the NaX. '

Test stand mstrmnentation included Moore Nullmatic pressure
measuring devices, electromagnetic and venturi flowmeters for Nak flow
measurements, a Dall Tube installed on the blower air intske for air

‘flow messurements, and chromel-alumel themocouples for temperature

measurements,
Test Program

The test programs proposed for both test radiators were alike and
consisted of an initial run to obtain performance data over the maximum
range of operating conditions 3 followed by endurance testing under thermal
cycling conditions.

Performance data were taken on each radiator up to approximately
90% design heat load at design NaK inlet temperature of 1500°F., Ad-
ditional performsnce data were taken for air flows up to maximm blower
capacity (representing approximately 130% of radiator design air flow)
by pvermitting the NaK inlet temperature to drop teo 120{}°P.

Endurance testing eonsisted of themal eyeling the radiator be*bwéen

1200°F isothermal operation and power operation at ART design power NaK

temperatures (1500°F in, 1070°F out). Each thermsl cycle required 4 hours
as follows: '

30 minutes transition from isothermal to design power conditions
90 minutes steady state operation at design power

- 2 minutes transition from power to isothermel operation

118 minutes isothermal operation

Test Radistor No. 1 failed during the first controlled thermal cycle.
However, it had been exposed to 8 incldental thermal cycles during the
performence run. Test Radiator No. 2 failed on the 182nd controlled thermal
cycle. Both radiators failed during the power phase of the cycle, Table
7 shows a summary of operating times for each unit. A detailed operating
history for each radistor is 1ncluded in the Appendix.
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Figure 7

Sumary of ART Test Radiator Operating History

Total Operating Hours
1200°F or Above

Total Operating Hours
With a Heat Load

Total Operating Hours
ART Design Temperature

Total No. Thermal Cycles
Cause of Termination

Location of Failure

. Test Unit Test Unit
No. 1 Bo. 2
880 862
480 ' L3z
73 310
Conditions
9 181

Radiator Tube Pailure  Radiator Tube Failure

Between NaK Inlet Between NaX Inlet
Header and Pin Matrix Header and Pin Matrix
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5.0 Radiator Performance

Heat Transfer Characteristics

A composite data plot of airside Nusselt Number versus alr Reynolds
FNumber, shown in Figure 8, compares the heat transfer performance of
both test units with a curve established from the data obtained for 10 -
500 KW radiators of similar design fabricated by York Corporation.

It will be noted that the performesnce data for the two ARD test
units are in excellent agreement and are approximately 30% sbove the
500 KW radiator curve at ART design slr Reynolds Number. These per-
formance data are presented separately for each radiator in Figure 9
and Figure 10. Data tabulations for these curves are included in the
Appendix, The same method of data reduction used for the 500 KW units
was used for the ART test units. This method is described in detail in
Experimental Report No. 7405-B-1 included in the Appendix of this report.

Air Pressure Drop Characteristics

Radiator air pressure drop data were taken both at room temperature
and during the high temperature performance run for each radiator unit. -
These data have been correlated on the basis of air pressure drop in inches
of water per tube row corrected to 60°F versus air mass velocities in
pounds per square foot of air free flow area per second. Figure 11 shows
& composite plot of room temperature air pressure drop data compared to
data taken by York Corporation on Unit No. 2. Pigure 12 shows & com-
posite plot of the air pressure drop data taken during the high tempera-
ture run for both radiators compared to a curve established from 500 KW
York radiator test data. Figure 13 and 14 show complete air pressure
drop data plots for Test Radiators 1 and 2 respectively. Data tabulations
for these curves are included in the Appendix.

NaK pressure Drop Characteristics

Initial radiator NaK pressure drop data are presented in the form
of a modified friction factor versus NaK tube Reynolds Numbers for Test
Units 1 and 2 in Figures 15 and 16 respectively. Data tabulations for
these curves are included in the Appendix., The modified friction factor
is calculated from the standard straight tube or pipe friction factor
equation

PYN - S AP
‘Dagiﬁl_

pressure drop, PSI
length to diameter ratio

Where:

tw-

velocity, £t/sec
acceleration of gravity, £t/ sec’
density of fluid, 1b/ft5

DM 4&3]1:*[%
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Fig. 15. ART Test Radiator No.1 NaK Pressure Drop Data Plot.
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However, since the radiator pressure drop measured experimentally
includes entrance and exit losses, header losses and losses due to tube
bends, the friction factor calculated from the experimental data does
not represent a true tube vall friction factor and is therefore refer-
red to as a modified friction factor.

As was the case with 500 KW radiator operation, both test units
exhibited a NaK pressure drop bulldup during radiator AT operation.
Pigures 17 and 18 show radiator NaX modified friction factor plotted
versus time compared to radiator NaK inlet and outlet temperatures
plotted versus time for Test Units 1 and 2 respectively.

NaK pressure drop for both radiators increased rapidly during initial
steady state AT operation when radiator NaK inlet temperatures were above
1300°F. This rate of increase was greatly reduced during thermal cycling
operation. The difference in the appearance of the modified friction
factor curves for the two radiators can be attributed to the fact that
Radlator No., 1 was subjected to a longer periocd of initial steady state
AT operstion prior to thermal cyceling than was Radiator No., 2.

Reliability

Both radiators operated for apprmcimately the same number of total
hours and approximately the same number of hours with a heat load.
However, Radiator No. 1 survived only 9 thermal cycles, vwhile Radiator
No. 2 was exposed to 182 thermal cycles.

Figure 19 shows a photogmph of Test Radiator No. 1 after removal
from the test stand. Post-operation metallographic exsmination of this
radiator disclosed no evidence of inciplent failure in other sections
of the radiator or even in the failed tube in the vicinity of the failure.
One of the forty tubes examined from the failure area of Radiator No. 2
exhibited grain boundary voids in various stages of development up to
continuous grain boundary separation. Although this tube containing
evidence of grain boundary voids also was associated with a Nak leak,
it is uncertain that this tube was the site of the original leak; since
the damaged area in the radiator was sufficieantly large to mask the
original site of failure, The grain boundary separations are typical
of microstructures which have undergone severe plastic strain. Thus,
it is indicated that failure may have occurred as & result of ‘over-
stressing during thermal cycling, although, as discussed below, the ap-
pearance of voids in only one tube points to the possibility of additional
causes. Details of these examinations are covered in Metallurgy reports
No. 299 and 304 included in the Appendix.

Since no evidence of incipient failure was found in radiator No. 1,

it is probable that this failure was due to a tube imperfection which was

either not detected by material inspection prior to fabrication or caused
by damage during fabrication or installation in the test stand. Wwhile

the actual failure of radiastor No. 2 has been attributed to plastic strain,
the lack of evidence of incipient failure in other than one tube implies
that this excessive plastic strain may have been due to some undetected
weakness in this particular tube rather than due to giresses inherent to
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the radiator design. However, the fact that both feilures occurred
in an area between the hot NaK inlet heater and the fin matrix, the
same area wheére fallure has occurred in four emaller 500 KW units of
gimilar design » indicates the area of the radiator most vulnerasble to
failure. The fact that a.ll radiators of this basic design which have
failed have operated with 1500°F NaK inlet temperatures during heat
load operation and that similar units operated successfully with NaK
inlet temperatures of 1450°F and below for up to 2500 hours, implies
that this temperature may be critical with regard to radiator reliability.
These tests also strongly imply that the reliability of this design is
extremely sensitive to the quality of material inspection vhich can be
maintained during fabrication. In any event, the results of these
radiator endurance tests indicate that the reliability of the ART NaK-
to-air heat dump design cannot be guaranteed for ART design pover
operation without additionsl radiator test and development work.
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Appendix 6.1

~ UNION CARBIDE NUCLEAR COMPANY
A Division of Union Carbide and Carbon Corporation
Oak Ridge, Tennesaee
- Oak Ridge National Laboratory
'SPECIAL ENGINEERING DIVISION SPECIFICATION
Date of Issue: Septe&ber 23, 1955 Jbb Specification- JsS-P3-19
Reviged: February 10, 1956 ‘ ‘Revision 1
Revised: March 22, 1956 . Revision 2

II.

Revised: September 7, 1956 . - . Revision 3

| SPECIFICATION FOR MAIN RADIATORS

SCOPE -

These specifications set forth the requirements for the:material,'fabé

rication, assembly, and testing of a system of extended surface air-
cooled heat exchangers (radiators), including necessary attendant man-
ifolds and piping.

DESCRIPTION OF UNIT -

The entire unit shall consist of individual cores made up of flat plate
fins metallurgically bonded to straight tubes in a two-pass arraengement
with tubes terminating at tube header manifolds common to two core sec-

- tlons. The tube header manifolds are welded to supply and return head-
‘ers, as shown on Drawings, F-2-02-054-2397, F-2-02-054-2509, F-2-02-05k-
4189, E-2-02-05k4- hOBB, F-2-02-054-4160, F-2-02-054-4161, which are at-

tached to and form a part of, this specification.

SERVICE REQUIREMENTS AND CONDITIONS

‘The Buyer assumes the responsibility ‘for the perfermanee—of the unit in-

sofar as heat transfer and general design characteristics are concerned.
The Seller shall be responsible for meeting the air pressure drop re- ~
quirements stated in these specifications. It is intended that these =
specifications establish rigid requirements since the service conditions
require a close approach to perfection in every phase of manufacture. -

MATERIALS OF -CONSTRUCTION

In consideration of the delivery schedule for completé‘units; the Buyer
has ordered all material specified in Section IV-A of these specifica-
tions and will supply the Seller with sufficient quantities of material

in mill sizes to febricate the number of units ordered at no cost to the

Seller. Any material received by the Seller and found to be not in ac-

cordance with these specifications will be replaced by the Buyer at no
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Iv.

A. Materials

'MATERIALS OF CONSTRUCTION (Continued)

cost. However, any costs incurred by the Seller in handling or storing
shall be to the Seller's account. All material required to replace
parts damaged or rendered unusable as a result of the Seller's workman-

ship will be supplied by the Buyer. In this instance the Seller will

reimburse the Buyer for material and transportation costs as incurred
by the Buyer.

‘The Buyer will procure the listed material according to the follov-
.ing specifications:

Inconel plate - ASTM B-168

Inconel pipe - ASTM B-167

Inconel tubing - ASTM B-167 (Buyer's Grade CX- 900A) MMS-1
" Inconel welding wire - INCO No. 62 .

Fin material - 310 stainless steel clad copper, Schedule

‘ 25.50-25. Fin to be 0.010 in, thick
A + 0.001 in. :

Brazing~material - Coast Metals brazing alloy No. 52
Aluminum povwder (atomized) - 325 mesh

Binder material - Colmonoy Nicrobraze cement

Acrylic resin - 100%

B. Material Inspection

All materials shipped by the Buyer will undergo the following in-
spections and procedures to be performed by the Buyer, and will be
certified as satisfactory for fabrication:

1. Before any material 'is released for construction it shall be
visually inspected for cracks, scale, inclusions, pinholes,
ete. A liquid penetrant dye check shall be used for disclos-
ing pirholes and cracks on the exterior of the tubes.

2. All tubing shall be inspected as described in inspection pro-
cedure IPS-2 attached to these specifications. Tubing not
meeting this specification shall be rejected. Additional
methods for tube inspection may be employed by the Buyer at
his discretion.



Pd ‘,

LS

Job Specification JS-P3-19 Revision 3

.

V.

- %2 .

September T, 1956

MATERTALS OF CONSTRUCTION (Continued)

3. The Seller shall establish a material identification system
‘and the necessary controls to satisfy the Buyer that only
Buyer inspected and accepted material is used in the fabrica-
tion of the units. This procedure shall be approved by the
Buyer in writing prior to the start of fabrication.

L. All material received by the Seller from the Buyer shall be
inspected for damage during shipment and any material found
damaged shall be rejected and reported to the Buyer's represen-
tative for disposition. The Seller shall demonstrate to the
Buyer's satisfaction that sufficient skill is exercised in the
inspection techniques to insure thorough and complete inspec-
tion for damage during shipment of all material prior to its
use in fsbrication.

GENERAL WELDING REQUIREMENTS

A.

All welders employed on fabrication of radiator units must be
qualified sccording to the attached welding operator's qualifica-
tion test, QTS-1, and procedure specification, PS-1, prior to do-
ing any work on the radiator unit or component parts thereof. T

1. The Buyer shall be notified & minimum of three working days in
advance of the actual date when the test will be taken. This
is required to allow the Buyer an opportunity to have a repre- .
sentative present while the test is in progress. Failure to
do so will be cause for repeating the test at the expense of
the Seller.

2. The "Inspector" referred to in Welder's Qualification Test
Procedures shall be designated by the Buyer.

The quality of workmanship as approved in the.welder's qualifica- -
tion tests shall be maintained throughout all production units.
Inferior workmanship shall be ceause for requalification of the
welder.

- Welds carried out with the use of a filler material shall employ

a base Inconel rod of INCO No. 62, or approved equivalent. Weld-
ing of the plates and headers shall be carried out with a filler
material. The weld Jjoint shall be cowpletely-blanketed with inert
gas both above and below the welded surfaces. :

"It is the basiﬁ‘responsibility of the Seller to use welding prac-

tices which will result in strong, sound, leak-tight welds, and
approval of materials, practices, or procedures by the Buyer is
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V. GENERAL WELDING REQUIREMENTS (Continued)

N E'O

not to be construed as relieving the Seller of this responsibility
in any manner; however, any change from procedures provided is .
subject to review and acceptance by ‘the Buyer.

All criticel welds;, including tube-to-header welds, are to be in-
spected in accordance with IPS-1, a copy of which is attached and’
becomes a part of this specification. 100% radiography is re-

quired on all accessible critical welds. Criticel welds with the
exception of tube-to-header welds are marked "C" on the drawings.

VI. RADIATOR CONSTRUCTION

A.
. B.
- C‘

Introduction

The design and construction requirements set forth in this section
of the specifications are the result of considerable experimental

work and the actual construction of a number of radiator cores of

similar geometry.

Preparation and Cleaning of Parts

1. All parts shall be machined, dimensioned, finished, and/or
bent to within the tolerances shown on the drawings.

2. The Seller shall eliminate any foreign contaminations, includ-
ing welding scale, oxides, or other foreign matter from the
radiator core. Particular cleasnliness emphasis shall be taken
on the inside surfaces of the radiator core and attendant

piping.

5. Before assembly all components shall be thoroughly cleaned
free of all oxides, oil, grease, dust, or any other foreign
material. All internal and external surfaces shall have a
bright finish. From this point every precaution shall be
taken that all parts and subassemblies are kept in this con-
dition through the completion of the unit. No pickling of
the material is permitted. :

k. After final completion of required leak tests the entire tube:
side shall be flushed with clean hot dry air and capped off
vapor-tight.

Edge Treatment of Fins

It is required that the exposed copper'along the edges of the fin
be protectively coating against oxidation effects. The following

ey,
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VI. RADIATOR CONSTRUCTION (Continued)

procedure for edge treatment of fins has been employed and sat-
isfactory results obtained:

A mixture of aluminum'powder (approximately -325 mesh) and acry-
llc resin is prepared, having the consistency of paint. The
material should be applied to the edge of the fins in a thin
uniform coating.

The fins should then be furnaced for one-hour at a temperature
of 800°C in an inert dry atmosphere of helium having a dew point
of -TO°F or less.

‘No coating of the flat faces of the fins is permitted. It is

recommended that fin edges be coated prior to the hole punching
operation. Fins may then be tightly clamped, coated, and fur-
naced in a block form. Excessive temperatures or furnace time '’
may result in sticking of the fins. Excessive undiffused alum-
inum should be removed from the fin edges and flat surfaces.
Minimum penetration for edge treating shall be 0.003".

Alterrate methods for edge treatmeht of fins may be used by the

Seller, but in any event the method to be employed must first
be submitted to the Buyer in writing for prior approval., All
materials to be employed in the process should be included in
this submittal.

Bending of Tubes

1.

Tubes shall be bent to radii specified on Drawing F-2-02-054<-.
2509. All tube bends are to be smooth uniform benas, free fram

tube kinks, nicks, or flats.

The amount of flattening of any tube shall not exceed 5% of
the nominal tube diameter as a result of the bending operation.

The ends of the tubes may be tapered on the OD to facilitate
assembly in the tube sheet providing all of the tapered por-
tion is remcved after assembly. ‘

After tube bends are made, each bend is to be dye-checked in
accordance with IPS-2. Any indication of a defect will be
cause for rejection of the tube.

Special Welding Requirements

1.

Tube-to-header joint welds shall be carried out without use
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- . VI. RADIATOR CONSTRUCTION (Continued)

of a filler material. -Minimum cross sectional area of tube
ends, after welding, shall pass a 1/8 in. plug gage inserted -
into the welded tube end. The weld shall be equivalent to

that shown in Fig. 1.

a. No reaming permitted

b. No undersize holes are permitted. Headers having under-
" size holes will be examined on an individual basis for our
purposes to determine the disposition of the unit.

Machine welding equ pment (recommended)

a. D.C. power supply with an available current in the range of
3 to 100 amperes, such as a motor-generator set equipped
with a resistance supplement.

b. Remote current control device to vary the current at the
location of work from T5 amps to approximately 5 amps.

c. High frequency current superimposed on the D.C. welding
eurrent for remote striking. e

d. A welding contactor.

e. A varigble speed rotating head (O to 8 in. per minute, cir-
cumferentially) .

Manual welding equipment required is the same as in (a) and

(b) above.

Welding Technique

The data listed below produced satisfactory welds and is in-

cluded here as typicel only. The Seller shall develop satis--

factory techniques and shall demonstrate these techniques to

the satisfaction of the Buyer prior to the production of the

radiator units:

Tubes - 0.190-in.-0D, 0.017-in.-wall

Tube sheet - 0.183 in.

Arc distance - 0.05C in.

Welding arc travel- 6 in/min.

Cup size - 3/8 in. opening (min)

Electrode - thoriated tungsten 1/16 in. and pointed

Electrode projection from cup - 1/4 in.

—~—
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RADIATOR CONSTRUCTION (Continued)

Typical tube
weld travel

Argon flow through torch - 20 cfh

Argon backup gas flow - sufficient to prevent oxidation of

internal surfaces :

 90° Max.
over-run

90° current
taper

F. Brazing Requirements

L.

2.

Fins shall be metallurgically bonded to the tﬁbing by braz-
ing of the fin collar. »

Brazing material

Brazing material to be Coast Metals brazing alloy No. 52, or
approved equivalent. Binder material shall be "Colmonoy Nicro-
braze Cement" or approved equivalent. The brazing meterial
must be applied to the fin tube joints in the form of pre-

sintered rings, slurry, or dry powder. The application of the -~

brazing alloy shall be the responsibility of the Seller but
the Buyer will, upon request, make suggestions and recommen-
dations.

Application
a. Fin-to-tube Joint

Brazing material shall be applied at each fin collar tube
joint in a manner and quantity to produce a uniform
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VI. RADIATOR CONSTRUCTION (Gemtinued)

distribution of the braze material around the Jjoint. Ex-
cess application of braze material will cause a blocking

- of ‘the air-flow passages between the fins, while insuffi-
cient use of braze material will result in a poor metal-
lurgical fin bond.

The quantity of braze material applied must be sufficient

. to cover the exposed copper at the fin collar with braze
‘material and produce a Joint equivalent to that shown in
Fig. 2. Proper clearance must be provided between the fin
collar and tube in order to insure production of a good

- metallurgical bond without the use of excessive brazing
alloy. Excess brazing alloy may cause dilution of the tube
walls. The method of application of the brazing alloy and
the brazing technique shall be approved by the Buyer. -

Excessive brazing alloy is defined as follows:

Throat measurements for a true radius fillet braze shall:
be between 0.010 and 0.040 inches from corner of tube and
header or fin intersection to surface of braze material.
The maximum height shall not exceed the height of the fin’
collar.

Care shall be taken to prevent block-off of the free flcwf“
cross sectional area of the exchanger by excess brazing
compound or fin warping.

b. Tube-to-header Jjoints

All tube-to-header joints shall be backed up with braze-
material as shown in Drawing F-2-02-054-2509 and shall pro-
duce & brazed Jjoint equivalent to that pictured in Fig. 1.

Brazing

Brazing shall be carried out in a closed retort completely =
purged with helium to eliminate all oxygen before heat is ap-
plied. Brazing shall be carried out in an inert atmosphere
of hydrogen having a dew point of -T0°F. The exchanger core
is to be brazed in such a way that the core is held for one-
half hour at a temperature of 18T0CF to 1905°F. Caution

. 'Should be exercised in controlling the cooling rate to prevent

warping of the core. The core is to be brazed on the side to -
preventexcessive bulldup of brazing alloy at the bottom of the
tubes. Provisions should be made whenever possible to prevent
dripping of brazing alloy from one section of the radiator to
another.

L
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VI. RADIATOR CONSTRUCTION (Continued)

Alternate proposals for brazing technigues will beée considered
by the Buyer. The entire brazing techniques to be employed by
the Seller shall be approved by the Buyer.

The Seller shall provide the Buyer with a small sample core
section consisting of six tubes and a minimum finned length
of two inches. This sample core section shall be brazed with
each large core section and shall serve to permit a means of
examining the brazing on the larger core section. Tube sizes
and spacing, fin spacing, and materials shall be identical to
the large core section. A photograph of a sectioned brazing
core sample is shown in Fig. 3...Brazed samples shall be ac-
companied by information 8s. t -brazing time and temperature.
A system should be established to permit identification of each
brazed sample with the accompanying radistor core.

The core sample shall be air expressed to the Buyer, accompan-
ied by the brazing report, for approval prior to assembly of
the production core into a radiator unit. Within 48 hours af-
ter receipt of the braze sample, the Buyer shall notify the
Seller as to the acceptability of the brazing. In the event”
the sample section is rejected, a representative of the Buyer
shall inspect the production core. If the production core is
unsatisfactory, the Buyer's representative shall determine the
extent to which repairs are permissible on the radiator core.
Repairs are to be at no cost to the Buyer.

G. Assembly Sequence for Radiator Core (Recommended)

The assembly sequence for the radiator unit appears on Drawing
F-e-oa-osh 2509.

Trimming and fitting of the tube ends-projecting into the tube’
header shall be carried out without the use of abrasive, grinding
compound, or cutting oil. Extreme care shall be taken to prevent
trapping any foreign material- between ‘the tube wall and header o
holes ’

Positioning of the tubes into the tube header shall be carried

out in such a manner as to prevent cracking or stressing of the
R tube and to permit proper flow of braze material between the tube
and. header. Tubes are to be expanded to a maximum depth of 1/8 .
in. Reduction of the tube wall thickness shall not exceed 5%. P
To insure maintenance of tolerances on the tube expanding proce- i
dure, a quality control procedure shall be established and sub-
mitted to the Buyer for prior approval.
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VI. RADIATOR CONSTRUCTION (Continued)

No tube that is nicked, dented, scratched, or damaged in any way
before or during assembly shall be used in the radiator core
assembly. Use of any damaged tube in a radiator core shall be .
cause for rejection of the unit..

VII. MECHANICAL TESTING

R A. Leék Tests -

1. Leaks shall be determined by use of & mass spectrometer leak
detector (Consolidated Vacuum Corporation Standard Model or
equivalent) with a sensitivity of 5 x 10-4 ft3/hr. System
sensitivity shall be established before each individual test
is made through calibration of the detector unit with a stan-
dard leak.

2. After completion of the tube-to-header welds and prior to the
back-brazing of the tube-to-header- joints, the tubes shall be
exhausted to a pressure of 10 microns or less. The outside -
of the radiator core shall be submerged in an atmosphere of
helium and the unit tested for leaks.

3. In the event leaks are found they shall be repalred and” the )
_core tested, as in VII-2 above.

4. Upon completion of the leak testing above, the unit shall be
brazed. After the inside weld tying the two core halves to-
gether at the header is made, the unit is exhausted to 10
microns or less and the outside of the unit is probed with
helium using the mass spectrometer on highest sensitivity.
All leaks are to be repaired and the unit retested until leak
tight.

' ~ 5. The completed assembly of radiators, headers, and manifold

R piping shall be hydrostatically tested with clean tricé¢hloro-
ethylene at a pressure of 315 psig. The bundle unit shall be
sniff tested with a halide torch and all leaks found shall be
repaired.

6. The entire completed assembly of radiators, headers, and mani-
fold piping shall be leak tested as in Part 2 above.

R T. - In the event leaks occur, they shall be reported immediately
to the Buyer. Repair techniques to be employed must have prior
Buyer approval. The unit is then retested as in Parts 5 and 6
above. :

8. Any and all leaks found are to be recorded and such informa-
"~ tion be made available to the Buyer.
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VII. 'MECHANICAL TESTING (Continued)

9. Any connections made for- testing by the Seller are to be re-
moved by the Seller after testing unless otherwise specified.

B. Air Pressure Drop

1. After brazing.and prior to assembly of the radiator core
halves, an air pressure drop test shall be carried out on
each radiator core section.

The test shall be carried out under isothermal flow conditions
with measurements made to determine air pressure drop and air
- flow rate. Air flow measurements shall be made by calibrated
- flow nozzle, pitot tube or pitot venturi methods. The test
setup, methods, and instrumentation shall be approved by the
Buyer prior to running any radiator core tests. V

Pressure drop measuremends on the unit shall be made to deter-
. mine that the total drop does not exceed the walue indicated
by data taken on air pressure drop tests carried out’in the
‘Buyerts plant on similar core geometries. Information will be -
furnished by the Buyer to the Seller giving the pressure drop
in inches of water versus air flow rate for the radiator tests.
A mass velocity flow range of approximately 1.5 to 5.0 1b/ft@
sec will be required across the radiator core. It is estimated
that the pressure drop will not exceed 11 in of water at the high
flow. A minimum of five test points scattered at ‘approximately
equal intervals through the test range shall be taken. All test
data points teken shall be reported in the test.. Methods of
calculation and treating of the data shall be the responsibility
of the Seller but final acceptance of the test results shall be
reserved to the Buyer.

The Buyer shall be notified sufficiently in advance of all pres=
sure drop tests to permit witness of such tests. ™ =/

2. Additional tests may be required by the Buyer but these tests
will be at the Buyer's expense. ,

VIII. GENERAL SPECIFICATIONS

A. Bids "_“““'
Basic bid proposals shall be in strict accordance with these speci-
fications, and shall bear a statement to that effect.  Adequate
information shall be submitted with the bid so that it may'be pro-
perly evaluated by the Buyer.
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' VIII. GENERAL SPECIFICATIONS (Continued)

Bid proposals in strict accordance with these specifications will
be given prior consideration. However, if the bidder desires to .
submit an alternate proposal, the bid shall fully state any ex-
ception to this specification and shall list such underxa_sepa—
rate section headed "Exceptions to the Specification".

Information given in drawings or otherwise supplied by the Buyer
constitutes assistance to the Seller, but shall not remove the
responsibility from the Seller to produce ‘a mechanically sound
product in accordance with these specifications and with the best
engineering and manufacturing practices.

Design Approval

Within four weeks after the order has been received by the Seller
and before fabrication is begun, the Seller shall submit to the
Ruyer six copiles of approval drawings covering complete fabrica-
tion of the unit; together with presentation of all methods and
procedures proposed by the Seller which differ from recommenda-
tions of the Buyer. This submission may be Union Carbide Nuclear
Company drawings revised as necessary by the Seller;”accompanied
by such shop drawings and instructions as may be necessary for
the fabrication of the units.

Within two weeks after receiving the above material, the Buyer
shall notify the Seller on the design approval. Only after the
Buyer grants approval in writing shall the Seller proceed with
fabrication.

The applicable Union Carbide Nuclear Company job specification
and purchase order number and revision number shall be marked on
each drawing, preferably in the title block.

Checking and/or approval of drawings, bills of materials,'etc.,
by the Buyer shall not relieve the Seller of the responsibility
for errors of omission or commission. Approval by the Buyer
shall not be construed as waiving any part of the specification,
unless it includes a specific written statement to that'effect.

Any proposed variation from these specifications and"any proposed
changes after design approval has been granted shall be reduced

'to writing by the Seller and submitted to the Buyer for consider-

ation. The minutes of any meetings between the Buyer and the
Seller shall also be reduced to writing by the Seller with a copy
to the Buyer. No change shall be put into effect untll written
approval has been granted by the Buyer.
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VIII. GERERAL SPECIFICATIONS (Continued)

T Correspondence
All correspormdence shall bear reference to the Buyer's purchase
order murber and to the applicable Union Carbide Nuclear Company
Jjob specification number and revision number.

D. Reprcducible Drawings

'Within two weeks after the receipt of design approval from the
Buyer, the Seller shall supply to the Buyer the number of com-
plete sets of positive reproducible drawings specified on the _
Inquiry and Purchase Order. Drawings shall bear a signed state- ~
ment certifying that they are correct and complete for the §r0~
ducts- to be furnished under this specification.

All drewings shall bear the Buyer's purchase order nuﬁbér and the
applicable Union Carbide Nuclear Company Job specification number.
-and revision number. Reproducible material shall be shipped flat
or in a tube, not folded. Submission of reproducible drawings
may be made by revising those furnished by the Buyer and certify-
ing as stated above. Included with the drawings shall be‘an out-
line of the procedures employed in assembly, brazing,_and welding
operations.

Any of the above material which is revised shall be submitted to
the Buyer within one week after the change is approved.

E. Certification of Materials ‘

When requested by the Buyer or where called for in the® specifica-
tion, the Seller ghall furnish certification that all nmidterials
furnished by the Seller for use in the fabrication of the"products
covered by this specification are in accordance with thege speci-
fications, applicable ASTM standards (or other standard specifi-
cations) and/or the manufacturing material list.

F. Identification

Bach assembly shall be plainly marked on a nameplate securely
wired to the menifold piping with the manufacturer's model and
‘s&rial numbers, and the appliceble Union Carbide Nuclear Company
Jjob specification @nd purchase order number and revision number,
for example° "JS-P3-19, Rev. 0".

In the absence of such marking, the material may be rejected and
returned to the Seller for correction; transportation charges in
both directions te be peid by the Seller.
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G.

'VIII. GENERAL SPECIFICATIONS (Coﬁtinued)‘»

Progress and Delivery Schedules:

‘Upon receipt of order approval, the Seller shall initiate a

monthly progress report covering the work performed under these
specifications. These reports shall contain information relat-
ing to the status of the work in the Seller's plant and the sta-

" tus of drawings, tooling, and supply-of the materials and equip-

ment. In general, the reports shall indicate items pertinent to
the successful completion of the job on schedule. Four copies
of this report shall be forwarded to the Buyer.

Tests and Inspection

The Buyer-shall have the right to have representatives who shall
be given free entry to all parts of the manufacturing works which
concern the products covered by this specification, at &ll times
when work on the products is being performed. The Buyer shall
be furnished, without charge; all reasonable facilities to sat-
isfy him that the work is being performed within specifications°

To permit the Buyer to witness all tests, welding, and brazing,

the Seller shall notify the Buyer at least three days in advance
of performance of all test; welding, and brazing operations re-

guired by this specification

The Buyer shall have the right, at any time, to reject any and
all products upon which the materiasl, workmanship, identification
and /or performance does not comply with the tests and specifica»
tions as outlined or referenced herein.

A complete inspection report covering each’ radiator unit” produced
shall be forwarded to the Buyer on completion of the radiator
unit. The report shall inelude all photographs, dimension checks,
¥acuum tests, temperature time reports on brazing cycles, etc.,
for every unit.

The results of all tests and other information required under
these specifications shall be recorded and four copiés oOr one
reproducible copy shall be submitted to the Buyer prior to ship-
ment of the product to which the test results are applicable.

Preparation for Shipment

Each assembly furnished under this specification shall be pack-
aged in such a manner &8s to provide ample protection from dam-
age during handling, shipment, and siorage.
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VIII. GENERAL SPECIFICATIONS (Continued)

Original
Original
Original
Revision
Revision
Revision
Revision
Revision
Revision
Revision

eApproved

Approved

Each package shall be marked with the Manufacturer's name and
address, the Buyer's purchase order number, the quantity of units,
and the applicable Union Carbide Nuclear Company job specifica-
tion and purchase order number and revision number.

A packing slip shall be attached to each shipping container and
shall contain all the information requested 1n the preceding
paragraph.

Warranty

‘A1l equipment specified under this specification shall be covered

by the provisions of the Buyer's standard warranty clause.

Brand or Trade Names

Any use in this specification of brand or trade names is intended
to be descriptive and not restrictive and is solely for the pur-
pose of indicating the type or quality that will be acceptable.

prepared by: B. E. Black
approved by: A. P. Fraas
approved for issue by: W. F. Boudreau
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approved by: A. P. Fraas, W. G. Piper
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approved by: A. P. Fraas, M. Bender
approved for issue by: W. F. Boudreau
prepared by: J. W. Teague
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Appendix 6.2
Radiator Pre-Operationsl Inspection Reports
York Test Unit No.l, P.O. No.34003
March 25, 1957
The subject test unit has been received and eveluated. This unit was
initially rejected by E. A. Jaggers, the resident inspector at the vendor's
plant, for incomplete brazing. The unit was sent to ORNL at the task engineer's
request to be used for test purposes.
The inspection comments on the unit as received at ORNL, are listed below:

Visual Inspection

Outlet pipe: Weld C-18, the cap weld at the end of the outlet pipe,
-has small areas of incomplete penetration and what appear to be
small craters.

Header A: Weld C-4, the outside seam weld, has a very uneven appearance.
Weld has apparently been repaired in several areas., Several cover
passes terminate in the same location,

Header B: Acceptable.

Inlet Pipe: Weld C-15, the inlet cap weld, has uneven penetratién and
small craters on the stringer beads. Some weld splatter noted
at the weld bead edges.

Tube-to-Header Brazing: Joints on the outer tube rows of both headers
exhibit some lack of brazing alloy flow.

Tube-to-Fin-Brazing: Almost all joints have skulls, indicat reme
lack of brazing alloy flow. A number of broken brazin alley\ ings
can be seen near the ends of the fin banks. These appear to Have
been broken during assenmbly. ' 4

Dye Penetrant Inspection Giﬁ

No defects noted, other than the surface defects discussed above.

Radiographic Inspection

Welds C-1 thru C-10, and C-15 thru C-17 are acceptable.

Weld C-12 exhibits one area of apparent lack of penetration or under-
eut, Weld C-1h exhibits one questionable defect.

Tube-to~Header Welds - Acceptable.

sy N
e
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Control Sample Inspection

See Met. Insp. Request No. 319.

U Jbey

, The unit was modified at the Y-12 shops bj\saving the fin bank in severalA
areas. Inspection comments of the unit after mddgfic ion are listed below:

Visual Inspection:

1. Mechanical cut, approximately 0.005" deep, on tube No, 360 close
t0 the fin collar on the header end of the fin bank. This de-
fect could not be repaired because of the proximity of the brazing
alloy.

2. Sharp dent, approximately 0.3"” long by 0.005" deep, on the return
bend of tube No., 330, This defect was repaired at the Y-12 weld
shop.

3 'Mechazical cut, about 0.001" deep, on the return bend of tube
No. 360.

4, Nine minor defects on the return bends of tubes No. 348 thru 353.
- Defects range from 0.0005" to 0.00L" deep.

" 5. Seversl flat dents on the return bends of tubes No. 325 thru 328,
33L thru 336, 338 thru 340, 343 thru 345, 347 thru 350 and 352 thru
356, inclusive.

6. Dent approximately 0.00L" deep, on the return bend of tube No. 45.
Photographs of the above defects are on file, along with the resident in-
spector reports, vendor reports and drawings and pertinent correspondence, in

the Met. Insp. group files. The tube numbers referred to are shown on York
Corp. drawing No. 91956. :

A. Goldman
Met. Iunsp.
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Visual Inspection Report No. 2

York Radiator Test Unit Ho. 1

Defects Rumbered 1 thru 5:

Defect No. 1: Mechanical cut 5 to 10 mils deep located on ‘tube No. 360. Close
to fins, header side of fin bank.

Defect No. 2: Sharp dent 5/16" long x a.pproi:imately 10 mils deep. Located on
return bend of tube No. 330.

Defect No. 3: Mechanical cut approximately 1 mil deep. Located on return bend
of tube No. 360. E ‘

Defect No. 4: Nine cut places (6 different tubes) tube return bend section be-
tween tube No. 348 and tube No. 353, Defects run from 3./ 2 to 1 mil in depth
and 1/16" to 1/8" in length.

Defect No. 5: Flat dents return bend area, tube Nos., 325 thru 328, 331 thru
336, 338 thru 340, 343 thru 345, 347 thru 350 and 352 thru 356, inclusive.

Defect No. 6: 1 mil defect oﬁ return bend of tube No. 45.

Numbers as per York Co, Dwg. No. 91956,

York Radistor Test Unit No. 2
Visual Inspection After Modification by Y-12 Shops

Defect on Tube No. 315 was .009 to .0l3 in depth. Repaired by welding. Depth
of defect on tubes No. 310 thru 314, inclusive. Range from .00l to .009, not
repaired.

Tubes No. 188, 190, 207 thrau 223, inclusive. Have scratch indicators 1/8"
“*from fin bank. Estimated depth 1/2 to 2 mils in depth. These defects were
made during mod.ificativon.

ms\
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Appendix 6.5
§ EXPERIMENT REPORT COVER SHEET Task Ho. 7405

S. J. Cromer | Experiment No. 7405-B-1
H. W. Savage
J. P. Lane Date Jan, 11, 1956
E. R. Dytko
A, P. Frass Title Method of Calculating 500 KW
H. Poppendiek
J. C. Amos Radistor Heat Transfer
L. H. Devlin
J. G. Turner Coefficients
J. W. Cooke
L. R. Enstice Work Requested by E. R. Dytko
R. 'E. MacPherson o '
R. D. Schultheiss Prepared By R. D. Peak
R. D. Peak :

Performed By R. D. Peak

Approved By R. E. MacPherson
Work Required. of Others and When Promised ‘ None

#

Experiment Status: Complete X Contimiing Other

References: See Page 10

¥Explain
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Experimenﬁ No. Th05-B-1 .

JINTRODUCTION

A large number of heat transfer calculations must be made from the
experimental dsta collected on a number of very similar 500 kw NaK-to-Air
radiator units. As the method outlined in Reference 1 could lead to very
tedious calculations, a number of assumptions have been made and a series
of charts have been prepared which simplify greatly the task of reducing
the experimental data. The purpose of this report is to outline the as-
sumptions and calculations which were necessary for the preparation of the
charts and to show the resultant method for data reduction.

The perameters of the radiators vary because of tubing size, number of
fins, and thickness of fins. However, the method is the same for all and
the only correction required is that for the number of fins vhich effects
the air side heat transfer area, free flow area, and equivalent diameter. The
parameters of a particular radiator unit are given in Table 1 in order to show
the calculations necessary for the charts and to demonstrate the method., The
calculations follow a series of steps listed below:

1. Radiator tube Reynolds Number, Figure 1

2. HaK side heat transfer coefficient

3. Tube~wall plus fin-collar heat transfer resistance

4. Tube-wall, fin-collar, and NaK side combined resistances, Fig. 2

5. Log mean temperature difference correction factor

6. Average fin thermal conductivity, Figure 3

7. Fin efficiency, Figure 4

8. Air pmﬁerty values, Figures 5, 6, 7

9. Radiator calculation (A sample calculation is included)

Rt
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Experiment No. Th05-B-1

1.

RADIATOR TUBE REYNOLDS NUMBER

Re= DG = (.O115 £t 60 = 12,43(gpm)(p)
T &TT’?.EB% {.OEOE;TT‘Q;—)-)—(Eft 2’ k)

Re = (Factor)(gpm), where Factor = 12.43 %g;
n

Temp. °F Factor for NaK, 56%-4uid%

700 1093 |

1000 1318

1300 ik72

1600 1593

Figure 1 shows the plot: PFactor vs. Temperature,

NaX SIDE HEAT TRANSFER COEFFICIENT

The ILubarsky-Kaufmann equation of Reference 2 was used.

Nu = .625 (Re Pr)"*

L
= .6 *
by k { 25})}13e Pr) |
he =k (.625)(Factor) *(gmm) H(pr) **

(.0115 £%)

The temperature dependence of h‘N wag calculated and is shown below:

Temp. °F b/ (ggm) o
700 2180
1000 2160
1300 . 2160
1600 ' 2140

Since the values of hn/(gpm) 4 are nearly constant with temperature,

it is assumed that h‘N can be adequately expressed by:

hy = 2160 (gpm)‘l* = BIU/hr ft2op

UNCLASSIFIED
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5. TUBE-WALL PLUS FIN-COLLAR HEAT TRANSFER RESISTANCE

The Inconel thermal conduétivity of Reference 3 was used. ~No al-
lowance was made for the higher conductivity of the fin-collar nor for
the braze material.

Rg=_%t =_.035in = hr °F/BIU

kA x(8.68 ¢

t
The temperaturev dependence of R’c is shown below:
©:

Temp. °F f‘_?_
700 3.01 x 1077
1000 2,60 % 1077
1300 2.25 x 1077
1600 1.98 x 1077

i, TUBE-WALL, FIN-COLLAR, AND NaK SIDE COMBINED RESISTANCES

The combined resistances are a function of both temperature and
NaK flow. A multiplier of 10,000 was introduced to make the numbers
more convenient to work with. :

Combined Resistances = 10,000 + 10,000 t = 10,00 + 10,000R
by Ay kA 2160(gpm)  (6.92 £t2 K
= 10,000 +R_ _hr °F

, 1.
Z160(epm) ‘*(6.92 T58) = BIU

The table below lists the combined resistances as a function of tempera-
ture and NaX flow:

NaX Flow, gpm 30 50 70 0

Temp. °F

700 LT3 Lh1 ok .12
1000 A32 -- -- A7
1300 397 - - .336
1600 .370 <339 .321 .310

Figure 2 is a plot of the Combined Resistances vs., Temperature and NaX flow.

' UNCLASSTFIED-
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In the calculation method it is assumed that the temperature drop
through the NaK film and the tube-wall plus fin-collar could be neglected
and that the combined resistances could be based on the average NaK tempera-
ture.. At the rated heat load, 500 kw, with s NaK flow of 70 gpm, and average
temperature of 1200°F, the total temperature drop through the combined re-
sistances is 62°F which would shift the combined resistance only 1.4%.

LOG MEAN TEMPERATURE DIFFERENCE CORRECTION FACTOR

The correction factor for the log mean temperature difference. given.
in Reference 4 for the case of cross flow, shell fluid mixed, two tube
passes, shell fluid flows across second-and first passes in series, was
calculated for 1k different radiator -heat transfer tests. The correction
factor varied from .98 to 1.00 and so for further radiastor tests it was as-
sumed that it could be neglected.

FIN AVERAGE THERMAL CONDUCTIVITY

The fins are copper clad with Stainless Steel type 310, They are ap-
proximately 50% copper and 50% stainless steel. The thermal conductivity
of copper given in Reference 5, and of stainless steel type 310 given in
Reference 6, were averaged in order to obtain a reasonable fin thermal gon-
ductivity. The data is summarized below: The k is listed in BIU/hr £t°°F/in.

Stainless

Copper Steel 310 Fin
Temp., °F k k k
600 2550 11k 1332
800 2510 120 1315
1000 2470 137 1304
1200 . 2hho ' 166 1303
1400 2400 208 130k

Figure 3 is a plot of the Fin Thermal Conductivity ve. Temperature.

As the figure shows, the thermal conductivity is very nearly independent
of temperature over a wide range of temperatures so it i1s assumed that the
fin temperature used for obtaining the thermal conductivity can be taken a,t
the Average NaK ﬁemperature. \

FIN EFFICJZENCY

The fin efficiency curve given in Reference 1 was replotted in a more
convenient scale and is shown in Figure 4,

UNCLASSTFIED
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AIR PROPERTY VALUES

A number of air property values are necessary for calculating the
radiator heat transfer data so three figures were made for convenience. -

The air density was calculated using the Ideal Gas Law and assuming that

29 1b of air occupied 359 £t3 at 32°F and 1L4.7 psia. Figure 5 is a plot
of Air Density vs., Temperature and Pressure. The viscosity and thermal
conductivity of air were taken from Reference 7. Figure 6 is a plot of
Alr Viscosity vs. Temperature, while Figure T is a plot of Air Thermal
Conductivity vs. Temperature.

Air enthalpy values for calculating heat loads are most conveniently
taken from Reference 8. However, this assumes that only dry air is
heated in the radiator and no correction is made for the water present
as humidity. Reference 9 gives air at 80°F with 100% humidity to con-
tain only .022 1b water per 1b dry air.. In the sample calculation which
follows and using the heat capacity chart of Reference 10, an assumption
of 100% humidity changes the air heat load from 506,000 BIU/hr for dry air
to 509,000 BJ!U/hr, or less than 1%.

All air flow calculations are based on the assumption that atmospheric
pressure is constant at 14,7 psia. The astmospheric pressure does vary and

may be only 29.1 in Hg. Taking in account the actual atmospheric pressure

in reducing the pitot-venturi or the pitot-static output pressures to air
flow in 1b/hr would decrease the air flow only about 3. The decrease air

‘flow would then decrease the best average heat load, the air heat transfer

coefficient, and finally the Nusselt Number by about 2%. However, as the
decreased air flow also decreases the Reynolds Number by %, the assumption
is largely self compensating and does not change the final heat transfer
correlation.

RADIATOR CALCULATION

The method follows from Reference 1 which gives the following heat
transfer equation in the form of a summation of resistances:

10,000 &7y . 10,000 + 10,000 t + 10,000
1 By A KA b (A +PA)

BIU/hr, best average heat load

q =
AE[‘IM = °F, log mean temperature difference
1 = in, tube~-wall plus fin-collar thickness
by = BIU/hr ptop ; NaK heat transfer coefficient
k = BTU/hr ft2°F/in, tube-wall plus fin-collar thermal conductivity.

UNCLASSTIED
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BTU/hr ff2°F, air heat transfer coefficient

h =
a
AN = ft2, NaK side heat transfer aresa
At = fte, mean tube-wall plus fin-collar heat transfer area
Ac = fta, air side tube-collar heat transfer area

fte, air side fin heat transfer area

w >
]

fin efficiency

Step 1. From the NaK flow and the in-out temperatures, calculate the
NaK heat load based on the heat capacity at the average temperature.

Step 2. From the air flow and the in-out temperatures, calculate the air
heat load based on the enthalpy values given in Reference 8.

Step 3. Average the air and NaK heat loads to obtain g, the best average
heat load. If there are several NaK heat loads obtained from
the venturi and the E.M. flowmeter, and several air heat loads
obtained from the pitot-venturi, the pitot-static, and nozzle,
select the best two to average. If there are two radiator units,
divide the heat load by 2 in order to get the heat load per unit.

Step 4, Calculate the log mean temperaﬁure difference, AT .., from the.
= - Nak temperatures.in and out, and air temperatures n and out.

Step. . Calculate the air film temperature by averaging the NaK and air
"~ tempersatures, in and out.

StegAG.ﬂ Calculate:

10,000 AT,
—

Step 7. From the NaK flow (divide by two if there are two radiator units)
and the average NaK temperature, obtain from Figure 2:
110,000 + 10,000 t

e

Step 8. Calculate 10,000 by the following equation:
ha(Ac + pAf)

10,000 = 10,000 AT, - 10,000 + 10,000 t
h (A + PA ‘ hN k At

ave TF q

UNCLASSIFIED
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P

.. Step 9. Several trial and error calculations are usually required using
Figures 3 and & - before the terms: 55, ha’ kf, all agree such that
- ha can be calculated from:

10,000
’_ha(Ac + QA fT

St/eg‘i(); Using Figure 7 and ha s calculste the Nusselt Number based on the
© alr £film temperature,

Step 11. Using the air flow rate, divided by two if there are two radiators,
and Figure 6, calculate the Reynolds Number based on the air film
temperature.

SAMPLE CALCULATTON

' The example is from the data taken on the radiator, York Corp. No. 2,
on 10/8/55, at 0230 hr, after the radiator had been hot for 224 hours.

Step 1. NaK temp, in I06L°F  NeK flow, venturi 75.2 gpm

, -Difference 98°F
- . Aversge 1012°F  cp = .248 BTU/1b °F, p = 48.7 1b/ft”

q = 75.2 gm (60)(48,7)(.248) (8F) - 711,000 BIU/hr

Step 2. Air temp. in  80°F Air Flow, pitot-venturi 2350 lb/hr

out - 946°F
Difference F
Average 513°F

at 946°F, air enthalpy 344.47 BIU/1b
80°F 129.06 BTU/1b

Difference  215.41 BIU/1b

q = (215.41)(2350 1b/hr) = 506,000 BTU/hr

Step 3. g = 714,000 + 506,000 = 610,000 BTU/hr
, 2

Step 4. NsK temp. in  1061°F NaK temp. out  963°F
Air temp. out o46°F  Air temp. in :-.BO?F

. R Difference 115°F Difference  883°F

m’m = 883 - 115

In 083
115

= 377°F

T el Lt ,
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v Step 5. Air film temperature = 1061 + 963 + 946 + 80 = T62°F
. i

- Step 6. 10,000 mm = 10,000 (377°F) = 6.18

q 610,000 BIU/hr

Step 7. From figure 2, with a NeK flow of 75 gpm and mean temperature of

1012°F, 10,000 + 10,000 t = .38

by Ay kA
Step 8, 10,000 ¢
g . = 018 - .38 = 5080
B (& + §A)
Step 9, For this radiator, A =8 fte, and A, = 210 £t2, assume b, = 8.25,
then: ha
—— = 157 using k, = 109 from Figure 3. From Figure L,
£
Y 525 = .,956. Then ha is calculated again to check:
- h, = 10,000 = 8,25 BIU/hr ££o°F
. - (8 + .956 x 210)(5.80)

Step 10. For this radiator, the air side egquivalent diameter is .00832 ft.
At the air film temperature of T62°F, k is .0305 BIU/hr £t°F.

Nusselt Number = h D = (8.25)(.00832) = 2,25
| 2. (-0505)

. 2

Step 1l. For this radiator, the air free flow area is .509 £t . i

At the air film temperature of T62°F, p is .0793 1b/hr f£t.

Reynolds Mumber = D G = (.00832)(2350 lb/hr) = 485
: M (.0793)(.509)

ey
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Air free flow area, ft

Experiment No. Th05-B-1

Table 1
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Parameters of 500 kw NaK-to-Air Radiator, York Corp. No. 1l

Drawing Number

- Tube Materiel
" Number of Tubes

Tube outside diameter, in.

Tube wall thickness, in,

NaeK side equivalent diameter, ft.
NeK free flow area, 2t2 ‘
NeK side heat transfer area, £t2

 Tube-wall plus fin-collar thickness, in.
'Metm tube-wall plus gin-collar heat

transfer area, ft

 Fin Material

-Number of fins in vertical stack

Air side fin heat transfer area, 2

Alr side tube-collar hés.t transfer area, ft

2

Alr side equivalent diemeter, ft.

 UNCLASSIFIED

DSK 16590
Inconel
72
1875
.025
L0115
.007h2
6.92
.035
8.68

Stainless Steel type 310 clad

Copper, .0l0 in thick,

schedule 25-~50-25

25k
210

8
.509
.00832
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Performance Data Tabulations
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Appendix 6.6.9
Semple Raw Da.ta‘Sheet
. IHE -~ Stand C
Data Taken by _
D. R. Ward Engineer Run__ 111
B. C. Williams Technician Date 8/28/57
Upper GridV(West Side) /30/ 63 NaK EM No.1l /3.« mv
305 310 315 320 NeK /3// °F 1 ‘Pwnp &Z&o.rxﬂn w1 L2272 7 722 _1b/hr
' In' /3,2 °F 57 —
3 /36 op ave. [
30 309 A1 319 L3LD : Pump Disch. g2, $psi _ psi
1260 ¢ NaK (500 °F 2 " ‘corrected
605 % 5% = out_ss5gg gzgg Pump Surge o/ 2 psi
: ' 1390 JJ—QQ— . Cold Trap =
502 7 317 Na.K /70 EM No.3 s ;5¢ mv
o Flow ZP0_ lb/hr
2 - : : 2z F mln C.T. temp.
NaK 37. 4 psi .
|3t I B < /ey
| %oy /32 Flow,gpmv
,_U;pper Grid (East Side Plug °op
Avg. °p : Indicator Oxide break temp.
. g (366 ’ _ _x:.gare}emp
| RADIATOR ‘(I,’°!Ld
Blower - rla.p
Speed_( g0 RPM > o Venturi Temp. 570 °F 69
Air AP 2, 45~ In. Venturi
‘ . water Inlet 90, o sl psi‘
. . corrected
Air T.C. 3 Venturi : :
In °p 107 Throau;--'fé-é—l’Sl psi
Air AP - %orrecteg 5
out /33 ¢ °F 108 Hs b correcte
Air MM F AP psi
- Mean ' ’ corrected 7
. .. ] = - ’
Air Temp. 74 F NaK ) o %
Flov_z 2a0 1b/hr | a
. Gas ev <
Flov 52,8 %
, Gas
Dal Tube 4 Press. s~ psi
Dall Tube Inlet gﬂg Below atm. - ‘
Barometer 29, L7 . . IHE-C
Raw Data Sheet
~ D. R. Ward
h-22-57
.UNCLASSIFIED '
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. Appendix 6.6.9
Sample Calculation Sheet
IHE - Stand C ,
Radiator Calculations
€omputed by R. 3. Holcomb Run 11
Date Computed ~ 8-30-57 Date 8-28-57
: Nek | Air
, (EM Flow)
Total NakK Flow 7 244 . Lb./Hr. Total Air Flow 7 257 Lb./Hr.
| 7 ‘ Dall Tube, 7
Cold Trap Flow _ZpP  1b./Hr. Curve 2
NeK In/spg °F f’ﬁaﬁor f‘low LbQ/,ﬁr. Alr out/2gg °F H = S
NeK Outozsy °F Alr in _zy 2 Fzsg: gf,;
Sum = gg/gz = AV NaK = _‘ler s °r [curve 37/
2 ,
Q =éﬁ2&0_".@.&£~xﬁ_ = Z 9. - Q=250 X223,3 = o
NeK “ W ©Sp.Heat NaK AT Btu/Hr. Air W OH T Btu;ﬁr.' ,
Curve 1 ;
NeK Out_/3/p °F NeK In /sy °F | [Curve i/
“Air In ETN - Air Out °F ar = . F
ATy el F Mo, 3K CF ‘Log Mean
Air Film [ NeK Out %5  °F Sum = A2 '7;" = 749 °F
Temp, = Air In /02 °F Av.Air Film Temp.
Av, of: NaK In 2500 F Air Reynolds Number = 52
Air Out /366 °F Curve 5, using Air Film Temp.
Sum = 427§ op & Air Flow, Lb./Hr.]
Q= UAAP, 10,000 = 10,000 AT = 10,000 x _4FF = L KES < From
) VA Q 340 & , This
NaK In : °F Using NaK Mean Temp. + O OOOQ = /6/ 4~ Subtract
NaK Cut °F & Curve 6 This
—_—
RoK Mean ___ __'F [ 0,000/~ 10,000 + 10, ocor. EY to get
' this
UA _f
o Air Nusselt Nmnber =
E‘}urve 7, Using Air Film TempFI]
Av. Ar Out £36G.. °F _Air AP x Std.Alr Temp. °R(520) = 65 x2./5( &) = __0.4y7
Air In /o0 °F No.of Rows(B) Av.Air Temp. R v 7« (Av.°R) 1in. of water
Av. Air Temp %ﬁ : . 4P per tube
row corrected
Av.Air Temp. szﬁ R to Std. 60°F
Air Temp.
Air = 1b. [_Hf. - 45 452 Ib /:m:. sec.
Flow 1.0l x 3600 51 :
Y'\[Free-l"low Area Thru Radiatoxj 5-1-57



AIR FILM REYNOLDS NUMBER

Appendix 6.6.9 Calculation Curve 5. - ' - 79 -

1000 >
900 S2%E
800 "'%_: S00°F ;
AAFETSE (100°F
700 =z
600 S
AV RY4
7 x10 500°F #
500 BE 600°F ;
700°F HHN ¥
AR FILM TEMPERATURE BO0°F Far i ’
" 400 | 900°F 7
1000°F e
HOO0°F H % ‘ A
V'
Y
A Y
300 i K/
:: * _3 ’J ":I jl
= *De=8.43x10"° ft parsL
200 Boagianasra
i / :‘ Jfl LA
r "‘ f/
VA Z//
d 2/
v, 4 /
A WV
A //
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Appendix 6.7 -82 -
INTER-COMPANY CORBESPONDENCE
: ' UNION CARBIDE NWUCLEAR COMPANY
A Division of Union Carbide and Carbon Corporation
To W. D. Manly : Plant: X-10
Copies To: HEH. W, Savage Date: July 25, 1957
J. C. Amos Subject: Metallurgical Examination of
A. Taboada _ ART Test Radistor No. 1 Pallure
Met. Files

Metallography Report No. 299

The radiator failed immedistely after reaching full power conditions on
the first comtrolled thermal cycle. Radlator NeK outlet temperature remained
approximately constant during this transition and the inlet temperature was in-
creased from 1350°F to 1500°F at a rate of 50°F/minute. The radiator had operated
a total of 870 hours on the following conditions.

1200°F isothermal operation -390 hours

Various AT conditions with a maximum 47 hours
NeK temperature of 1200°F

Various A conditions with a maximum 360 hours
NaK Temperature of 1500°F :

Design conditions of 1500°F NaK in 73 hours
and 1070°F NeK out

Thermal Cycles

Slow cycles, maximum NeX temperature 1200°F T

Slow cyclf:-:s » ma.}unmm NaK temperature 1500°F 2

Past cycle, maximm NeK temperature 1525°F 1/2
Total Cycles | | | : g9/t

The radlator was received and cleaned July 17, 1957 and the section con-
taining the failed tube was in the Metallography Section July 18, 1957. The
rough .cutting was done in the cut-up area in 9201-3 under the directlon of
J. H. DeVen. This same cut-up procedure, discussed by DeVan and the author is
continuing to completion. The cut-up procedure involves only cutting through
the headers so as to intersect the cuts previously made through the fin matrix.
The piece removed contains twenty (20) tubes arranged in a four (4) by five (5)
matrix. Pigure 1 shows the removed piece. The arrow points to the tube con-
taining the failure. ’ , ,

Ccrrespondence to J. . DeVan from J. C. Amos,'"Metallurgical Examination of
ART Test Radiator NO. i, Jﬁly l6 1957.
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W. D. Manly July 25, 1957

FPigure 2 is a close-up view of the failed area. The arrows point to
the evident holes which were located by pressurizing the tube with water and .
observing the leaks. The holes appear bright due to inside lighting of the
tube during photography. Metallographic examination did not indicete any
evidence of complete penetration of the wall at the circumferential fissure
nor at the longitudinal one near the two smaller holes. .

Figure 3 shows the same tube as in Flgure 2 only rotated approxlmately
90°. The dark area in the tube is the largest hole seen in the previous figure. -
This figure shows the curvature of the tube as it enters the header and the ex-
emplory condition of the tube due to the promptness in extinguishing the fire.

Figure 4 shows hole number one which was the largest. The opening in
the tube wall in this plane measures .030 inches. Figure 5 shows the tube
wall vhich is only present at the extreme left edge of Figure k.

Figure 6 shows hole number two at 100X. -Notice that the shape of the
metal bordering the hole is similar to that bordering hole number one.

Figure 7 shows hole mumber two at 500X. The purpose of this photo-
micrograph is to show that there are no grain boundary .voids nor any evidence
of incipient failure even neer the failed area.

Figure 8, 9, and 10 show the microstructure of the three tubes:surrounding
the failed tube. Notice again that there is no evidence of incipient failure
in any respect. B

The 1nside diameter, outside diameter and wall thickness of the failed
tube were measured at various times durlng the polishing process. Variations
in the outside diameter were noticed in several instances but all could be
directly attributed to damage due to the fire,. There was little or no variation
in the inside diameter which would indicate a stress high enough to produce
plastic flow in the tubes. o

As of this time the cause of the failure is not determinéd. The failed
tube and those immedistely surrounding it have been examined and the investigation
is continuing to other suspect areas. The fin-to-tube Joint integrity will be
determined and the degree of oxidation of the copper in the fins. The depth of
mass transfer and corrosion will also be measured.
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INTER-COMPANY CORRESPONDENCE
, UNION CARBIDE NUCLEAR COMPANY
- ' ' A Division of Union Carbide and Carbon Corporation
; To: W. D. Manly Plant:  X-10
? Copies To: J. C. Amos ‘ , ‘Date:  December 2, 1957
J. H. DeVan
Met. File A Subject: Metallographic Examination
of the ART Test Radiator
No. 2
Metallography Report No.
30k, ‘

The ART Test Radistor failed during the AT phase of the 182nd thermal
cycle. The failure and resultant fire, due to a gross NaK-to-Air leak, was
confined to the tubes between the NaK inlet header and the fin matrix.

The radlator history is briefly summarized in the following:

Total hours at 1200°F or above 862
‘ Total hours AT operation 431
-~ v ' © Total houré at design AT 310

Number of successful thermal cycles 181

The radiator was received, cleaned, and rough cuts made in 9201-3 under
the direction of J. H. DeVan., The cut-up procedgre was the same one as pre-
viously employed on the ART Test Radiator No. 1.~ The samples received by the
Metallography Section again consisted of a section containing twenty tubes ar-
ranged in a four by five matrix. . '

Figure 1 shows the raéiator aftérﬁ¢leaning prior to sectioniﬁg in 9201-3,
The failed tubes were found in sections 1-8 and 1-7. In all, twelve tubes of
the forty in these two sections were found having perferations after the fire.

Failure Analysis

The two sections containing the damage tubes are shown in Pigures 2 and 3.
The most severe damage was in section 1-7 where ten of the twenty tubes were
found damaged. '

. A1l forty of the tubes in these two sections were cut out, mounted,
ground, polished and examined for evidence of incipient failure. In thirty-
nine of the forty tubes the microstructures of the tubes is represented by

" " Figure 4, As can be seen there is no evidence of incipient failure,
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Figure 5 and 6 show the microstructure of the one tube which showed any
sign of incipient failure. This same type microstructure was previously found
in York No. 7, 8, and 9 of which York No. 8 failed in operation.

Figure T is from the same tube from an area closer to the failure. There
is some doubt as to the reliability of this microstructure being due solely
to the mechanism of failure; however, one may compare these photomicrographs
with those presented in the ART No. 1 exsmination and see that in the latter

case no such voids were found even in areas bounding the failure.

The conclusion is that the radiator failed due to the absorption of
plastic strain impressed upon the tubes.

J. E. VanCleve

R. J. Gray

l"Metallographic Examination of ART Test Radiator No. 1", J. E. VanCleve, Jr.

Oct. 21, 1957 - Metallography Report No. 303.
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