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1.0 Introduction 

The Aircraft ,Reactor Test (ABT) main heat dump design 'included sixteen 
pairs of high-performance, NaK-to-air radiator matrices; each designed to re
mOve 3.5 MW of heat from the ~actor main 'Hal{ system. Since this radiator de
sign was based on results trom. an experimental.' program conducted with smaller ' 
single units (0.5 MW)l, it was considered essential. to determine the reliability 
and performance ot tull scale prototypes pr:l:or to f1na1 acceptance of the design 
for A.llr application. " ' 

The .ARr radiator design provided for two identical tube-fin matrices to 
be mounted in a common plane on either side of common inlet and outlet Hal{ 
headers. For test purposes, one tube-tin matrix was om! tted 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 radiator arrangement. This 
report covers the performance and endurance testing of two such test un! ts. 

2.0 Summary 

The pertormance data obtained on the two .ARr prototype test un! ts were in 
substantial. agreement. The heat transfer performance of these un! ts represented 
approximately ?:IJ'/a improvement at design air flow over the smaller 500 KW test 
units on which the tull sca1e design Was based. The air pressure drop was ap
proximately 10% higher than the 500 KW units. The initial Hal{ pressure drop 
correlated on the basis of a modi~ied friction factor was in substantial. agree
ment with the 500 KW unit data .,'This pressure drop increased throughout radiator 
.ctr operation.. This increase has been observed in all previous radiator tests 
and is .attributed to a metal. mass transfer buildup which occurs in the radiator 
tubes during .ctr 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 therma.l 
cycles. Badiator No.2 operated 862 hours, including 431 houri with a heat load, 
and endured 181 thermal. cycles representing 6 times the maximum number of cycles 
proposed for the ART radiators. 

Meta1lographlc examination 01' representative tubes from Radiator No.1 dis
closed no evidence of incipient cracking. Examination 01' tubes from. the failure 
area of Radiator No. 2 disclosed grain boundarY voids in one of forty tubes ex
amined. These voids could have been caused by excessive plastic strain in this 
tube and may have been responsible tor the failure. In any event, the failure 
of these two .ARr 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 • 

'I 
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. :;.0 Ba.d1ator Design 

The ~ NaK-to-air radiator units each consisted of two identical round
tube, fl.e.t-pla1:ef'in matrices mounted in a common plane on either side of' common 
inlet and outlet NaK headers, as shown in P'igure l. The radiator is a counter-

. current-crossfl.ow design with air flowing perpendicular to the NaK tubes and 
para.llel to the surface of the fins. Nax 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 Am radiator design 'Was revised to increase the distance 
between the Nal{ header and the first row of fins by 1/2" and reduce the maximum 
individual. fin length to :;.:;It. The test units were modified to simulate these 
revisions by slitting the fin matrix, as show in Figure 3. The slits at the 
U.;..bend end of the matrix were to minimize thermal. stresses due to the mounting 
arrangement required in the test stand to simulate the Am radiator mounting. 
The dimensional pa.ra.meters of the ARl' radiator un! t and the test units are shown 
in P'igure 4. 

The test units were fabricated by York Corporation, the Am radiator vendor, 
fram ORNL designs and specifications under close ORNL inspection and quality 
control. Test radiator specifications and preoperational inspection reports 
are included in the Appendix • 
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Fig.1. Photograph of ART NaK -to-Air Radiator Unit. 
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Figure 4 

Table of Dimensional Parameters for AHr Radiators 
and Prototype Test Units 

Rating, MW 

Tube material 

Tube size 

Fin material 

2 
Face area, ft 

Minimum air free flow area, ft2 

Collar & tube wall thickness, in 
. 2 

Fin area, ft 

Exposed collar area, ft 2 

2 Inside tube area, ft 
2 

Mean tube area, ft 

No. of tubes 

No. of tube rows 
2 

NaK flow area, ft 
2 

NaK flow area, in 

Air equivalent Dia., ft. 

(4 x Matrix Air Volume 
Matrix Heat Transfer Surface) 

No. of fins per bank 

Mean NaK flow length, in 

Length of air flow passage, ft 

L/D 

3/16" 

Paired ARr 
Radiator Prototype 
Units Test Unit 

3·5 1.73 

Inconel Inconel 

O.D •• 025" wall 3/16" O.D. .025" wall 

.005" c9Pper, clad with .0025" 
stainless steel type 310 

6.25 3.14 

3.661.81 

.035 .035 

~2 4~ 

5.2 

42.7 
44.2 
360 
8 

.0374 

5.34 
8.7 x 10-3 

235 

37.1 

.5451 

269 

20.6· 

16.4 
20.5 

180 
8 

.0181 

2.69 

8.43 x 10-3 

240 

37.1 

.5531 

269 
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4.0 Experimental Pl."ogram 

4.~ Test Stand Design 

An ~ementary f~ov diagram of the radiator test faci~ity is 
shown in. Figure 5. A photograph of this test faci~i ty is sholltl in 
F~~ 6. The NaK was circulated by a centrifUgal, sump-type pump 
(t~ DANA) 1 be~t driven by a lJo HP . A,justo-Spede motor. The heat 
source .consisted of a Struthers-Wells gas-firedNaK furnace (rated 
at ~ MW) equ1ppedWith a stack extension which increased the ma.x1nnnn 
heat output capacity to ~. 6 MW. This furn.aee modification made. it 
possi~e to operate the radiator test unit~ up to approximately 9b% 
design heat ~oad at design WaK temperatures. Air was supplied to the 
radiator by an American Blower. Corporation type PB, size 9-42 b~ower 
dr1 ven by a 50 HP Ajusto-Spede motor. The main NaK ~oop piping was 
2" schedule 40 Inconel. The WaK system was equipped With an .ARr-
type circulating cold trap for oxide removal and a plug indicator 
for m.onitoring the oxide ~ev~ in the NaK. 

Test stand instru:mentation 1nc~uded Moore Nu1lma.tic pressure 
measuring devices, ~ectromagnetic and venturi flow:meters for NaK. flow 
measurements, a Dail Tube instal~ed on the blower air intake for air 
f~ow measurements.l' and chrom.e~-alumel thermocouples for temperature 
measurements. 

4.2 Test Program 

- ~o -

The test prog~ proposed for both test radiators were alike and 
consisted of an initial run to obtain performance data over the maximum 
range of operating condi tiona, followed by endurance testing under thermal. 
cycling conditiOns. 

Performance data were taken on each radiator up to approximately 
9f11, design heat ~oad at design NaK inlet temperature of ~500'7. Ad
ditional pe;rformance data were, taken for air f~ows up to maximum b~ower 
capacity (representing approximately l3\1l> of radiator design air flow) 
by permitting the NaX inlet temperature to drop to ~200°F. 

~urance testing consisted of thermal.cyc~ing the radiator between 
l200Gp' isothermal operation and power operation at .ARr design power Hal{ 
temperatures (~500'7 in, ~070oF out). Each thermal. 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 isothermal. operation 
ll8 minutes isothermal operation 

Test B.ad1ator No. ~ fa1~ed during the first controlled thermal cycle. 
However, it had been exposed to 8 incidental thermal cyc~es during the 
performance run. Test B.ad1ator No. 2 fa1~ed on the l82nd controlled thermal 
cyc~e. Both radiators. fa1~ed during the power . phase of the cyc~e. Table 
7 shows a summary of operating times for each unit. A detailed operating 
history for each radiator is included in the Appendix. 

~~~;{ipi';w~~ 

1 
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Fig.6. Photograph of ART Prototype Radiator Test Facility 
(Gas Fired Nak Furnace is Located Outside Building Wall). 
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Figure 7 

Summary of ARr !rest Radiator Operating History 

Total Operating Hours 
12000p or Above 

Total Operating Hours 
With a Heat. Load 

Total Operating Hours 
ARr Design Temperature Condi tiona 

Total Bo. Thermal Cycles 

Cause of Termination 

Location of Failure 

Test Unit 
Bo. 3. 

880 

480 

7:5 

9 

Radiator Tube Failure 

Between Bal{ Inlet 
Header and Fin Matrix 

Test Unit 
Bo. 2 

862 

:510 

181 

Radiator Tube Failure 

Between Bal{ Inlet 
Header and Fin Matrix 
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5.0 Radiator Performance 

5.1 Heat Transfer Characteristics 

A composite data plot of airside Nussel t Number versus air Reynolds 
Number, 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 performance data for the two ARI! test 
units are in excellent agreement and are approximately 3C1'/o above the 
500 KW radiator curve at ARr design air 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 ARI! test units. This method is des crt bed in detail in 
Experimental Report No. 7405-B-l included in the Appendix of this report. 

5.2 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 corro-lated on the basis of air pressure drop in inches 
of water per tube row corrected to 6O°F versus air mass velocities in 
pounds per square foot of air free flow area per second. Figure 11 shows 
a composite plot of room temperature air pressure drop data compared to 
data taken by York Corporation on Unit No.2. Figure 12 shows a com-
posi te 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. 

5.3 NaK pressure Drop Characteristics 

In! tial 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 

Where: 

~ ;: pressure drop, PSI 
L ;: length to diameter ratio 

D 
V ;: velocity, ft/sec 2 
g ;: acceleration of gravity~ ft/sec 
p ;: density of fluid, lb/ft~ 
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However, since the radiator pressure drop measured ex,perimentaJ.ly 
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 wali 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 buildup during radiator L:1r operation. 
Figures 11 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. 

Nax pressure drop for both radiators increased rapidly during initial 
steady state ~ operation 'When radiator Nax inlet temperatures were above 
13000p0. This rate of increase 'W'!!l-S greatly reduced during thermaJ.. cycling 
operation. The difference in the appearance of the modified friction 
factor curves for the two radiators can be attributed to the fact that 
Radiator No. 1 was subjected to a longer period of initial steady state 
~ operation prior to thermaJ.. cycling than was Radiator No.2. 

5.4 Reliability 

Both radiators operated for approximately 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, 'While Radiator 
No. 2 was exposed to 182 thermal cycles. 

Figure 19 shows a photograph of Test Radiator No. 1 after removal 
from the test stand. Post-operation metaliographic examination of this 
radiator disclosed no evidence of incipient 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 developmen:t up to 
continuous grain boundary separation. Although. this. tube containing 
evidence of grain boundary voids also was associated with a 'Bak leak, 
it is uncertain that this; tube was the site of the original leak, since 
the dama.ged area in the radiator was sufficiently 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 a 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, 
'i t is probable that· this failure was due to a tube imperfection 'Whic;:h was 
either not detected by material inspection prior to fabrication or caused 
by d.a.mage during fabrication or installation in the test stand. While 
the actual failure of radiator 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 stresses inherent to 
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Fig.l9. Photograph of ART Test RADIATOR After Removal from Test Stand. 
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the radiator design. However, the fact that both failures occurred 
in an area between the hot NaK inlet heater and the fin matrix, the 
same area 'Whe~ failure has occurred in four sma.ller 500 KW un! ts of 
similar design, indicates" the area of the radiator most vuJ.nerable to 
f~lUre. The fact that all radiators of this basic design Wich have 
failed have operated with l5000p NaR: inlet temperatures during heat 
load operation and that similar un! ts operated success:fUl.ly with NaK 
inlet temperatures of 14500pt 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 sensi ti ve to the quality of material inspection Wich 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 tor ARr design power 
operation without additional radiator test and development work . 
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, UNION CARBIDE NUCLEAR COMPANY 
A Division of Union Carbide and. Carbon Corporation 

Qak Ridge, Tenness.ee 

Oak Ridge National Laboratory 

. SPECIAL DGINEERING DIVISION SPEcIFICATION 

- :;0 -

Date of IssUe: September 23, 1955 
February 10, 1956 
March 22, 1956 
September 7, 1956 

Job Specification: JS-P3-l9 
Revision 1 
Revision 2 
Revision 3 

Revised: 
Rcivised:: 
Revised: 

SPECIFICATION FOR MAIN· RADIATORS 

I. SCOPE. 

These specifications set forth the requirements for the'material, fab
rication, assembly, and. testing of a system of extended surface air
cooled heat exchangers (radiators), including necessary attendant man-
ifolds and piping~ . 

II. DESCRIPrION 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 arrangement 
with tubes terminating at tube header manifolds common to two core sec
tions. 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-2-02-054-
4189, E-2-02-054-4082, F-2-02-054~~160, F-.2-02-054-4l6l, which are at
tached to and. form a part of, this specification. 

III., SERVI CE REQUIREMENTS AND CONDITIONS 

IV • 

.~ Buyer assumes the responsibility for the 'performanee--:of the unit in
sof~r as heat transfer ,and general desi~n 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. , 

.~IALS 0FCONSTRUCTION . ., 
In consideration of the delivery schedule for complete 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 fabricate the number of units ordered at no cost to the 
Seller.' Any material received by the Seller and found to be not in ac
cordanc~ with these specifications will be replaced by the Buyer at no 
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IV. 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 
.P8rts 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. 

A. Materials 

The Buyer will procure the listed material according to the follow
, ing specifications: 

Inconel plate - ASTM B-l68 

Inconel pipe - ASTM B~l67 

Inconel tubing - ASTM B-l67 (Buyer's Grade CX-9OQA.) MMS-l 

Inconel welding wire - INCO No. 62 

Fin material - 310 stainless steel clad copper, Schedule 
25-50-25. Fin to be O.OlO in. thick 
+ O.OOl in. 

Brazing material - Coast Metals brazing alloy No. 52 

Aluminum powder (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 satisfactoryt'or fabrication: 

l. Before any material 'is released for construction it shall be 
visually inspected for cracks, scale, inclusions, pinholes, 
etc. A liquid penetrant dye check shall be used for discloS
ing pinholes 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. 
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IV. MATERIALS OF CONSTRUCTION (Continued) 

v. 

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. 

4. All material received by the Seller from the Buyer sh.all be 
inspected for damage during shipment and any ma'terial found 
damaged. shall be rejected and reported'lo the Buyer I 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 fabrication. 

GENERAL WELDING REQUIREMENTS 

A. All welders employed on fabrication of radiator units must be 
qualified according to the attached welding operator's qualifica
tion test, QTS-l, and procedure specification, PS-l,prior to do
ing any work on the radiator unit or component parts thereof. 

1. The Buyer shall be notified a minimum of three working days :i::ri 
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 tfInspector" referred to in Welder's Qualification Test 
Procedures shall be designated by the Buyer. 

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

C •. 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 joint shall be completely blanketed with inert 
gas both above and below the welded surfaces. 

p. -It is the basic responsibility of the Seller to use welding prac
tices which will result in strong, sound, leak-tight we14s, and 
approval of materials, practices, or procedures by the Buyer is 
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v. GENERAL WELDING REQUIREMENTS (Continued) 

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. 

E. All critical welds, including tube-to-header welds» are to be in
spected in accordance with IPS-l, a copy of which is attached and 
becomes a part of this specification. 100% radiography is re
quired on all accessible critical welds. Critical welds with the 
exception of tube-to-header welds are marked "C" on the drawings. 

VI. RAQIATOR CONSTRUCTION 

A. 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. 

B. 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 cleanliness emphasis snall be taken 
on the inside surfaces of the radiator core and attendant 
piping. 

3. 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. 

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

C • 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 
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VI. RADIATOR CONSTRUCTION (Continued) 

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

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

2. The fins should then be furnaced for one ',hour at a temperature 
of 8000Cin an inert dry atmosphere of helium having a dew point 
of -70oF or less. 

3. No coating of the flat faces of the fins is permitted~ It is' 
recommended that fin edges be coated prior to the hole punching 

R 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". 

4. Alternate methods for edge treatment 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 submi t.ta.l. 

D. Bending of Tubes 

1. Tubes shall be bent to radii specified on Drawing F-2-02-05~~" 
2509. All tube bends are to be smooth uniform bems, free from 
tube kinks, nicks, or flats. 

2. The amount of flattening of any tube shall not exceed 510 of," . 
the nominal tube diameter as a result of the bending operation. 

3. The ends of the tubes may be tapered on the OD to facilitate 
assembly in the tube sheet pro,vi,ding all of the tapered por
tion is removed after assembly~ 

4. 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. 

E. Special Welding Requirements 

1. Tube-to-header Joint ~~lds shall be carried out without use 
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VI. RADIATOR CONSTRUCTION (Continued) 

N 

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 i~dividual basis for our 
purposes to determine the disposition of the unit. 

2. Machine welding equipment (recommended) 

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

b. 

c. 

Remote current control device to vary the current at the 
location of work from 75 amps to approximately 3 amps. 

High frequency current superimposed on the D.C. welding 
qurrent for remote striking. 

d. A welding contactor. 

' ... 

e. A variable speed rotating head (0 to 8 in. per minute, cir
cumferentially) • 

3. Manual welding equipment required :La the same as in (a) and 
(b) above. 

4. Welding Technique 

The data listed b€rlow produced satisfactory welds and is in
cluded here as typical only. The Seller shall develop satis
factory t~chniques and shall demonstrate these techniques to 
the satisfact.ion of the Buyer prior to the production of the 
radiator units: 

Tubes - 0.190-in.-OD, 0.017-in.-wall 

Tube sheet - 0.183 in. 

Arc distance - 0.050 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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VI. RADIATOR CONSTRUCTION (Continued) 

Argon flow through torch - 20 cfh 

Argon backup gas flow - sufficient to prevent oxidation of 
internal surfaces 

Typical tube 
weld travel 

900 Max. 
over-run 

--------~~------~~----.~ ~--~~-r--+---------• 

F. Brazing Requirements 

900 current 
taper 

1. Fins shall be metallurgically bonded to the tubing by braz
ing of ,the fin collar. ' 

2. 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 material 
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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distribution of the braze material around the joint. 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-f'in 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 
collaran~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 flOW
cross sectional area of the exchanger by excess brazing - , 
compound or fin warping. 

b. Tube-to-header joints 

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 a brazed joint equivalent to that p1ct~red in Fig.: 1. 

4. 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 -70~. The exchanger core 
is to be brazed in such a way that the core is held for one
half hour at a temperature of l8100F to 1905DF. Caution 
Should be exercised in contrqlling the cooling rate to prevent 
warping of the core. The core is to be brazed on the side to 
pteventexcessive buildup 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. 
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Alternate proposals for brazing techniques will be considered 
by the Buyer. The entire brazingtecnniques to be employed by 
the Seller shall be approved by the Buyer. . 

The Seller shall prov;tde the Buyer with a small sample co~ 
section conSisting of six tubes and a minimum finned lengt~ 
of two inches. This sample core section shall be brazed w~th 
each large core section and shall serve to permit a means of 
examining the brazing on the larger core .section. Tube size~ 
and spacing, fin spacing,,;apd .mat~rials shall be identical, to 
the large core section. A photograph of a sectioned brazing 
core sample is shown in Fig. '}'o.,l3razed samples shall be ac
(!(,~Hied by informatiori;.~as': ~o;~b~azing time and temperature. 
A system should be established to permit identification of each 
brazed sample with the accompanying radiator 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 I 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,:,,2-92-054-2509. 

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 
trappirig any foreign material' between the tube wall and header 
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 
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 waii thickness shall not exceed 5~. 
To in~ure maintenance of tolerances on the tube expanding proce
dure, a quality control procedure shall be established and sub
mitted to the Buyer for prior approval. 
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No tube that is nicked, dented, scratched, or damaged in any way 
beforepr,~uring assembly shall be used in the radiator core 
assembly. Usebf' any damaged tube in a radiator core shall be 
cause for rejection of the unit. 

VII. MECHANICAL TESTING 

~ A. Leak Tests 

R 

R 

1. Leaks shall be determined by use of a 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 repaired 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 
piping shall be hydrostatically tested with clean trichloro
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. 

7. - In the event leaks occur, they shall be reported immediately 
to the Buyer. Rep~ir techniques to be employed must have prior 
~uyer 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 .MECBANI~ TESTING (Continued) 

90 Any connectionsmadefor~·test1ng 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 d;t'op and air 
flow rate. Air flow measurements shall be ma,de by calibrated 
flow nozzle, pitot tube or pltot venturi methods~' The test 
setup, methods, and instrumentation shall be approved by the 
Buyer prior to.running any radiator core tests. 

Pressure drop measuremen~s on the unit shall be made to deter
mine that the total drop does not exceed the value. indicated 
by data taken on air pressure drop tests carriedout'in the 
Buye~s plant on similar core geometries" Information will be 
furnished by the Buyer to the Seller giving t.he 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~O Ib/tt2 
sec will be required across the radia~or 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 taken shall be reported in the test .. Methods of 
calculation and treating of the data shall be the fesponsibility 
of the Seller but final acceptance of the t~st results shall be 
reserved to the Buyer. 

The Buyer shall be notified sufficiently in advanceo! all pres
sure drop tests to permit :witness of such tests. ,.,'" I 

2. Additional tests may be required by the Buyer but these tests 
will be at the Buyer t s expense. ~ :."' 

VIII. GENERAL SPECIFICATIONS 

A. Bids f' 

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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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)3.:Q.y ex
ception to this specification and shall'list such uzlcler,s"sepa
rate section headed "Exceptions to the Specification'''. ' 

1 . 

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 ~ound 
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 
Buyer six copies 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 iIl writing shall the Seller proceed~with 
fabrica tion." '.:",."" 

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

Checking and/or approval of drawings" bills of mat e:d.s Is , ' etc., 
by the Buyer shall not relieve the Seller of the responsibility 
for errors of omission or commission. Approval by the Buyer 
shall Iio~ be construed as waiving any part of the spe'Cif'icEition, 
unless it includes a specific written statement to tha t\ "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'forconsider
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 until written 
approval has been granted by the Buyer. 
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VIII. GEfiERAL SPECIFICATIONS (Continued) 

September 1, 1956 

C. Correspondence 

All oorrespandence shall bear reference to the Buyer's purchase 
O%der IlUIIiber Bnd to the applicable Union carbide Nuclear Company 
job ~c1fica·tion number and revision number •. 

D. Reproducible Drawings 

Wi thin two weeks after the receipt of design approval from the 
Buyera the Seller shall supply to the Buyertbe number of com
plete sets of ' positive reproducible drawings specified on the 
Inqu'1ry and Purcha,se Order. Drawings shall bear a signed state.., ,", 
ment certifying that they are correct and complete for the pro
ducts to be furnished under this specification. 

All drawings shall bear the Buyer 3 s purchase order number and the 
applicable Union Carbide Nuclear Company job specification number 
SJJ,d 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 
o~rationso 

Any of the above material which 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
tioo, the Seller shall furnish certification that all materials 
furnished by the Seller for use 1n the fabrication of, the'~ products 
covered by this specification are in accordance with these speci
fications, applicable ASTM standards (or other standardspecif1-
cat,ions) and/or the manufacturing material list. 

F. I~entificatiom 

Each. assembly shall be plainly marked on a nameplate securely 
wi;re;d tp the manifold piping with the manufacturerts model and 
serla·l numbers» and· the applicable Union Carbide Nuclear Company 
job specification and purchase order number and revision number, 
fol" 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 to be paid by the Seller. ., 
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VIII. GENERAL SPECIFICATIONS ( Continued) 

G. 

it 

H. 

J. 

Progress and Delivery Schedules 

Upon receipt of order approval, the Seller shall initiate, a 
monthly progress report covering the wo~k performed un~~ 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 J tooling" andsupply'of' the mB,terials 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 gi:venfree entry to all parts of the manufacturing works which 
concern tbe products covered by this speCification, at all times 
when work on the products is being performed 0 The Buyer shall 
be furnishedp without charge, all reasonable facilities tb sat
isfy him that the work is being performed within speci'fications. 

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
quired by this specification. , 

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

A complete inspection report covering each radiator' imit'produced 
shall be. forwarded to the Buyer on completion of the radiator 
uniu. The report shall inelude all photographs, dimension checks, 
vacuum tests, temperature time reports on brazing cycles" etc 0, 
for every unit. ' 

The results of all tests and other information required .under 
these specifications shall be recorded and four copi'es of' one 
reproducible copy shall be submitted to the Buyer prior to ship
ment of the product to which the test results are appli,iiable. 

, ,.! 

Preparation for Shipment 

Each assembly furnished under this s~ecification shall be pack
aged in such a manner as to provide ample protection from dam
age during handling, shipment, and s,t,orage. 
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VIII • GENERAL SPECIFICATIONS (Continued) 

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 in the preceding 
paragraph. 

K. Warranty 

"All equipment specified under this specification shall be covered 
by the provisions of the Buyer's standard warranty clause. 

"L. Bra~nd 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. 

Original prepared by: B. E. Black 
Original approved by: A. P. Fraas 
Original approved for issue by: W. F. Boudreau 
Revision 1 prepared by: M. M. Yarosh 
Revision 1 approved by: A. P. Fraas, W. G.Piper 
Revision 1 approved for issue by: W. F. Boudreau 
Revision 2 prepared by: M. M. yarosh 
Revision 2 approved by: A. P. Fraas, M. Bender 
Revision 2 approved for issue by: W. F. Boudreau 
Revision 3 prepared by: J. W. Teague 

"Approved by: -"P ;J-)-~: 
A. P. Fraas ......... /) () _ 

Approved by: ~ I ~ 
M. Bender 

Approved for ISSpW. ~ 
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Appendix 6.2 

Radiator Pre-Operational Inspection Reports 

York Test Unit No.+, P.O. No.34003 

March 25" 1957 

The subject test unit has been received and evaluated. This unit 'Was 
initially rejected by E. A. Jaggers, the resident inspector at the vendorts 
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. 

ReaderB : Acceptable. 

Inlet Pipe: Weld C-15, the inlet cap weld, has uneven penetration and 
s:maJ.l 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~~~e 
lack of' brazing alloy flow. A number of broken brazing[ all~y ~'Fngs 
can be seen near the ends' of the fin banks. These aPJ}ear ~ave 
been broken during assembly. ..... 1'1 j tll(( 

Dye Penetrant Inspection ~ 

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

Radiographic Inspection 

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

Weld C-12 exhibits one area of apparent lack of penetration or under
cut. Weld c-14 exhibits one questionable defect. 

Tube-to-JIeader Welds - Acceptable • 

... _--'"';",----\ 
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~ See Met. Insp. Request No. 319. 

Control Sample Inspection 

The unit was modified at the Y-12. shops by\ saving the fin bank in several. 
areas. Inspection cammentsof the unit atter mddific ion are listed below: 

'-.'-

VisuBl Inspection: 

1. Mechanical cut, approximately 0.005" deep, on tube No. 360 close 
to 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 1-12 weld 
shop. 

3. Mechanical 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 t~ 353. 
Defects range from 0.0005" to 0.001" deep. 

5. Several. flat dents on the return bends of tubes No. 325 thru 328, 
331 thru 336, 338 thru .;40, 343 thru 345, 347 thru 350 and 352 thru 
356, inclusive. 

6. Dent approximately 0.001" deep, on the return bend of t1,lbe 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. Insp. 
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Visual Inspection ~eport No.2 

York Radiator Test Unit No.1 

Defects Numbered 1 thru 5: 
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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 approximately 10 mils deep. Located on 
return bend of tube No. 330. 

Defect No.3: Mechanical cut approximat~y 1 mil deep. Located on return bend 
of tube No. 360 .. 

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 1/2 to 1 mil in depth 
and 1/1611 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, 341 thru 350 and 352 thru 356, inclusive. 

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

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

York Radiator Test Unit No. 2 

Visual Inspection After Modification by Y-12 Shops 

Defect on Tube No. 315 was .009 to .013 in depth. Repaired by welding. Depth 
of defect on tubes No. 310 thru 314, inclusive. Range from .001 to .009, not 
repaired. 

Tubes No~ 188, 190, 201 thru 223, inclusive. Have scratch indicators 1/811 

"'from fin bank. Estimated depth 1/2 to 2 mils in depth. These defects were 
.' . made during modification. 

~.~~ .: 
UNCLASSIFIED 
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Experiment No. 7405-B-l 

DJTRODUCTION 

A large number of heat transfer calculations must be made from the 
experimental data 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. pur,pose of this report 1s 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 parameters 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 reqpired is that for the number of fins which effects . .-

- 51 -

the air side heat transfer area, free flow area, and equivalent diameter. The 
parameters of a particular radiator unit are given in Table i 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. !laX.' side heat transfer coefficient 

:;. Tube-wall plus fin-collar heat transfer resistance 

4. Tube-wall, fin-collar, and !laK side combined reSistances, Fig. 2 

5. Log mean temperature difference correction factor 

6. Average fin thermal. conductivity, Figure :; 

7. Fin efficiency, Figure 4 

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

9. Radiator calculation (A sample calculation is included) 



." 

1. RADIATOR TUBE REYNOLDS NUMBER 

Re == D G "== foOl.l.5 it~ fgpm) (60) (p) == 12.43fgpm)(p) 
~ ~) (7.48 .00742 ft) . ~). 

Re == (Factor)(gpm), where Fa.ctor == 12.43 ~ 

700 
1000 
1300 
1600 

Factor for Hal{, 5$-44~ 

1093 
1318 
1472 
1593 

Figure 1 shows the plot: Factor vs. Temperature. 

2. Hal{ SIDE HEAT TRANSFER COEFFICIENT 

The Lubarsky-Kaufmann equation of Reference 2 was used. 

Nu == .625 (Re Pr)o4 

hw = k (.625)(Re pr)·4 
D 

~ = k (o625)(Factor)·4{gpm).4{pr)·4 
( .01.l.5 it) . 

The temperature dependence of' hw was caJ.culated and is shown below: 

Temp. OF ~/(gpm).4 

700 
lOOO 
1300 
l600 

2180 
2160 
2160 
2140 

.. h I( 4 . Since the values of If gpm). are nearly constant wi tb. temperature, 

it is assumed that hw can be adequately expressed by: 

~ == 2160 (gpm).4 = BTU/hr ft
2

°F 

-. 52 -
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3. TUBE-WALL PLUS FIN-COLLAR BEAT TRANSFER RESISTANCE 

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

R = t 
t kA 

t 

The temperature dependence of R
t 

is shown below: 

Temp. °F Rt -
700 3.01 x 10-5 

1000 2.60 x 10-5 

1300 2.25 x 10-5 

1600 1.98 x 10-5 

4. TUBE-WAIL, FIN-COLLAR, AND NaX SIDE COMBINED RESISTANCES 

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

Combined Resistances = 10,000 + 10,000 t = 10,00g + 10,OOOR 
~ ~ kAt 2160(gpm)' (6.92 ft2 t 

hr ~ 
B'I'U 

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

NaX Flowl. gpm 30 50 70 90 
Tenw· °F 

700 .473 .441 .424 .412 
1000 .432 .371 
1300 .397 .336 
1600 .370 .339 .321 .310 

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

'~'~"-. 
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In the calculation method it is assumed that the temperature drop 
througb the BaR: film and the tube-wall plus fin-collar could be neglected 
and that the combined resistances could be based on the average BaR: tempera
ture •.. At .tl1e rated heat load, 500 kw, With a BaR: flow of 70 gpm, and average 
temperature of 1200°1', the total temperature drop through the combined re
sistances is 62'T which would shift the combined resistance only 1.4~. 

5. 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 14 different radiator ,heat transfer tests. The correction 
factor varied from .98 to 1.00 and so for further radiator tests it was as
sumed that it could be neglected. 

6. FIN AVERAGE THERMAL CONDUCTIVITY 

The fins are copper clad with Stainless Steel type 310. They are ap
pro:x1mately 5afo copper and 5afo 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 thermaJ. 20n
ductivity. The data is summa.rized below: The k is listed in mU/hr ft OF/in • 

Stainless 
Copper Steel 310 Fin 

Temp. OF k k k 

600 2550 114 1332 
800 2510 120 1315 
1000 2470 l37 1304 
1200 2440 166 1303 
1400 2400 208 1304 

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

As the figure shows, the thermal conductivity is very nearly independent 
of temperature over a wide range of' temperatures so it is assumed that the 
fin temperature used for obtaining the thermal conductivity can be taken at 
the Average BaR: temperature. 

7 • FIN EJ.i'lI'ICIENCY 

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

-
.,~ 
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.. . 8. AIR PROPERrY 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 
291b of air occupied 359 ft3 at 329F and 14.7 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 
Air Viscosity vs. Temperature, "While Figure 7 is a plot of Air Thermal 
Conductivity vs. Temperature. 
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Air enthaJ.py 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 10CY/o humidity to con
tain only .022 lb 'Water per lb dry air. In the sample calculation which 
follows and using the heat capacity chart of Reference 10, an assumption 
of lOCY/o humidity changes the air heat load from 506,000 BTU/hr for dry air 
to 509,000 BTU/hr, or less than l~. 

All air flow calculations are based on the assumption that atmospheric 
pressure is constant at 14.7 psia. The atmospheric pressure does vary and 
may be only 29.1 in Hg. Taking in account the actUal. atmospheric pressure 
in reducing the pi tot-venturi or the pitot-static output pressures to air 
flow in lb/hr would decrease the air flow only about ?Jfo. The decrease air 
flow would then decrease the best average heat load, the air heat transfer 
coefficient, and finally the Nussel t Number by about 'C/o. However, as the 
decreased air flow also decreases the Reynolds Number by ?Jfo3 the assumption 
is largelY self compensating and does not change the final heat transfer 
correlation. 

9. RADIATOR CALCULA.TION 

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

q = BTU/hr, best average heat load 

l:trm = of, log mean temperature difference 

t = in, tube-wall plus fin-collar thickness 

~ = BTU/hr ft
2

°F, NaK heat transfer coefficient 

k = BTU/hr ft
2

oF/in, tube-wall plus fin-collar thermal conductivity. 
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Experiment No. 7405-B-l 

h = JJro/hr ft2oF, air heat transfer coefficient a 
2 Aw = ft , NaK side heat transfer area 

2 
At = ft , mean tube-wall plus fin-collar heat transfer area 

A = ft2, air side tube-collar heat transfer area c 
2 

Af = ft , air side fin heat transfer area 

~ = fin efficiency 

Step 1. From the NaK flow and the in-out temperatures, calculate the 

--56 -

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. 

Step 4. 

Average the air and NaK heat loads to obtain q, 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. 

Calculate the log mean temperature difference, t{rTM' from the 
NaK temperatures in and out, and air temperatures~n and out. 

step. 5. Calculate the air film temperature by averaging the NaK and air 
temperatures, in and out. 

Step,6. 0 Calculate: 
10,000 t{rIM 

q 

step 7. From the NaK flow (divide by two if there are two radiator units) 
and the average NaK temperature, obtain from Figure 2: ' 

10,000 + 10,000 t 
~~ kAt 

Step 8. Calculate 10,000 by the following equation: 

h (A + tpAf) a c 

10,000 

h (A + ~Af) a c 

= 10,000 t{rLM - 10,000 

'q ~~ 
+ 10,000 t 

k At 
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Step 9. SeveraJ. trial. and error caJ.cul.ations are usually required using 
Figures' and 4 - before the terms: ¢, hal kfl aJ.J. agree such that 
h can be caJ.culated from: 

a 

J.0,000 
h (A + ~A.p) . a e .1. 

Step 10~ Using Figure 7 and 'h , caJ.culate the NU8seJ.t Number based on tl1e 
air filln temperature~ 

Step li. Using the air fJ.ow rate , divided by two if there are two radiators, 
and Figure 6:1 eaJ.culate the Reynolds Number based on the air film 
temperature. 

SAMPLE CALCUloA1'ION 

The e.xa;mple is from the data taken on the radiator, York Corp. Noo 2, 
on 10/8/55, at 02!iO hr, after the radiator had been hot for 224 hours. 

Step 1. NaK temp. in 10610]-
out ' 96,~ 

Difference 9B°F 

NaK flow, venturi 

Average 1012 of cp = ~248 BTU/lb OP-, p = 48.7 lb/rt' 

q = 75.2 gpm (60)(48.7)(.248) (9B°F)= 714,000BTU/hr 
.7.48 

SteR 2. Air temp. in 
, out 

Air FlOW, pitot-venturi 

Difference 

Average 513°F 

at 946°F, air enthaJ.py 344.47 BTU/lb 
Bo°F 129.06 Brd/lb 

Difference 215.41 BTU/lb 

q = (215.41)(2'50 lb/hr) = 506,000 BTU/hr 

SteR 3. q = 714~OOO + 506,000 = 610,000 BTU/hr 
2 

Step 4. NaK temp. in 
Air temp. out 

Difference 

1061 of 
946°F 

115°F 

NaX temp. out 
Air temp. in 

Difference 

UNCLASSIFIED·' 
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9630pi 
80~ 

883°F 

2350 lb/hr 
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step 5.. Air tilm temperature = 1061 + 963 + 946 + 80 = 762°.,. 
4 

Step 6. 
i 

-58 -

Step 7. From figure 2, with a. NaK tlow of 75 gpm and mean temperature ot 

step 8. 

1012'7, 10,000 + 10,000 t = .38 
~ Aw kAt 

10,000 6 18 '%0. 8 
h (A + mK) = · -.~ = 5. 0 

a. c F"'t 

Step 9. For this radiator, Ac = 8 tt
2

, and Af = 210 ft2, assume ha = 8.25, 

tben: h 

~ = 

ka :: .757 using k t = 109 trom Figure 3. From Figure 4, 
f 

.956. Then h is calculated again to check: a 

b = 10,000 = 8.25 BTU/hr tt2~ 
a (8 + .956 x 210)(5.80) 

Step 10. For this radiator, the air side equivalent diameter is .00832 tt. 
At the air tilm temperature of 762°F, k is .0305 J!!U/hr tt°!'. 

NUsselt NUmber = h D = (8.25)(.00832) = 2.25 
~ (.03(5) 

. . 2 
Step 11. For this radiator, the air tree flew area is .509 ft .. .~ 

At the air film temperature ot 762°." I.l. is .0793 lb/br ft. 



., . 

• 

.. 

.'-
-~~ , '~'-

UNCLASSD"IED 

Experiment No. 7405-B-l - 59 -

Table 1 

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

Drawing NUmber DSK 16590 

Tube Material Inco;ne1 

Number of Tubes 

Tube outside diameter, in. 

Tube wall thickness, in. 

Nal{ side equivalent diameter, ft. 
. 2 

NaK free flow area, ft 
. 2 

NaK side heat transfer area, ft 

Tube-wall plus fin-collar thickness, in. 

Mean tube-wall plus ~in-collar heat 
. transfer area, ft 

Fin Material 

Number of fins in vertical stack 
. . 2 

Air side fin heat transfer area, it 

Air side tube-collar heat transfer area, ft2 
. 2 

Air free flow area., ft 

Air side equivalent diameter, ft • 

. '. ''''\ 
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72 

.1875 

.025 

.0115 

.00742 

6.92 

.035 

8.68 

Stainless Steel type 310 clad 
Copper, .010 in thick, 
schedule 25-50-25 

254 

210 

8 

.509 

.00832 
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Performance Data Tabulations 
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- - , 

TEST RADIATal NO.1 
- t 9 -.. - -. 

HEAT 'ffiANBFER Dt\TA 

J\L)~)_ll(1L: u . U • .L 

.. . 
Air F1Gll' Air Air NaK Flow Air Flow TFt UJ'e NaK F1CN' . EM FH ral1 Tube Air In A{~ N&t;tn Nd&t EM FM Re;ynolda 1U8.~ 

#/Hr #/Hr ~ O:F lmJ/hr M'fJ/br Numlter Mj:°lieat Dll. 
f- --1-----

63 800 ~I~ 97 786 U88 8IT 4~0Q0 5.5a5#-QQO.. 1880 7.0 .• • .J_. ___ 

_ 66,100 31,500_ 106 8:;0 1263 __ f-_ ~33 '_j,~k.OOO 
~ 

f- 1780 7.1 .- ~ga~~-

- -~ 

63,290 29,200 93 826 llJJ ~ 4.640--,-000 ,~OOO 1670 6.8 
78,290 29,200 95 851 1200 950 4,890,000 5-,445J~ _ 16~0 . 6.8 

--- - - ----I--- -

- 63.300 26.000 9§ - ~~- 1204 926 4.400.000 4.080 .. 000 l48O __ _~_~i. 

66,480 26,000 ._ f-- loB 919 __ _J.35~ 1015 5,550,000 5J7~..LOOO l~O 6.4 
, 

63~755 25J700 102 982 1-"i6~ . 101~ 15.198.000 5.725.000 1390 - 6.2 , 

48,985 20,500 107 1121 I- l487 1068 5.110,000 5,2!t.8.000 1065 5.2 
4~270 I- 12.1800 _ 108 1200 -- - - - --- -- ----- - -- 1--- - ~505 __ 1069 f-. 4 ~ 000 ' -_ .- '.1- ~.376.ooo 820 4.5 
5~7Q 12.1200 100 1281 1491 1204 1~.S2~.ooo 3.661J .. 000 .62L_ _ ...l.a1r; 
45,670 11,000 108 ~7 __ f- - .l353... - 1070 I~ .2~O.OOO 12.078.coo 15&1 ~."1'i -_ . 

3.78 . 45,250 _ 10 950 _l:~1 1185 1358 _1m ~1.85.000 2~.l.OOO 580 - I-- - --, - -- - -- ----
49,015 9,~50 100 1'22 1~_ 1233 13.150.000 2.913.000 ~ 3.0'1 - .- - 1---- --

- 46,790 8,820 117 - -.. 1-1105 1210 1938 2.012.000 .wss.·OOO '75 2.80 
. 45,635 8,300 113 l!5..1._ 1286 1067 2.464~ 2.191.000 445 ~ .. 2'q 

42~355 6,950 _ 100 1---lJ32-- - J.4.82 1262 2.298.000 2.187 .. <* ~O. 2.1 I 
j--=_ ..... -. 

38.395 4,600 100 12~_ ~-~~~ 1253 1.m.COO 1.395.000 233 1 .42 
45,,700 3,320 100 1097 -- - - 1196 1122 811.6.000 8~.OOO lB'o 1 .. 1lI. 

. 
< 

.f---

-
- I 

- I 

.. .. 
r 

. I 
-

I . 
--- f------ - ~--- .- ~----.-- -

I -

I J 
/ 

--- -- - I-- --~ - 1-- ---- .- ~-- f------ - -- f-. 
I , - --- ----~ 1-'---1 .- - '- - . --f-- -we X·1Q 15 \4·~ 1) }\.-.:!c; 'Rc- - Po· ........ f 'l tt.! ShPll 



,. 
TEST RADIATm NO. 

HEAT TRANSli"El' DATA 

'l)l-" THl _ ... lJ . 

H_t r..d Air 
frcm luaae1t 

NaK Flow Air Flow ~:rature N&K Flov N&Ie FlOw No.trcm 

- 70-

'Ff1 -: ~~ 'l'ub Xlr oi-n AItFM Lip:ID NaKot' Out Venturi EM FM Ail' FJ.Dw ~t 
--------------___ -+-___ +----tu....=~__+_--1LL=--__+___M_ L-- -- _ ____ ---- -"'---I---'-....~ -+--.......... \4-M'L--+---""~~-__+-~ -~~~'--------
_ ______ 57,.330 54~330 37.1800 704_ U4'l_ ~-'r _ 

___ --/- 68 ~200 _~, 7~ _37,800 Be 7C* 1116 778 
____ -j___ 67.2~ 64 _~o 4300 75? 11 4 81 ~2 ___ _I__~1IL-_+-------

______ 1- - __ . +-55~_ _ 2.7~_ 4.~ ~ __ 1~ ____ 1191.. --1'lS _ 2@ __ -+-_~~~ _ _+__------

I I 67,~70_ 6~,,~1tL .J?,390 _ _ ~ __ 78..1. _ ll~ _ 838 
-l 1-~,760 g .. _~ ~__ _ ~ ____ 12~ _ __~ 

o 0 2 m 8 _8ll! _ _ ~ __ I---~ ~----+-L$LL~= 

________________ -+ _ __ +-1 ~66~ ~.l800 81 8g'[ _ 1200 

--------------- ___ +_ _____ + __ 66,818 _ - 63.l81.8 _ 29~390 _ ~7 _ _ _ 843 _ ~O~-+-_ 

_______________ ~--~-4~5~5~~-~~~,m~~* ~_~ ~- ~_ 

j ---t-QQ,~.TIL 6.3 ~L1QQ .§-' __ .~ ~ __ 12-'2 -
____ _~!,~,~ ~,~ ___ 2§.009 _ &a 91' _ L- lJi§ _ 

I 

~,6Ie _~,.3'1!3 ~,89g - ~ - - - ~19 - -t - ~'12 

· ____ - ----------I------'[U:~ _:.i: -:~;: . _: ~ : ~~:~-t-=-3~--"--5---- -+-_ 

~~1.0 4 JU,2 21i300 _ 94 __ 935 _ _ ~'-9 _ 

72 l!.30 69 230 19 600 94 1119 ~ __ ~I_------+_- - L _ _ I _ _ _. _ -_ -- ---- _ ---- -

_____________ __ -+-__ ~I~l!.4: JJ1Q _ 43,..210 11,600 _~_ _ .- 1l92 _ 1503 1075 5.1 

- ________________ -+-___ +-I --.:48~,Ol'lllol!L~~-~.nQ.- 12,600 _ 1033__ 12~ at..o 5.0 
__ + ___ -+1 _1~O 210 6 210 14.l_lQO _ _ 27_ 13~ _ 1510 1245 '120 _ 4.85 

~6 6 ~ 12 200 J g2 __ _ 1?~5 _ ;407 630 1t..6 . 
______________ _ -+--_ __ +-6~9~,520 £~,190 102 _1366 1500 520 ,.85 

o 2.~ 

=--t_-,1=02=- 253 2 • 7 

~-----~-------+-------+------~------~------~------+-------+--------------

~----------------------~-----4-----+-----+-----+-----l-1 - ·1 I 

----------~------_+-------_r------_+------_+------~I - -t--------r-------~--------r-------4--------~------~-------+----------------

.------- - --------- - --I- -- I--------I-------- j------_+_ -----+--- -f--- --=----J------+--

-----------------------------------+-------~ 

-- - - -- -------1- -t------~------__I ----- ---+----- +----- -+--

,---r 1---- -- 1---- -+-
·~, c. r_)r ,",pr' _ p ., ,)" , .... ~ . ~, 

------t---- -----1-- --+-1-----1------------



- ( 

.. le s t Rad iat or 1:0. 1 

Room ~e~peraturc Ai r Pressure Drop 

. 3a di tor 
Radi ator .~ 

Blower Iall Tube /I / )//f ,2 1 6P in ~O/Tube Row 'if/ hr .,,' ~ / s ec 
RPi>1 in ~S?O Ai r Flow Air :71ow i n TI2O_ Correc"je c. f or 60ot' 

400 3·70 11,800 1.81 ·95 .D2 

600 9 .2 18,900 2·9 1.95 .23 

17.1• 25, 600 3.93 3·3 .39 

900 22. 4- 25' ,000 4.L.5 4.1 .484 

1100 34.5 35, 'TOO 5.49 5·9 '.6 ... 6 

1200 42 .5 39, 400 6.05 7.2 .850 

1300 52 .0 43, 400 6 .67 8 .25 ·97 ' 
• 

1000 27 .8 32,100 4.93 4·95 . 52,)~ 

• 500 6 .0 15 ,200 2 .33 1.38 .1H) 

700 12.7 22 ,000 3.38 2 .56 .301 

1350 57 .2 45,000 6 .92 8 .85 1.OJ-!-5 
. 

1500 73 .8 51, 400 7.90 10·95 1.2 9~~ 



- - -
./)_~4~"~ . • I . , 

Te st Radia tor o. 2 

• 
Room ~ e~erature Ail' Pressure op D3.ta 

~?/ft2/sec 
Ra diator 

Blower :Da1l __ b e "I "J =::= h r L ~ 

RP!1 i . :!I) O , Air 7low A~r ::'low in ~O 

1500 8 .8 

1400 45·8 40,900 6.28 7.6 .898 

1300 37·7 37,300 5.73 6.5 .768 

1200 30 .8· 33,800 5.19 5.6 .662 

1100 25.7 31,000 4.76 1:..7 .556 

1000 21.1 28,000 4.3 3.9 .461 

900 1 .3 25 ,000 3.84 3·1 .366 

800 12·7 22,000 3.38 2.55 .301 

• 700 9·5 19,200 2.95 2 .0 .236 

600 6 .65 16,000 2.46 1.5 .177 



-• .J)_n\.....~ _ : 'J _ __ ./ - 73 -
~ 

TS3T RADIA':'OO no . 1 

1I 0H 7EIlPEP.A7URE AIR PF.ESSURE DROP DATA . ' 

Radiator 
Average 

"/ 2 
Ha diator liP 

Blower Ai r Temp . ,II,/-T & in H20/':i:'u.be Row :. _1.r 'if r t .see 
RPH "F Air Flow Air Fl ow in~ Corrected for 60~ 

1450 383 40,350 6.19 13.0 1.002 
1400 405 36,850 5.66 12 .0 0·901 
1375 400 3 ,000 5.53 12.0 0.907 
1375 121 36, 500 5. 1 li.1 0.819 
1340 410 35, 400 5.44 ll.6 0.867 
1300 420 34,650 5.32 10.6 0.783 
1280 426 34, 400 5.28 10.5 0·770 
1200 441 29, 340 4.5 8 .5 0.613 
ll95 478 29, 30 4·55 9.2 0.638 
llOO 460 25 , 700 3.94 7.35 0.52 
1090 473 26,200 4.01 7·3 0.5085 
1050 543 25, 500 3·92 7.4 0.48 
1048 542 23,580 3.62 7.3 0.474 
1000 484 23,000 3.52 6 .3 0.434 
900 614 19,960 3.07 5.85 0.3545 

• 900 482 22,900 3.52 5.6 0.3875 
850 504 20,100 3.085 5.3 0.357 
795 642 16, 560 2.54 4.65 0.2745 
760 654 15, 960 2 .45 4.3 0.251 

• 730 535 16,800 2.58 4.05 0.2645 
650 700 12,910 1.983 3.3 0.185 
636 637 15,920 2.445 4.05 0.240 
600 643 ll, 440 1.757 2.8 0.165 
596 49 ll,630 1.785 2.8 0.1642 
550 5 1 ll,8oo 1.813 2.4 0.150 
550 727 10,350 1.59 2.5 0.137 
480 635 9,325 1.43 1.95 0.1156 ' 
450 Gll , 080 1.24 1.7 0.1031 
4;0 737 7, 540 1.157 1.75 0.095 
360 637 6 ,020 0 ·925 1..13 0.0669 
350 622 5, 900 0.906 1.2 0.0721 
350 723 6,150 0.945 1.17 0 .0643 
225 527 3,560 0.547 0.55 0.0329 



- 74 -
. . ... . . - -> • -J . U 

...:;~r_' l"~L'\. ~<D I~O . 2 

• = I~": -:'::IP.Th",.':::rlJ?:C Am ?Rcs-::;-rnE '-"- op DATA 

Radiator 
Avera ~::e , 2 Radiat or [;p 

Blower Air ':'er.rp. ;'b/=r :.:?t sec @ in H20/llibe ?ow 
::-:p!.: 0.., r :'l ow Air :'l ow in H ° Corrected Tor ~O~ - 2-

1590 376 42 , 400 ·51 13.6 1 .057 

1500 394 39 ,000 5·99 12 .2 0-9'29 

1400 419 34, 700 5.3 10 .8 0 .799 

1200 h75 2 ,200 4.18 8 .6 0.598 

1200 470 26, 00 4 .0 8 .5 0.594 

1000 ,, 15 oo, COO 3 .20 6.3 O . l~ 0 

965 607 20,200 3.10 6.2 0.378 

e 5 61~5 17,350 2 .[)6 5.5 0 .323 

800 554 16,200 2.49 4.38 0.2808 

• 200 699 14,300 2 .195 4 .7 0 .264 

700 '~ 73 12,200 L 72 3.7 0.212 

COO 734 10,350 1.5 2 .15 0 .117 

500 703 0,330 L 2..i 2 .10 0.1l74 

400 S9G J,170 0.94 1.4 0 .0787 

• 



TIIE-C TEST RADIA'rcm no. 1 

- 15-
INI TIAL Hal{ PRESSURE mop DATA 

J",!J P _;l"lI~iJ: " . ) . I 

-v-

---+-r_f I ----
I -4.--------1 _ _ _____ ---

.Q6~-- ~~ 
II _ .Q60_ , 

.050 I 
I 

.050 ; ~ ~' s at.10Q0CT 

.0475 I & calibrated , 
.• D497 i 
.04.4 -- - ---------------

-----+- ---1-

4--- I--------+-------~r_-------r_-----

---IIt---- 1 _ 1-- ... __ n ~ _n _ __ ~ -~----I - I ~: 
: -~ I 

--~----------;-+! - --=t--=--=-=----! --- -----~ ---+-

--f' ---~-t~---t i---t---,- , -----

,J 

~l 

-- ==-~T::::=-=-::I--=:---- ------=-Ci - -~-F-~:::::: .---1
1

-------1 
-----+-- I I -i- r---'-

1- ~ ) --~~1~~---~- -~-}--- -- _1-- ---=- -- , --~---l -l 
Ii!> . ,.". ---------~=--~----J--- ----:~t-~--------~~~jl----~~-~~~~-~--------. ------~ -~~·~-r-'----~-~--- ---t- --:----1------. 

. _ _ j l--_ ----- ,-- --1- -.- f -- - -- -- - -~------ ~- ---.---: i--t---- -t---- --r- ! -i - -
-WC-X--l ql-5(-4-S-1)-K' 2-5~RC-PG:;rD"18 -~"~~I--- --- r- -,- : -- --1- - - ----- -1--- -- ------, ~------t --------.. --r--- I -- - i---- 1 ' 

1 -



.. 

1.'enturi Inl e t Ventur i 'I'hroa.t 
Pressure Pressure 

T'1di cated I.'orrect ed :Lnu icat ed Cor r ected 

18.2 15 .7 17 .5 14.5 

19 .8 17.2 18 .1 . 15.1 

21.4 19 .0 18 .75 15.75 

24 .3 21.8 19.85 17.0 

29 .4 27.0 21.0 18 .8 

32 .0 29 .7 22.8 19·9 

40 .8 38 .2 25.7 22·7 

) ... 7.2 44 .8 2'1.6 24.7 

.. 
l IIE- C 'I'l:S'l' RADIATOR no . 2 

I IrI TIAL NaK PIlSSSURE DROP DATA 

12000p NaK 'l'emperature 

Using Venturi UaK v'lmr) 

Vent uri 
I, ' .p 

ISte 8-23-57 
l . ~ . . 

Vent uri 
tiP 

He.K 
F10vT 

Ind i ca ~cd Corr ected. ps i '1/ 'Ii' hr 

)~ .2 6 .2 1.2!~ H3,200 

8 .5 10.5 2 .1 23,700 

13.0 1500 3.0 28,509 

22.0 24 .0 4 .0 36,000 

39 ~2 1i1.2 8 .21~ 47,000 

~-7 .0 49 .0 9.8 51, 500 

76.3 78 .3 16.5 66 ,500 . 
97. 2- 99.8 19·95 73,000 

• • 

- 76 -

PUNP Radiator Hal{ 
Suct ion L\P Reynol ds f PresOlU'e psi Number 

13.0 2 .7 26,800 .0598 

13.08 4. ]2 35 ,800 .0537 

13.1 5.9 43 ,000 .0533 

13.1 8 .7 54,000 .0492 

12.96 1!~ .04 '11,000 .0466 

13.1 16.6 77, 500 .Oh60 

. 13.1 25.1 100,000 .0417 

13.1 31.7 110,000 .0437 



. . 

Data Taken by 

Appendix 6.6.9 
Sample Raw Data Sheet 

!HE - Stand C 

- 77 -

-..... D,.;.. • ......;R:.;,.;.;.......;.W..,.ard;;...;:.... __ ~_Engineer Run III 

Date 8/28157 B. C,. Wl111ams Technician 
--~~(~----~----

Nal{ 19tJ °F 
l1r 

Nal{ .3 9. i psi 
AP- . 

I RADIATOR 
Blower 
Speed 'dO RPM 

Air AP 9S ,/s: In. 
water 

Air AId T.C. 3 
In A1f< °F 107 
Air 
Out /3¢R' °11'108 
Air L:d'/J,~VoF 
Mean 
Air' Temp. Z'lf< °F 

"Dal Tube ¢z,tls" Dall T1,lbe Inlet ~.3 Below atm. 
c -Barometer ,,9, ikf// 

NaK EM No.1 /.3,.1( mv 
Pump ~ 90<0 ,rpm t:::l ~,?H~ Iblhr 

tJ' C1 
Pump Disch. ce;<, fpsi psi 

'corrected 
Pump Surge 14 d. psi 

Cold Trap 
EM No~3 S:S~ 
Flow 7?a 

37/ 

Flow~mv 

Plug 
Indicator Ir--....... -=:::; 

Co d 

mv 
Iblhr 
°F IDln. C.T. temp. 

Tic 'II 

.Bela Ir/ Jar? °F 
Oxide break temp. 

... 

TiP 
.. Venturi Temp. /~-(JCJ °F 69 I~ 

Venturi :0 / i psi 
Inlet ~t!!2 ps 

Venturi 3/,? si 
Throat. p 

AP %5% 

corrected 

_____ .psi 
corrected 
% corrected ---

AP psi 
---'corrected 

J:l" ~~~--------~-_~,~ u 
NaK r 

I an Flow ?A 3'aa 1 b hr ....,... g 
Gas 
Flow ft, Y % 
Gas 
Press. 1<£ psi 

, IHE-C 
Raw Data Sheet 

D. R. Ward 
4-22-57 

~.-.. - ,'<".:.,..... - . , , 
UNCLASSIFIED 



.. 

:,;. 

UNCLASSIFIED 

Appendix 6.6.9 
Sample Calculation Sheet 

mE' - Stand C 
Radiator Calculations' 

- 78 -

eomputed by R. S. Holcomb 

Date Computed 8-;0-57 

Run 11 

Date 8-28-57 
NaK Air 

Total NaK ]'loY 

Cold Trap Flow 

~t ddt? (EM FlOW) 
fd 3d a . Lb./Hr. ,.. 

'Zf't) Lb./Hr. 

Total Air Flow ~ ~O Lb./Hr. 
IDall' Tube;} --"'""'7-..................... _--

L Curve 2 J & 5-2<2 Lb./Hr. 
ator Flow Air out/.,36GoF H :: _---" ... _5! ..... ~-=.;J...J=_~--

Air in /d,;y OF H = -...;._-""'.,..,.StI.?....I:,;...III.z~ __ _ 
lSf:t ::: ----'" ... 7.;;...:;;;,z:=-:3"',,"-3=--=-__ 

[curve 3] 

Q = Gp-.:;.o x 0, s6.f'. x /'fa ::.1 ~7ddd 
NaK W Sp .Heat NaK l:fr 7 Btu Hr. 

Curve 1 

. 
0]' °F [curve'il WaKOut /3L~ NsK. In L~OQ 

"'Air In OF - Air Out 4 5 6" OF l:fr= °F 
ATl 

'-(l.~ 
?d (.1" °F l:fr2 /;3tf OF Log Mean 

Air'ilm 'NsK. Out /3/0 OF Sum ::: zr~{r = /(2;~ 9 OF 
Temp. = Air In t.dd:tt. OF Av.Air Film Temp. 
Av. of: Nal( In /5"()O "F 'Air Reynolds Number = S .;:z. tK 

Air Out L.3~~ OF [curve 5, using Air Film Temp. e Sum = 19JJZ? OF & Air FloY, Lb./Hr;] 

Q = UAL:il!lm 10,000 = 10,000 L:fr = 10,000 x 7<??: = 4 -KJ>/ ' ~From 
UA Q, 3(/0 e?c This 

NeX In. ____ oJ! Using NeX Mean Temp. 0, , + 0,000t) = _-"tJ~'..;;.,A..;::~~/ ___ --::;K:::a. Subtract 
NeX Out oJ! & Curve 6 h A K

t 
A J This 

NaK Mean. ____ oF Tio,0007-n.0,ooo + 10,0~ot7~ /l.o,~"';= /~ .3~O 4:::- ~~i:et 
L- UA J ihn An_ KAt ] {ha Q 

Air Nussel t Number = 3 .. ~ 
[Curve 1, Using Air Film Temp] -=:...=-----

Avo Air Out' 13" ,oF Air tsP x Std.Air Temp. OR 520) = 65 xJ2, .. LS(AP) = 0,//7 
Air In -~/,oG.JaLp1JI&...o-,oF No.ofRows( Av.Air Temp. R //'l.f( (Av. OR) in. of water 

flv. Air Temp. 2':114 OF AP per tube 
+ ~ row corrected 

Av.Air Temp. g9-J1 OR to Std. 60°F 
....",..c.....:;.~. ~- Air Temp. 

Air = . lb./Hr. = IflSf = 4. £9 
1"low 1.81 x 3600 51 

,,[!ree-Flow Area Thru RadiatoiJ 

2 
Lb./Ft. sec. 

5-1-51 



Appendix 6.6.9 Calculation Curve 5. - 79 -

· . 

1000 

900 

800 

700 

600 

500 

a:: 
I.J.J 
m 
:E ·400 ::> z 
(J) 
a 
..J 
o· 
Z 
>-
I.J.J 
a:: 300 
:E 
..J 
Li: 
a:: 
<i: 

200 

100 

AIR FLOW RATE (thousand Ib I hr) 

Test Radiator Air Reynolds Number* vs. Air Flow Rate. 



Appendix 6.6.9 Calculation Curve 6, - 80 -

· . 

1,0 

0,9 

0.8 

0.7 

0.6 

0.5 

--
-I~ 

0.4 

+ 
-I) 

0.3 -....-
... 
9 

0.2 

0.1 
to 20 30 40 50 60 70 80 90 100 

RADIATOR NoK FLOW RATE (thousand Ib/hrl 

Test Radiator l\laK Film and Tube Wall Resistance. 
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<0 • 

ci 
Z 

':J 
LLJ 
(j) 
(j) 

::::l 
Z 

2: 
..J 
G: 
a::: 
<i 

2.0 

1.8 

1.6 

1.4 

1.2 

... 1.0 

0.8 

0.6 

0.4 

0.2 

2 

Appendix 6.6.9 Calculation Curve 7. 

10
4 

ha (Ae + .pA f ) 

0.6 0.8 1.0 1.2 1.4 

4 6 8 10 12 14 

Air Film Nusselt Number as Function of Film Thermal Resistance. 

- 81-

1.6 1.8 2.0 
10 

9 

8 

7 

6 

ci 
z 

5 ':J. 
LLJ 
(j) 
(j) 
::::l 
Z 

2: 
4 ..J 

G: 
a::: 
<i 

3 

2 

16 18 20 
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To: 

Appendix 6.7 

~J ~/ 
INTER-COMPANY -CORRESPONDENCE 
UNION CARBIDE NUCLEAR COMPANY 

J ' 

..... 

A Division of Union Carbide and Carbon Corporation 

W. D. Manly Plant: X-10 

- 82 -

Cop~es To: H. W. Savage Date: July 25, 1957 
J. H. DeVan 
J. C. Amos Subject: Metallurgical Examination of 
A. Taboada ARr Test Radiator No. 1 Failure 
Met. FUes Metallography Report No. 299 

The radiator failed immediately after reaching full power conditions on 
the first controlled thermal cycle. Radiator NaK outlet temperature remained 
approximately constant during this transition and the inlet temperature was in
creased from l350 0F to l500°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 

Various 6T conditions with a :maximum. 
NaK temperature of 1200°, 

Various L'!r conditions with a maximum 
NaK Temperature of 1500°11' 

Design conditions of l500°FNaK in 
and 1070°11' NaK out 

Thermal Cycles 

Slow cycles, maximum NaK temperature 1200°11' 

Slow cycles, maximum NaK temperature l5000 F 

Fast cycle, maximum NaK temperature 1525 °F 

Tot&l Cycles 

·390 hours 

47 hours 

360 hours 

73 hours 

7 

'2 

1/2 

9-1/2 1 

The radiator 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 direction of 
J. H. DeVan. 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. Figure 1 shows the removed piece. The arrow points to the tube con
ta.ining the failure. 

lCorrespondence to. J. H. DeVan from J. C. Amos, "Metallurgical Examination of 
ARr Test Raiiator No. 1 11

, July 16, 1957 •. 
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VI. D. Manly - 2, July 25, 19.57 

Figure 2 is a close-up view of the failed a~a. The arrowl3 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 e:xam.:i..nation did not indicate: 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 Figure 2 only rotated approximately 
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
emplary 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 
wa;u ~ch is only present at the extreme left edge' of Figure 4., 

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 number 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 near the failed area. 

Figure 8, 9, and 10 show the microstructure of the three tubes :JsiuTounding 
the failed tube. Notice again that there is no evidence of incipient 'f8.:flure 
in any resyect. " , 

The inside di,ameter, outside diameter and wall thickness of the failed 
tube were measured at various times during 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. i]n,ere was little or no variation 
in the inside diameter which would indicate astre'l3s high enough to produce 
plastiC flow in the tubes. ;: ", 

i.,. 

As of this time the cause of the failure is not determined. The failed 
tube and those immediately surrounding it have been examined and the investigation 
is continuing to other suspect areas~ The fin-to-tubejoint 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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Y-23354 Fig. 6 100 X 
Hole Number Two. Compare the size of this hole with that of number one, Fig. 4. 

Noti ce the same shape of the edge. Etched with 10% Oxalt c AcT d 

" . " . -'" 
~-

'ir-- --r ' 

Y-23353 Fig. 7 500 X 

x 
o 
o 
If} 

Hole Number Two. Notice the a~ence of any grain boundary voids. Etched with 
10% Oxalic Acid. 
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Tube Number One • No evidence of Incipient failure. Etched with 10% Oxalic Acid. 

. . "" . ... . - ( 

- ' • ' . ') . 

}-
~". { 

,t ' '\ . . j . 
.. ~ .. ~~{ 

) '/ 
l 

.' 

.. 'I;!. . , ~ ·r . ., 
o .. ~. • .... 
'"" 

I . 

... 
. ~ - /~-",:,.)- \..f 
\ Yl'~ : ;'l' .. /. '~ -\, .. :, t o" 

. , ~~. :" ". I . :~ ! 
,-) , .~ , 

,015 

.011 

,011 

;' 

Y-23339 Fig. 9 200 X 
Etched with 10% Oxalic Acid. Tube Number Two. No evidence of incipient failure. 
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Tube Number Three. 
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Fig. 10 
No evf dence of t nc i pi ent fat lure. 
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Etched with 10% Oxalic Acid. 
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UNION CARBIDE NUCLEAR COMPANY 

A Division of Union Carbide and Carbon Corporation 

To: VI. D. Manly Plant: X-10 

. Date: December 2, 1957 
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Copies To: J. C. Amos 
J. R. DeVan 
Met. File Subject: Metallographic Examination 

of the ART Test Radiator 
No.2 

Metallography Report No. 
304. 

The ART Test Radiator failed during the Cfr phase of the 182nd thennal. 
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 radiator history is briefly sUllllllarized in the following: 

Total hours at 1200°F or above 

Total hours ~ operation 

Total hours at design Cfr .. 

862 

431 

310 

Number of successful thermal cycles 181 

The radiator was received, cleaned, and rough cuts made in 9201-3 under 
the direction of J .R. DeVan. The cut-up proce¥e 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 radiator after cleaning prior to sectioning 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 :perferationsafter the fire • 

. Failure Analysis 

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

.. All 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 microst~ctures 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 f"ailure. This sa.me type microstructure was previously f"ound 
in York No.7, 8, and 9 of" which York No.8 failed in operation. 

Figure 7 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 cgmpare these photomicrographs 
with those presented in the ARr No. 1 examination 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 Exa.m1nation of ARr Test Radiator No. l", J. E. VanClev~, Jr • 
Oct. 21, 1957 - Metallography Report No. 303. 
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Fig. 2 

FIg. 3 

Failure Section 1-7. Contains ten damaged tubes 

Failure Section 1-8. Contains two damaged tubes 
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Rg.4 Y-~3~ 
Representative mi crostructure of thi rty-ni ne of the forty tubes exami ned. No 

signs of incipient failure. Etch: 10% Oxalic Acid 200X 
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Rg.5 Y-~2~ 
MlcrO$tructures of the fortieth tube approximately 180° away from the hole. Notice 

the grain boundary voids. -94 _ Etch: 10% Oxalic Acid 200 X 



• 

t , 

'. ' 

'. 
/ . 

./ 

' -

, . , , . 
• ! 

, . 
. ' . "'" 

.. 

~ . 
',\ . 

. • • __ • .. t 

Ag . 6 Y-~2~ 
Same tube as Fig. 5. More grain boundary voids. Etched with 10% Oxalic Acid (200X) 
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Fig. 7 Y-24274 
Microstructure of the same tube very near the hole. Notice the progression from 

discontinuous voids to continuous grain boundary separation. Etched with 10% Oxalic Acid 
-95- (200X) 
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