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Issue Date: 12/17/56

PLUTO LITERATURE SEARCH;

HEAT TRANSFER. CORROSION

Ro L. McKisson

a

A search of the readily available AI literature on high tempera
ture, high flux, heat transfer and pressure drop in gases and on high 
temperature gas corrosion has been completed. While this is in no sense 
a complete literature survey, it has largely served the purpose for which 
it was intended, ioe., to acquaint the author with the general status of 
endeavor in these fields. The search was carried through the AI files of 
classified literature, the NAGA report summaries, and chemical abstracts 
from 1940. Papers and reports which were not obtained are not included 
in the following lists.

Much theoretical work has been reported on heat transfer and 
fluid flow at high temperature, but only a few reports of pertinent 
experimental programs were found. No experimental work has been reported 
for operating temperatures above 2600° F. The bulk of the experimental 
work at high temperatures has been done by laboratories under the auspices 
of the National Advisory Committee for Aeronautics (NAGA). The two most 
pertinent reports on these subjects are NACA-TR-1020 (#80) and NP 5862 

(#106). Each of these is a summary topical report covering several years 

work by the two laboratories.
Variables affecting high-temperature high flux heat transfer 

are correlated and discussed in detail, including large film temperature 
gradients, high gas temperjature level, and length to diameter ratio of 
channel. A similar treatment is given the pressure drop data. It is of 

interest to note that most of the heat transfer studies have been made 
using resistance heated metal tubes.

The vast majority of corrosion reports in the literature relate 

to aqueous corrosion and these have been excluded from this survey. Of 
those reports which treat gaseous corrosion, i.e., gas-solid interaction, 
only a few were found which did not involve refractory metal-oxygen or -air 

systems. RAE-MET-140 treats the attack of zirconium carbide and titanium

r; 3 01
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carbide by rocket combustion gases. The most useful reports on water 
vapor attack of oxides are J.A.C.S. 71, 1338> (1949) (#158a) and J.A.C.S. 
74. 2701 (1954) (#159). These discuss the BeO-H^O reaction which is of 

great interest to us. However, no complete quantitative description of the 
volatilization process is available. Apparently there has been little 
interest in the air corrosion of ceramics as such.

No attempt has been made to include references giving the chemi
cal properties of ceramics in this summary. Those of most interest are 
the heat and free energy of formation of refractories and their vapor 
pressures. Such data has been collected and summarized under the various 
materials themselves in the Materials Section of the Pluto literature 
search.

The reports abstracted below have each been assigned a reference 
number, and have been classified as to subject content into the categories 
shown in Table I. Table II cross-references the report reference numbers 
to the subject categories, and Table III is an author index.

TABLE I
SUBJECT CATEGORIES

Code Subject
A Heat Transfer, General

B Heat Transfer, Experimental
C Heat Transfer, Theoretical
D Boundary Layer Theory

E Pressure Drop, General
F Pressure Drop, Experimental
G Pressure Drop, Theoretical
H Corrosion, Experimental

I Corrosion, Theoretical
J Methods, Corrosion

K Methods, Heat Transfer, Pressure Drop
L Properties, Physical

M Properties, Chemical

N Review - Bibliography

0 Design - General
P Thermal Stresses
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TABLE II
CROSS-REFERENCE: SUBJECT CATEGORY. REPORT REFERENCE NUMBERS

Subject
Category

A.
Report Reference Numbers

1, 6, 7, 8, 9, 10, 11, 12, 13, H, 15, 16, 17, 18, 19, 26, 27, 

33, 36, 37, 38, 40, a, 42, 46 , 51, 52, 56 , 58 , 64, 65 , 67 , 68,

69, 73 , 74, 76 , 77, 79, 80 , 81, 82, 83 , 85 , 87 , 88 , 91, 94, 96,
102, 106, 111, 115, 116, 128, 131a, 134, 135, 136, 137a, 138,

139, 140, 142, 145, 146, 148, 150, 151, 154, 156, 158, 160, 163,
166, 174, 184

B. 6, 9, 10, 11, 14, 15, 19, 27, 34, 35, 36, 37, 38, 40, 41, 42, 
51, 52, 65, 79, 80, 81, 82, 87, 88, 96, 102, 106, 111, 128, 
131a, 136, 137a, 140, 142, 163, 184

C. 10, 30, 31, 55, 56, 64, 68, 73, 74, 76, 77, 80, 81, 83, 91, 94, 
102, 106, 128, 131a, 137a, 138, 146, 161, 161a, 166, 174

D. 44, 45, 46, 53, 54, 57, 59, 72, 75, 131a, 137a, 140, 174,

E. 6, 7, 8, 9, 10, 11, 12, 15, 16, 17, 18, 19, 26, 27, 33, 36, 38,

39, 40, 41, 42, 43, 45, 47, 48, 52, 56, 58, 60, 64, 65, 67, 69,

71, 73 , 74, 75 , 76 , 77 , 80 , 83, 85, 86 , 89 , 91, 96 , 97, 106,
107, 111, 128, 131a, 137a, 144, 146, 147, 149, 153, 155, 157,

163, 1.68, 174

F.
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Subject
Category

G.

H.

I.

J.

K.

L.

M.

Report Reference Numbers
30, 32, 43, 47, 48, 55, 56, 60, 64, 66, 67, 73, 74, 76, 77, 80, 
83, 91, 92, 97, 106, 127, 128, 131a, 137a, 146, 161, 161a, 174

2, 3, 4a, 20, 24, 25, 50, 95, 98, 99, 100, 101, 103, 104, 105, 

114, 117, 118, 119, 125, 131, 141, H6, 158a, 162, 169, 181, 183

3, 3a, 4, 20, 39, 49, 55, 70, 76, 77, 93, 95, 99, 100, 101, 105, 

114, 124, 124a, 125, 131, 141, 159, 165

2, 4a, 5, 29, 78, 103, 104, 105, 108, 141, 158a, 173,,179, 180, 
181

7, 61, 62, 71, 84, 85, 89, 108, 120, 122, 124b, 126, 132, 133, 
141, 152, 164, 168, 172, 175, 176, 177, 178, 179, 180

22, 23, 28, 63, 78, 113, 120, 122, 129, 130, 141, 143, 160, 167

22, 23, 28, 63, 78, 113, 121, 123, 124a, 130, HI, 159, 160, 
165, 167, 169, 170, 182, 183

59, 70, 107, 113, 116, 117, 118, 119, 124a, 126, 131, 132, 133, 

137, 141, 144, H5, H7, 148, 149, 150, 151, 153, 154, 155, 156, 
157, 158, 164, 168, 181 4
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Subject
g-ategorg

0.

Report Reference Numbers
12, 13, 14, 15, 16, 17, 18, 19, 27, 33, 84, 90, 109, 110, 112, 
171

Po 21, 31a
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TABLE III 
AUTHOR INDEX

A
Addoms 86,89 Cowen 1, 35

Aladyev 51 Creager 68, 82

Albrecht 20 Grow 89
Allen 118 Curtis 22, 23

B
Barron 153
Berkman 4a
Binder 127
Bowserman 172
Brevoort 79
Brewer 165
Brombacher 168
Bromley 120
Bundy 177
Burton 164
Beckett 182

D
Davis 162
Deissler 55, 66, 73, 76

Desmon 80

Dhawan 71

Doil 67
Donaldson 42

Drew 142
Dryden 54
Duckworth 113

Dyne 126

Durham 184

G
Calder 102
Callaghan 74
Campbell 141
Carberry 135
Carr 19
Caver? 152
Glayborne 107
Colburn 142
Comings 143
Corrsin 61

E
Eckert 139, 154, 156, 158

Edelman 97

English 63
Ergen 90

Evans 163
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F
Fassell, Jr. ~3, 98, 99, 100, Hud It 179, 180

101, 104, 105 Hughs 157

Feibig 24 Humble 37, 80

Field 21 Hutchison 158a

Frock 178
Fontana 93
Freedman 4
Freeze 178-
Frossel 43 I

Iberall 161a

J
Jackson 132, 133

G
Gallagher 58
Ghani 171
Gingrich 31a K
Goldstein 62 Kalikhman 46

Goodwin 68, 82 Katzer 30

Grele 34, 37, 38 Kays 91, 96, 106, 128

Grossweiner 159 Keenan 52
Keith 103
Kline 75
Klunker 69, 72
Koster 50

H Kraus 124b
Habel 58 Kroll 86
Hawthorne 97
Hicks 32, 56, 161
Heck 167
Hellyer 108
Henderson 136
Hilsenrath 124a, 129, 182 L

Lagerqvist ” 179, 180
Hirschfelder 22, 23, 28, 124

Langmuir 170

Hsu 152 Lashof 168

3 '07
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N
Lepore 29 Nathan “ 143
Lees 53, 57 Nicolai 52
Leva 144, 147, 149, 151 Noyes 64

Neugebauer 183
Libby 92 Neal 184
Lin 53 Newman 184
Lindsay 120
Livingood 40
Livey 3a 0

Olsen 178
Lohrisch 160 Oppenheim 153, 155, 157
London 112, 128
Lowdermilk 34, 36, 37, 38, 40,

80
Lyon 25

P
Pappas 140

Parker 137

\K Penner 126
M

Mahlmeister 30 Peterson 104, 105

Mallett 2a Pinkie 64

Malm 158a Porter 123

Manson 65 Powell 94

Masi 130 Price 138

McAdams 52, 89 Prien 172

McGee 28
McKewan 3, 98
McLaren 173 £
McLean 69, 72 Ramey 136

Mela 115 Rashis 79

Mickley 77 Rasmussen 48

Montgomery 56, 161 Ross 77

Morduchow 92 Rothman 122

Morphew 116 Rubesin 33, 140

Murray 3a Rush 84

Millner 183
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s
Sage “ 152

1
Tamman “ 50

Salter 109, no Tetervin 59
Sams 35, 41 Thompson 31
Sanz 4 Thorn 5

_ Sarjant 163 Thurlow 134
Sato 166 Touloukian 129
Samders 102
Scheil 49
Scherrer 62, 81
Schlicting 44, 45, 131a
Schlinger 152 v
Searoy 121 Valerino 39, 64, 67
Seibert 103 ' Van Wazer 29
Seifert 159 Varshavsky 47
Shapiro 75, 97, 137a Voress 117
Sherwood 146

- Shimizaki 31a

% Silverman 175
Simon 4a
Sinnott
Skaperdas

103
145, 148, 150

W
Wachtl ” 63

Smith 136, 138 Walker 70
Speiser 169 Wasserman 161
Squyers 77 Watt 114
Stalder 68, 82 Waver 2
Stewart 77 Wayber 125
Strong 176, 177 Weeks 164
Sturdy 125 Weintraub 147, 149, :

- Sugawara 166 Wieland 36, 40, 41

Wiley 173

- Wise 125
Wooley 78

Worthington 142
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+
ABSTRACTS

1. AECU 116 (NEPA 804-IER-10)

Vol. I, "Heat Transfer Lectures"

Compiled by Cowen, Dec, 1948 
A

This volume contains a series of heat transfer lectures 
given at the NEPA heat transfer symposium in Oak Ridge, Tenn,, Dec, 

8-13, 1947, and is a collection of papers by men outstanding in 
the field of heat transfer. The subjects include fundamentals 
of heat transfer, high density heat flux from metals to water, 
conduction problems, measurement of rapidly changing temperatures, 
heat, transfer equipment, heat transfer to granular materials, 
effects of solar radiation on a body at high altitude, and infra
red radiant heating. None of these seem to be particularly 
applicable to our immediate needs.

2. AECU 1355'

"A Spectrophotometric Study of the Oxidation of Tantalum"
Waver et al, March 23, 1951 
HJ

Describes a method of analyzing interference colors 
using the spectrophotometer to determine the corrosion rate of a 
metal. The author studied low temperature oxidation of Ta and 

compared the rates of corrosion as determined by the spectrophoto
meter against weight gains.

AECU 1918

"The Parabolic Linear Oxidation Rate Transition Theory" 

McKewan and Fassell, Jr.
HI

A new theoretical concept is proposed to account for 
the type of oxidation followed by metals upon exposure to an 
oxidizing atmosphere at elevated temperatirres. The hypothesis
is based on the relative rates of oxii ayjystallization

'3 10FORM 81 L- 1 REV. 2 54
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of the tarnished coating. If the recrystallization rate of the 
oxide coating formed on the surface is greater than the oxida

tion rate of the metal, the coating will be protective and hence 

will follow a parabolic equation. If the reverse situation is 
true, the coating will be non-protective and the rate curve 
will be linear. This is on microcard.

A.E.R.Eo M/R 1543
"Some Observations on the Stability of Beryllia and Magnesia 
in Different Atmospheres at High Temperatures"
Livey and Murray (1954)
I .

The behavior of beryllia and magnesia under various 
conditions of atmosphere (e.g. water vapor, carbon monoxide, or 
vacuo) at high temperatures Is discussed. In the presence of 
water vapor, beryllia volatilizes readily (above 1000° C - 1800° F), 
whereas magnesia does not. This is in conformity with the general 
higher stability of gaseous beryllium salts compared with those 
of magnesium.

In vacuo or in reducing atmospheres, magnesia volatilizes 
readily at high temperatures due to dissociation and this obviates 

its use as a high temperature material tinder these conditions. 
Beryllia shows good stability, however, under these conditions.

Some calculations have been made on the rates of loss 
to be expected under equilibrium conditions for the various 

atmospheres mentioned above and these are shown to account for 
losses observed by experiment.

The difference in behavior of the two oxides is probably 
due to the different types of bonding in the beryllium and magnesium 

compounds, i.e., magnesia is largely ionic in character whereas 
beryllia has a considerable degree of covalency.

An analogy is drawn between the halides and hydroxides 
of Group II metals. This may be a concept useful for estimating 

the free energies of formation of other hydroxides. No experi
mental work done by authors.

111
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4 AL 81

Aerophysics Lab Memo No o 81s NAA
"The Preliminary Survey of Chemical Equilibrium Reactions of 

Gasses Flowing Over Graphite or Metallic Carbide Surfaces at 
High Temperatures"
Freedman and Sanz 
I

Thermodynamic calculations show that over the temperature
range 2000° C to 3500° C and at 30 atmospheres pressure, continued 
flow of ammonia or hydrogen over graphite can result in considerable 
chemical reaction with the graphite, due principally to the forma
tion of CN, or HCN, and acetylene in the case of the ammonia, 
and to the formation of acetylene in the case of hydrogen,, When 
methane is passed over graphite, chemical reaction is not likely 
to occur for temperatures under 3300° C„ When hyirogen is passed 
over metallic carbides, the possibility of chemical reaction due 
to the formation of acetylene decreases as the molar heat of 
formation of the metallic carbide becomes more positive. The 
author is here referring to the quantity Qj, not

4a. ANL 4177
"The Volatilization of Beryllia in Water Vapor" 

Berkman and Simon, July 15, (1948) Secret 
HJ

The authors exposed weighed BeO pellets to various
partial pressures of H^O in a transperation apparatus. Sample 

temperatures ranged from 1000° C to 1550° C. At 1550° 0 and

made with H^ and N^ as diluents showed reductions in weight loss 
rate. The weight loss rates generally increase with mass flow 

rate but tend to reach an asymptote at high flow rates. The 

authors are building a better piece of apparatus with which they 
hope to better characterize the reaction.



ANL 5417
"Saturation of Vapor in a Knudsen Effusion Oven"

Thorn (1955)

J
A discussion.

NAA-SR-MEMO-1789
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6. APEX-4
Aircraft Nuclear Propulsion Projectj Engineering Progress Report
No. 4j April 1 to June 30, 1952. Secret
ABEF

They are setting up for a test by NAGA in Cleveland to 
cover the Reynolds number range 3000 to 70,000. Friction factors 
tested cold compared well with those predicted from the chart in 
McAdams' "Heat Transmission."

They report good heat transfer correlations of experi
mental data with the equation of McAdams, et al., from NACA-TN-985. 
Pressure drop in their system correlates well with the following 
expression:

In (Pg/p^) = -1/2 k M2 + 4 f L/b]

where f = 1-1/2 times the value predicted for rough pipe by 

McAdams' correlation. Assembly is continuing on their multi

element test rig. Cold pressure drops were tested for screen- 
bed type fuel elements.

APEX-5
Aircraft Nuclear Propulsion Project, Engineering Progress Report, 

No. 5, July 1 to September 30, 1952. Secret 
AEK

A test on a concentric ring geometry set-up is reported 

complete and a NAGA report was circulated at GE. No data given 
here.

The multi-element test rig still is under assembly.

Screen-bed type fuel element is under test, and they are study

ing thermocouples a^yj^^MM^y^^mountings for use in their test rigs

13FORM 81 L-1 REV. 2 S4
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APEX-6A
Aircraft Nuclear Propulsion Projects Engineering Progress 

Report, No. 6A, October 1 to December 31, 1952. Secret.

AE
The tests at NACA have been completed. Data is not 

analyzed. Multi-element heat transfer rig assembly is con
tinuing.

4

9. APEX-7
Aircraft Nuclear Propulsion Project, Engineering Progress 
Report, No. 7, January 1 to March 31, 1953. Secret.
ABE

Tests on in-line sets of plate-type fuel elements 
show less increase in heat transfer coefficient due to the 
turbulence between sections than is expected. Trapezoidal 
elements are being studied.

10. APEX-8

Aircraft Nuclear Propulsion Project, Engineering Progress 

Report, No. 8, April 1 to June 30, 1953. Secret.

ABCEF
The multi-element test rig is undergoing shake-down

tests. Single-element heat transfer and pressure drop tests
for a mass velocity range of $0,000 to 200,000 lbs/ft"~/hr, and

plate temperatures 250 to 1650° F, were made for a two-element
. 0

in-line assembly. Total pressures of 15 to 8$ lbs/in'~ gage 
with air inlet temperature 65° F were observed. An equation 

of McAdams giving heat transfer coefficient for air

0.000654 T. 0o27 G°o8
n - b

shows considerable scatter when checked versus experimental 
values of h. A better equation from NAGA is h 

This NACA equation applies to short plates and gives very good 

correlation with a-sroeriment.a 1 d«t.g „ . JfcMams Locmafciop makes no

0.0037T”0 0 7t!? ° ®L”°"2.
1 D
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allowance for film temperature variations which has a significant 

effect on "h". Further, McAdams* equations applies, really, to 
long plateso However, full acceptance of the NACA equation 

depends upon further testing to cover broader ranges of inlet 

temperature, other geometries, sizes of channel, and more plates 
in series.

11. APEX-9
Aircraft Nuclear Propulsion Project, Engineering Progress 
Report No. 9 Covering the Period July 1 to September 30, 1953» 
Secret.
ABE

The multi-element test rig program has been delayed.
The first test is to be on five flat-plate units in the series.
The single element test rig was operated under the same conditions 
described in Apex-8 and tested three stage units with l/8 inch 
gaps between stages. Each stage was 1.08 inches long and had 
a sectional area of 1.472 inches x 3.500 inches. They found that 
stage to stage alignment was detrimental to heat transfer 
coefficient.

12. APEX-10
Aircraft Nuclear Propulsion Project, Engineering Progress 

Report No. 10 Covering the Period October 1 to December 31, 

1953. Secret.
There is very little to report here. The section III 

describes the AC series reactors, the hexagonal design, the 
multi-tube setup. Heat transfer on wire type elements is 

discussed.

'15
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APEX 12
Aircraft Nuclear Propulsion-Project, Engineering Progress 

Report No, 12, for April 1 to June 30, 1954° Secret,
AO

Discussion of progress on component development of 
ribbon type elements, giving a correlational data and heat 
transfer expressions and diagrams.

14. APEX 13
Aircraft Nuclear Propulsion Project, Engineering Progress 

Report No, 13, July 1 - Sept, 30, 1954° Secret,
ABO

Discussion on shaped wire fuel elements. Heat trans
fer tests on ribbon type elements are discussed. Heat transfer 
tests on pebbles. There seems to be relatively little of 
immediate value in this report.

i

APEX 14
Aircraft Nuclear Propulsion Project, Engineering Progress 

Report No, 13, Oct, 1 - Dec, 31, 1954° Secret,
ABEFO

Discusses heat transfer and pressure drop for ribbon 
type fuel elements. Also discusses air flow tests which were 
run on a mock-up of the AC-200 type fuel tube assembly. The 

test section consists of a hexagonal shell, 4°21 inches across 
flats which was filled with 217 tubes 0,276 in. in diameter, 
with a wall thickness of 0,040 inch. The tubes were supported 
by wire screens at each end. The purposes of the test were to 

determine the behavior of the tubes under high velocity air flow 
and to determine .the resistance of .the assembly to air flow. 

There was some question as to whether flutter would develop and 
cause damage to the tubes. In order to determine abrasion and 
breakage due to flutter, the tubes were coated with a dye. 
Inspection following the test showed no evidence of damage to

FORM 81 L-1 REV. 2 54
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the tubeso The ceramic tubes were not continuous? but consisted 
of 6 four-inch lengths« Although the alignment of the tube 

sections appeared to be good, the effects of this staging on 
pressure drop were not knowno Data have not been completely 
analyzed, but it appears that there is no increase in pressure 
drop due to the interruptions in the tube» This is similar to 
the type of system we are now contemplating,, No data as such 
is given in this reporto

16. APEX 15
Aircraft Nuclear Propulsion Project, Engineering Progress 
Report No. 15= Secret.
AEO

Discusses progress on fuel element alloys. Only 
metallic alloys are mentioned! in this connection they are 
considering alloys usable to 2400° F. There is no mention 

of the ceramic elements mentioned in Apex 14.

17. APEX 16

Aircraft Nuclear Propulsion Project Engineering Progress Report 

No. 16, April 1 to June 30, 1955. Secret.
AEFO

This report covers progress on ANP development program 
on their pebble bed system and their conical element system, as 

well as their ceramic tube elements. Cold flow tests of the 
AC-207 mock-up fuel element consisting of a hexagonal array 

of ceramic tubes, indicates the friction factor relationship 
to be f = 0.0155 (Re)~°o1 in the Reynolds number range from 

35,000 to 150,000. Over a large part of this range the data 

are in substantial agreement with the common friction relation

ship for smooth tubes. The metallic ribbon elements are also 
reported on.

UNCLASSIFIED
f— ^7 O 017
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18. APEX 20

Aircraft Nuclear Propulsion Project Engineering Progress
Report No. 20, April 1 to June 30, 1956o Secret
AEO

Pressure drops across an Hiring assemblyj Pebble 
bed elements, folded-flow model.

19. APEX 132
Aircraft Nuclear Project

"Single Stage Heat Transfer and Pressure Drop Tests". Secret.
Carr and others, Dec. 1952.
ABEFO

This document gives a detailed account of tests run 
at ANP on some flat plate type heat exchange surfaces. There 
are numerous photographs and diagrams and a discussion of the 
procedure and results, and a sample calculation. Their heat 
transfer data is correlated against various analytical expressions 
and the closest of fit is shown on various graphs. Pressure 
drops are treated in a similar fashion,

20. BMI-819
"The Corrosion of Thorium in Air"

Mallett and Albrecht, April 22, 1953 
HI

The corrosion of thorium in air in the range 100 to 
900° C follows a linear reaction rate and is principally an 
oxidation process. Two energies of activation were found,
13 Keal/mole for the 100 to 200° C range and 18 Kcal/mole for 

the 400 to 900° C range. These activation energies are probably 

caused by different rate determining steps in the corrosion

process.



NAA-SR-MEMO-1789

21. CF-54-5-196
"Temperature Gradient and Thermal Stresses in Heat Generating 
Bodies"
Field
P

A summary with equations.

22. CM-472
"Thermodynamic Properties of Air"
Curtiss and Hirschfelder (1948)
LM

Tables of (ff> -Eg), S°, C^, -(F° -Eg)/T, (E -Eg) to 
700° K for air, N2, O^, and CO^.

23. CM-518
"Thermodynamic Properties of Air, II"
Hirschfelder and Curtiss et al, Dec. 1948 
LM

The thermodynamic properties of air have been computed - 
over a temperature range from 273° K to 5000° K at 100° intervals 
and at 6 densities ranging from 0.008 to 25 times the normal 
density. Dry air and air containing .5, 1.0, and 5.0 mole % 

water have been considered. The dissociative reactions which 
occur at high temperatures have been considered. All data is 
based on the composition of air in which reactions have taken 

place to such an extent that chemical equilibrium is established. 
Complete tables of chemical composition are included. The 

determination of these compositions was the most laborous part 

of the computations. In addition to the basic tables the thermo

dynamic properties are given along adiabatsu. . .The..Riemann,. character
istic and shock, front conditions are tabulated.. The. tables occur 
under the following headingss

t~;oFORM 81 L-1 REV. 2 54 '19
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lo Composition 
2o Pressure 

3o Internal Energy 
4» Entropy 
5« Specific Heat 
6» Specific Heat C^.
7» Specific Heat Ratio 
80 Velocity of Sound 

9» Properties Along Adiabats 
10o Conditions at a Shock Front 
11o Viscosity and Thermal Conductivity 

This is a very complete report on the subject considered.,

24- CT 2400
"Air Corrosion of Thorium"

Feibeg, Mar„ 26, 1945 
H

A study was made of the corrosion of thorium and of a 
beryllium-thorium alloy in air at various temperatures. Both 

metals were found to corrode appreciably, but the corrosion of 
the alloy was found to be less than that of the unalloyed thorium. 
A preferential corrosion of one phase of the beryllium thorium 

alloy took place, but owing to a lack of information on the 
structure of this alloy, the phase most seriously attacked 
could not be identified.

25. CT 2529
"The Corrosion of Uranium Slugs in Heated Air"

Lyon, Dec. 21, 1944 
H

Report describes corrosion of bare uranium in air up
to 165° C.

20
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26. DC 51-9-36
Aircraft Nuclear Propulsion Project, Engineering Progress
Report No. 1
Sept. 1951. Secret.
AE

Simulated service tests on a segment of an air cycle 
reactor core are discussed. No radioactive material, but with 
temperature, velocity and fuel element geometry close to design 
values. Halt uses hot combustion gases, burns propane, and 
uses an element 3" x 1.77" x 6" long, containing 11 type 309 
stainless steel plates. After shake down, good results were 
obtained on a run at 1800° F.

A coated beryllium carbide plus 30$ graphite plate 
run was made. Plates contained 1.7$ natural uranium. The 
temperature was raised to 2000° F, and was cycled between 1500° 
and 2000° F during a 1 hour test. Some plates cracked, but did 
not prevent further operation.

DC-52-3-54
Aircraft Nuclear Propulsion Project, Engineering Progress 
Report, No. 3 
March 1952. Secret 
ABE0

Their single element heat transfer rig was tested atA
mass velocities up to 56 Ibs/seo/ft , Mach numbers from 0.1 to 
0.3, and fuel element wall temperatures ranging from 700-1600° 7, 
Experimental heat transfer coefficients were compared with several 
analytical expressions. The best fit was obtained with one given 
by McAdams, Al«» in NACA-TN-985 which is

0.025 x u 0,2 x o„ x Q0,8
» P,

The results were compared with this equation using data for bulk 
temperature gas. Pressure differences measured were lover than 
those calculated by the usual equations, but no further information

> -a n iJL
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is giveno They report the construction or the beginning of 
construction of a multi-element test rig which is to cover 5 
elements in series <>

Describes a test to' be run at the Lewis Flight 
Propulsion Lab. at Cleveland on mock-up elements. Test to 

include the effect of different fuel-plate leading edges, 
blunt, rounded and sharp, etc. Also the change of heat transfer 
coefficient due to roughening the latter portion of the heating 
stir face and the effect is misalignment of two stages of fuel 
elements. Another test of a two-inch by three-inch three-foot 
long section containing 10 stages for pressure drop under cold 
flow will be run by NACA Lewis Lab.

28. MDDC 590
"Thermodynamic Properties at High Temperatures"
Hirschfelder and MsGee, Jan. 1, 1947 
LM

This report gives thermodynamic properties of air from 
7000° C up and is of no use to us in this project.

29. MDDC-1188
"A Discussion of the Transpiration Method for Determining Vapor 

Pressures"
Lepore and VanWazer (1948 
J

A discussion.

30 MTA-19
"A Survey of Methods for the Determination of the Subsonic Flow 

Characteristics of Heated Gasses"
Mahlmeister and Katzer, Sept. 16, 1952 

CG

This report is a survey of the methods used for 

determination of subsonic flow characteristics of heated gasses. 
This study includes the general problem of variable heat flux and 
cross sectional area in systems which must consider friction.

'22
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The effects of other boundary conditions such as constant wall 

temperature, uniform heat flux, adiabatic flow with aEdwithout 
friction are also considered«

31. NAA SR 18 (AL-350)
"Flow of Heated Gases"
Thompson (1947) (AL-350)
C

Derives a method of correlating the variables involved 
in the transfer of heat from a wall to a high velocity gas.

31a. NAA-SR-MEMO 1740

"Steady State Temperature and Thermal Stress Distributions in 
Plates, Cylinders, and Spheres with Uniform Internal Heat 
Generation"
Gingrich and Shimazaki 
P

Equations for engineering use.

32. NACA-ACR-E5A29
"Addition of Heat to a Compressible Fluid in Motion"

Hicks, Feb. 1945 
G

The nature of nonadiabatic frictionless steady flow 

of a compressible fluid in a pipe of constant cross section is 
summarized.

33. N AC A-RM-A 51J25A

"A Summary of Available Knowledge Concerning Skin Friction and 
Heat Transfer and its Application to the Design of High-Speed 
Missies" Confidential 

M. W. Rubesin (1951)
AEO

Nothing of particular value to Pluto.

n
<>
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NACA-RM-E50E23
"Influence ©f Tube-Entrance Configuration ©n Average Heat 

Transfer Coefficients and Friction Factors for Air Flowing in 

an Inconel Tube"
Lowdermilk and Grele (1950)
BF

Discussion and some data»

NAA-SR-MEMO-1789

Page 24

35. NACA-RM-E52D17
"Experimental Investigation of Average Heat-Transfer and Friction 
Coefficients for Air Flowing in Circular Tubes having Square 

Thread-Type Roughness"
Sams (1952)
BF

Discussion and some data - Tube ID l/2"} L = 24"? 

roughness ratios O0OI6, 0,025? and 0,037o Re up to 350,000, 
and Q/A up to 115,000 Btu/hr ft^«

Heat transfer and friction both increase with rough
ness, h and f influenced by wall to bulk temperature ratio. 

Isothermal f substantially same as established correlations.

36, NACA-RM-E53-E04 (microcard)

"Measurements of Heat Transfer and Friction Coefficients for 
Air Flowing in a Tube of Length-Diameter Ratio of 15 at High 

Surface Temperatures9'
Weiland and Lowdermilk 
ABEF

Measurements of average heat transfer and friction 
coefficients were obtained with air flowing through a smooth 

electrically heated tube with a bell-mouth entrance and with a 
length to diameter ratio of 15, for a range of average surface 

temperature from 875° to 1735° Rankine, Reynolds number from 
2200 to 300,000, exit Mach numbers up to unity, and heat fluxes 
up to 230,000 Btu/hr/ft^ of heat transfer area.

The results indicate that in the turbulent range of 

Reynolds number based on tube diameter, good correlation of the
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average heat transfer and friction coefficients is obtained when 

the physical properties and density of the air are evaluated at a 

reference film temperature midway between the surface and fluid 

bulk temperature. The average heat transfer coefficients correla
ted with thos obtained previously from the same test equipment 
with longer tubes, length-diameter ratios of 30, 60 and 120, and 
at high surface temperatures and heat fluxes on the basis that 

the average heat transfer coefficient varies as the -0.1 power of 
the length-diameter ratio. The average friction coefficients 
were the same as the values obtained with longer tubes for 
Reynolds number above approximately 30,000.

In the transition from the laminar to the turbulent 
range of Reynolds number, the reference film temperature did not 
give good correlation and the average heat transfer and friction 
coefficients increased with increasing ratio of surface to fluid 
bulk temperature when the fluid properties and density were 
evaluated at the fluid film temperature.

37. NACA-RM-E7L31
"Heat Transfer from High Temperature Surfaces to Fluids. I 
Preliminary Investigation with Air in Inconel Tube with Rounded 

Entrance, Inside Diameter of 0.4 Inch and Length of 24 Inches" 
Humble, Lowdermilk, and Grele (1948)
AB

A good correlation of the data for the entire tempera- 

ture range was obtained when the physical properties of the air 
were evaluated at the average surface temperature, and Re was 
modified by substituting the product of air density evaluated at 
the average surface temperature and velocity evaluated at the 
average air bulk temperature for the conventional mass flow per 
unit cross sectional area.

...

■ . ■)25
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38. NAG A-RM-E8L03
"Heat Transfer from High-Temperature Surfaces to Fluids. II, 
Correlation of Heat Transfer and Friction Data for Air Flowing 
in an Inconel Tube with Rounded Entrance"
Lowdermilk and Grele (1949)
ABEF

Correlation -

LD
R = 0.023

'PiJ) 
/ s b

,0.8

Q/A to 150,000 Btu/hr ft2 

Re to 500,000 
Tsurf 4_ 2050° R 
ID tube 0.402"
Length 24"

c?s/k
R

0.4

39. NAC A-RM-E8G23
"Generalized Charts for Determination of Pressure Drop of a 
High Speed Compressible Fluid in Heat Exchanger Passages. I 
Air Heated in Smooth Passages of Constant Area with Constant 

Wall Temperature"
Valerino (1948)

El
Tabular data.

40. NACA-RM-E53J07
"Measurement of Heat-Transfer and Friction Coefficients for 
Flow of Air in Noncircular Ducts at High Surface Temperatures" 

Lowdermilk, Weiland, and Livingood (1954)
ABEF

This data summarized in NACA-TR-1020,

FORM 8 1 L-1 REV. 2 54
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41. NACA-RM-E54P11
"Experimental Heat-Transfer and Friction Coefficients for 

Air Flowing Through Stacks of Parallel Flat Plates"
Sams and Wieland (1954)

ABEF
Covers the range ofs

15000 <_Re <80,000 

Avg surf. T: 66l-683°R 
q/A <8080 Btu/hr ft2 

T inlet ~518° R 

P inlet .4 45" Hg

42. NAGA-RM-L52 H04
"Heat Transfer and Skin Friction for Turbulent Boundary Layers 
on Heated or Cooled Surfaces at High Speeds"
Donaldson
ABEF

The method presented in NACA TN 2692 for evaluating the 
skin friction of a turbulent boundary layer in compressible flow 
on an insulated surface is extended to the conditon of a heated 

or cooled surface. The results of the analysis are in agreement 
with the heat transfer measured in flight on the NACA RM-10 missile 
up to Mach 3.

43. NACA-TM-844
"Flow in Smooth Straight Pipes at Velocities Above and Below 
Sound Velocity"
Frossel (1938)
EG

A discussion.

NACA-TM-X217

"Boundary Layer Theory, Part I, Laminar Flows" 
Schiicting, April (1949)
D

The lecture series covers a 
equations of motion of viscous fluids,

discussion of fluid viscosities, 

discussion of the Navier-Stokes
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equations, Reynolds' law of similarity, discussion of very slow 

motion, Reynolds’ boundary layer equations, exact solutions of the 
boundary layer equations for the plane problem, the approximate 

solution of the boundary layer by means of the momentum theorem 
by the common Holhausen method plane problem, and the discussion 

of the prevention of separation, and estimations of the admissible 
pressure gradient. This report is a mathematical treatment of the 
boundary layer theory,

45• NACA-TM-1218 (microcard in our library)
Lecture Series
"Boundary Layer Theory, Part II, Turbulent Flows”
Schlicting, April 1949 
DE

This report includes general remarks on turbulent flows, 
older theories of flow, and more recent theories, including mixing 
lengths, a discussion of pipe flow, and friction on a flat plate 
with longitudinal flow, the turbulent friction layer and accelerated 
flow, discussion of free turbulence, and determination of the pro
file drag from the loss of momentum, the origin of turbulence, and 
a discussion of the calculation of the turbulent friction layer 
according to the method of Grusehwitz, This is a mathematical 
treatment of boundary layer theory in turbulent flow,

46. NACA-TM-1229
"Heat Transmission in the Boundary Layer"

Kalikhman
AD

Mathematical.

NACA-TM-1274
"Behavior of Fast Moving Flow of Compressible Gas in Cylindrical 

Pipe in Presence of Cooling"
Varshavsky (Translation) (1951)
EG

A discussion.

^28
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48. NACA-TM-1301
"The Flow of Gases in Narrow Channels" 
Rasmussen (Translation) (1951)
EG

(Low Pressures 3 x 10-5 to 40 cm Hg)

49. NAGA-TM-1338
"The Oxidation of Metals and Alloys"
Scheil (Translation) (1952)
(Z. Metallkunde 22 July (1937))
I

A discussion, oxidation in pure gas.

50. NACA-TM-1339
"Velocity of Action of Oxygen, Hydrogen Sulfide, and Halogens 

on Metals"
Tammann and Foster (1952)
Translation of (Z. anorg u. Allgem Chemic 123 Aug. (1922))
H

A discussion, some data.

51. NACA-TM-1356
"Experimental Determination of Local and Mean Coefficients of 
Heat Transfer for Turbulent Flow in Pipes"
Aladyev Translation (1954)

AB

52. NACA TN 985

"Measurements^f Recovery Factors and Coefficients of Heat 
Transfer in a Tube for Sub-Sonic Flow of Air*
McAdams, Nicolai, and Keenan 

ABEF

Measurements of heat flow to air at subsonic velocities 
and at substantially constant Reynolds number show that the heat 

transfer coefficient, he, i.e. the effective heat transfer coefficient, 
based on the difference between the temperature of the heated wall 

and the adiabotic wall temperature is independent of this difference.

FORM 81 L- 1 REV. 2 54



In order to determine the adiabatic wall temperature, recovery 
factors were measured at the pipe wall

The recovery factor averages 0„88 and is substantially
independent of Mach number in the range from 0,2 to !<, The
coefficient of heat transfer, H , based on the difference betweens
the temperature of the heated wall and the mean stagnation tempera
ture of the stream, is not independent of this temperature difference 
unless the temperature difference is large compared with the 
difference between stagnation temperature and mean stream tempera
ture » The conventional heat transfer coefficient, hm, varies even 
more with temperature difference. The preferred Stanton number, 
he/CpG where is specific heat at constant pressure and G is 

mass velocity, is nearly independent of average Mach number in the 
range from 0.1 to 0.75 and varies with Reynolds number substantially 
in the manner characteristic of turbulent flow of incompressible 

fluids in pipes.
Published data for flow of air at high Mach numbers 

involves such large temperature differences that they throw no 
light on whether he or hs should be employed for heat transfer 

calculations. They are used here to extend the present conclusions 
to much higher Reynolds numbers and temperature differences, leading 
to the relation he/CpG = 0.033 Re” ° J where the Reynolds number is 

computed using the inside diameter of the tube and the absolute 

viscosity of the air at the average mean stream temperature.

53. NACA-TN-1115
"The Investigation of the Stability of the Laminar Boundary Layer 
in a Compressible Fluid"
Lees and Lin 
D

This is a mathematical treatment of boundary layer for 

a compressible fluid, and its stability under various conditions.
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54. NACA-TN-1168
Ik.?

"Some Recent Contributions to the Study of Transition and Turbulent 
Boundary Layers"
Dryden, April 1947 
D

A general discussion of the topic of boundary layers 
giving a little background as to the concept and development of 
boundary layer theory prior to 1947 and a discussion of the methods 
being used for fundamental studies of the turbulent fluctuations 
in turbulent boundary layerso

55. NACA-TN-1210
"The Analysis of Turbulent Heat Transfer, Mass Transfer, and 
Friction in Smooth Tubes at High Prandtl and Schmidt Numbers" 

Deissler (1955)
CGI

This is a theoretical paper, "The expression for eddy 
diffusiveity from a previous analysis was modified in order to 
account for the effect of kinematic viscosity on the turbulence 
in the region close to a wall. By using the modified expression, 
good agreement was obtained between predicted and experimental 
results for heat in mass transfer at Prandtl and Schmidt numbers 
between 0,5 and 3,000, The effects of length to diameter ratio 
and of variable viscosity were also investigated for a wide range 
of Prandtl numbers,"

56, NACA-TN-1336
"The One Dimensional Theory of Steady Compressible Fluid Flow in 
Ducts with Friction and Heat Addition"

Hicks, Montgomery, and Wasserman (1947)

AC EG

Theoretical treatment.

57. NACA-TN-1360
"The Stability of the Laminar Boundary Layer in a Compressible Fluid" 

Lees 
D

A mathei int of the laminar boundary layer theory.
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58. NACA-TN-1362
"Tests to Determine the Effect of Heat on the Pressure Drop Through 
Radiator Tubes"

Habel and Gallagher, July (1947)

AEF
A study made to determine the pressure drop relations 

obtained in tubular radiators used for the cooling of aircraft 

motors. The authors were attempting to establish the relationship 
between the air flow rate and the amount of heating produced in the 
air.

59. NACA-TN-1384
"A Review of Boundary Layer Literature"
Tetervin, July (1947)
DN

The author describes the various theoretical approaches 
to the subject of boundary layer theory and gives 48 references.

60. NACA-TN-1428

"Notes and Tables for Use in the Analysis of Supersonic Flow" 
Staff of Ames 1-by 3-ft. Supersonic Wind-Tunnel Sectionj 
Moffatt Field (1947).
EG

61. NACA-TN-1864
"Extended Application of the Hot-wire Anemometer"
Corrsin (1949)
K

Discussion of the uses of the hot wire anemometer in 
turbulence measurements.

62. NACA-TN-1885
"Design and Calibration of a Total-Temperature Probe for Use at 
Supersonic Speeds"
Goldstein and Scherrer (1949).
K

■32
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"Charts of Thermodynamic Properties of Air And Combusion Products 
from 300° to 3500° R"

English and Wachtl (1950)
LM

64. NACA-TN~2186
"Method for Determining Pressure Drop of Air Flowing Through Constant 
Area Passages for Arbitrary Input Distributions"
Pinkie, Noyes, and Valerino 
AC EG

A method is presented that enables convenient determina
tion of the pressure sustained by air flowing at high subsonic 
speeds in a constant area passage under the simultaneous influence 
of friction and heat addition. The method is applicable for arbitrary 
heat flux distribution along the flow passage length. Air pressure 
drop working charts based on the method developed are presented.
This appears to be a very useful paper in which the authors go 
through a detailed analysis of the problem, and by making a few 
assumptions, arrive at a solution in a form that can be used. There 

are many graphs of parameters presented which make the use of the 

derived equations possible.

65. NACA-TN-2237
"Correlations of Heat Transfer Data and of Friction Data for 
Inter||ipted Plane Fins Staggered in Successive Rows"

Manson (1950)

Ref: NACA-ARR-3K01 (1943)> Experimental Investigations of 
Entrance Region Heat Transfer Coefficients."

ABEF

Development of correlation using data existing in 

literature.

'7
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66. NACA-TN-2242
"Analytical Investigation of Turbulent Flow in Smooth Tubes with 

Variable Fluid Properties for Prandtl number of 1»
Diessler (1950).
G

Theoretical.

67. NACA-TN-2328

"Method for Determining Pressure Drop of Monatomic Gasses Flowing 
in Turbulent Motion Through Constant Area Passages with Simultaneous 
Friction and Heat Addition"
Valerino and Doil, April (1951)
AEG

Charts are presented that enable convenient determination 
of the pressure drops sustained in monatomic gasses whose ratio 
of specific heat is 5/3, flowing at high subsonic speeds in a 

constant area passage under the simultaneous influence of friction 
and heat addition.

Although the charts are constructed for determining pressure 
drops when heat is added at constant passage wall temperature, 

pressure drops can be determined with good accuracy for other modes 

of heat addition through the use of an effective wall temperature 
in conjuntion with these charts.

The effective wall temperature is given in terms of the 
passage dimensions, gas flow conditions, and gas temperature rise 

across the flow passage. The gas temperature rise is related to 
the maximum passage wall temperature for the cases of heat addition 

at constant wall temperature, constant rate of heat input along the 
passage length, and sine variation of heat input along the passage 

length. Since we are more likely to be concerned with diatomic 
gasses, this report does not have direct bearing, but is, however, 
a useful reference for methods.

68. NACA-TN-2438
"Heat Transfer to Bodies in a High-Speed Rarefied-Gas Stream"
Stalder, Goodwin, and Greager (1951 

AG
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69 NACA-TN-2499
"Laminar Friction and Heat Transfer at Mach Numbers from 1 to 10" 
Klunker and McLean, (1951)

AE

70, NACA-TN-2537
"Heat Capacity Lag in Gases"
Walker (1951)
IN

This report reviews the literature on the sonic studies 
of the problem of the exitation of molecular vibrations by 
collision.

71. NACA-TN-2567
"The Direct Measurements of Skin Friction"
Dhawan, January (1952)
EFK

A device has been developed to measure local skin 
friction on a flat plate by measuring the force exerted on a very 
small moveable part of the surface of a flat plate. The forces 
which range from about 1 mg to about 100 mg are measured by means 

of a reluctance measuring device. The apparatus was first applied 

to measurements in the low speed range, both for laminar and 
turbulent boundary layers. The measured skin friction coefficients 

show excellent agreement with Blasius' and Von Harman’s results.
The device was then applied to high speed subsonic flow and the 
turbulent skin friction coefficients were determined up to a Mach 

number of about 0.8. A few measurements in supersonic flow were 
also made.

This paper describes a design and construction of the 

device and the results of the measurements.

72. NACA-TN-2916
"Effect of Thermal Properties on Laminar-Boundary-Layer Characteristics" 
Klunker and McLean (1953)

D
Diseussi' etical 35
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"Analysis of Turbulent Heat Transfer and Flow in the Entrance 

Regions of Smooth Passages"
Deissler (1953)
AC EG

Math.

74. NACA-TN-3045
National Advisory Committee for Aeronautics
"Analogy Between Mass and Heat Transfer with Turbulent Flow."
Callaghan, October (1953)
ACEG An analysis of combined heat and mass transfer from 
a flat plate has been made in terms of Prandtl's simplified 
physical concept of the turbulent boundary layer. The results 
of the analysis show that for conditions of reasonably small heat 
and mass transfer, the ratio of the mass- and heat-transfer 
coefficients is dependent on the Reynolds number of the boundary 
layer, the Prandtl number of the medium of diffusion, and the 
Schmidt number of the diffusing fluid in the medium of diffusion. 
For the particular case of water evaporating into air, the ratio 
of mass-transfer coefficient to heat-transfer coefficient is found 
to be slightly greater than unity.

75. NACA-TN-3048
"Experimental Investigation of the Effects of Cooling on Friction 

and on Boundary-Layer Transitions for Low-Speed Gas Flow at the 
Entry of a Tube"

Kline and Shapiro (1953)
DEF

76. NACA-TN-3145
"Analysis of Turbulent Heat Transfer, Mass Transfer, and Friction 

in Smooth Tubes at High Prandtl and Schmidt Numbers."
Deissler, May (1954)

ACEGI The expression for eddy diffusivity from a previous 
analysis was modified in order to account for the effect of kinematic 

viscosity in reducing the turbulence in the region close to a wall.

rrq P30
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By using the modified expression, good agreement was obtained 

between predicted and experimental results for heat and mass 
transfer at Prandtl and Schmidt numbers between 0.5 and 3000.

The effects of length-to-diameter ratio and of variable viscosity 
were also investigated for a wide range of Prandtl numbers.

77. NACA-TN-3208
"Heat, Mass, and Momentum Transfer for Flow over a Flat Plate 
with Blowing or Suction."

Mickley, Ross, Squyers, and Stewart 
ACEGI

Porous flat plate - adding or removing air from main 
stream through plate - Math.

78. NACA-TN-3270
"The Effect of Dissociation on Thermodynamic Properties of Pure 
Diatomic Gases"
Woolley, (1955)
JLM

A graphic method is described for obtaining charts for 

the thermodynamic properties enthalpy and entropy for the equilibrium 

mixtures of atoms and diatomic molecules for pure gaseous elements. 
The procedure is equal in principle to numerical calculations 

based on the same fundamental data. Results are given for hydrogen, 
oxygen and nitrogen. A table of equilibrium constants is included
for the reactions ----- ) 2H, 0^-----^ 20, and ^-----) 2N. The effect

of dissociation on heat capacity is discussed.

79. NACA-TN-3303
"Turbulent Heat Transfer Measurements at a Mach Number of 3•03" 
Brevoort and Rashis, September (1954)

AB

The heat transfer discussed in this report is not of 
interest at this time to the Pluto Project.

37
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NACA-TR-1020

"Measurements of Average Heat-Transfer and Friction Coefficients 
for Subsonic Flow of Air in Smooth Tubes at High Surface and Fluid 
Temperatures"

Humble, Lowdermilk and Desmon (1951)
ABCEFG

An investigation of forced-circulation heat transfer 
and associated pressure drops was conducted with air flowing through 
small tubes for an over-all range of surface temperatures from 
535° to 3050° R, inlet-air temperature from 535° to 1500° R,
Reynolds number up to 50,000, exit Mach number up to 1, heat flux 
up to 150,000 Btu/hr ft*, length-diameter ratio from 30 to 120, 

and three entrance configurations» Most of the data are for heat 
additions to the air; a few results are included for cooling of 
the air. The overall range of surface-to-air temperature ratio 
was from 0.46 to 3.5o

Correlation of the measured average heat-transfer and 
friction coefficients with heat addition by conventional means 
wherein the physical properties of the air were evaluated at the 
average air temperature resulted in considerable decreases in both 
the Nusselt number and the friction coefficient at constant Reynolds 
number in the turbulent region, as the ratio of surface temperature 
to air temperature was increased. The effect of surface-to-air 
temperature ratio was eliminated by evaluating the physical 
properties of air, including density in the Reynolds number, the 
Nusselt number, and the friction coefficient at a temperature higher 
than the average air temperature.

Correlation of the heat-transfer coefficient was also 

affected by increases in the average air temperature, produced by 
increasing the inlet-air temperature, which resulted in a decrease 

in the Nusselt number. This effect of temperature level was 

reduced by using the smallest variation in thermal conductivity 

with temperature available in the literature and was eliminated 
when the thermal conductivity was arbitrarily assumed to vary 
as the square root of temperature.

38
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81.

«

NAGA-TR-1055
"Comparison of Theoretical and Experimental Heat-Transfer 

Characteristics of Bodies of Revolution at Supersonic Speeds"
R. Scherrer, (1951)
ABC

Supercedes NACA-TN-2131

82. NACA-TR-1093
"Heat Transfer to Bodies in a High-Speed Rarefied-Gas Stream" 
Stalder, Goodwin, and Creager (1952)
AB

Low pressure - high Mach No.

83. NACA-TR-1135
"Equations, Tables, and Charts for Compressible Flow"
Ames Research Staff (1953)
ACEG

Extension of NACA-TN-1428

Same equations are in Shapiro’s book ref. no. 137a.

84. NEPA-884
"Thermodynamic Design of a Globar Heat Exchanger"
D. Rush (1949)
KO

Globar bank to simulate a nuclear reactor - design

considerations.

85.

•

NEPA-979-IER-13
Vol. II of the Heat Transfer Lectures, presented at the NEPA
Heat Transfer Symposium, Oak Ridge, Tenn, Dec. 8-13, (1947)

*

•

Edited by Cowen, June 1, 1949
AEK

This document gives 15 papers on various subjects in 
heat transfer. Of particular Interest is paper No. 2, "Experiments 
in Heat Transfer to Air in Subsonic and Supersonic Flow," by

Kaye, Keenan, and McAdams. This paper describes the experimental

•r-"> ' 31*
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NEPA 1138
"ISth Informal Monthly Report on Heat Transfer and Pressure Drop 

of Air Flowing in Small Tubes"
Addoms and Kroll, August, (1949)
E

There is nothing of interest to Pluto in this report.

87. NEPA-1399-ARM-33
"Study of Effect of Turbulence Promotors on Heat Transfer. Report #4 
April 18,(1950)
AB

88. NEPA-1431-ARM-35
"Study of Effects of Turbulence Promoters on Heat Transfer. Report #5. 
May 16, (1950)

89. NEPA-1688

"Heat Transfer and Pressure Drop for Air Flowing in Small Tubes" 
McAdams, Addoms, and Crow, Dec. (1950)
EFK

The object of this study was to determine heat transfer 
coefficients and overall pressure drops for air flowing inside 
unusually small tubes (l/8 and 1/16 inch) with high AT 's for 

several length-to-diameter ratios (5, 20 and 100)j the chief 

interest was in the region of streamlined flow, although in some 
cases data were taken at Reynolds numbers up to 18,000. This 

report describes the equipment and method of operation, gives data, 
and expressions describing the heat transfer and flow behavior in 
the system studied.

90 NEPA-IHR-P19
"The Ratio of Heat Transfer to Friction Losses for a Gas Flowing 
Through a Hot Tube"
Ergen (1947)
0

Process design calculation. Gas heated in tube, drives 
turbine which drives compressor to pump gas. Must overcome friction
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by energy gain in tube - Study of conditions necessary for cycle 

to operate.

91. NP 887
"The Basic Heat Transfer and Flow Friction Characteristics of 
Plain Plate-Fin Heat Exchanger Surfaces"
Kays (1949)
ACEG

Relates to aircraft heat exchangers.

92. NP-973
"On a Complete Solution of the One-Dimensional Flow Equations of 

a Viscous Heat Conducting Compressible Gas."
Morduchow and Libby (1948)
G

Mathematical.

93. NP 993
"Fundamental Corrosion Research. A Summary Technical Report" 
Fontana, April 10, (1949)
I

This summary covers (l) a study of corrosion mechanisms 
at normal temperatures, including the mechanisms of passivity in 

various metals and alloys, (2) a study of the influence of flowing 
solutions on the electrode potentials of copper alloys, (3) a 
study of the mechanism of oxidation of stainless steels at elevated 
temperatures, including the effects of time, temperature, oxygen 

partial pressure, and specimen size on the corrosion rates and 
chemical composition of the resulting oxides. The steels studied 

are type 304, 410, 430, and 501 stainless steels and SAE 1020 
steel.

.•94.
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NP-1751
"Analysis of Heat Transfer to Hydrogen Gas Flowing Through Tubes 
Having Constant Wall Temperature"
Powell (1948)
AC

mation for length of tube

41
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required to develop a given temperature (if choking does not 
occur) - Much calculated data - tables, charts, graphs.

95. NP 3092
Minutes of the Symposium on Corrosion of the Corrosion Sub- 
Committee, Deterioration-Prevention Committee Held February 3 and 
4, 1949, at the National Accademy of Sciences, Washington, D.C.

HI
This report covers principally sea water corrosion. 

However, there is one section covering the topic of ceramic 

coatings for protection of metals at high temperatures. This is 
a general discussion outlining the problems in getting suitable 
protection for metals for use in jet tailpipes and other such 
applications.

96. NP 3154
'•The Heat Transfer and Flow Friction Performance of Three Compact 
Plate-Fin Heat Exchanger Surfaces"
Kays (1949)
ABEF

Aircraft heat exchangers.

NP 3942

"The Mechanics and Thermodynamics of Steady One Dimensional Gas 
Flow with Tables for Numerical Solutions"
Schapiro, Hawthorne, and Edelman, December 1, (1947)
EG

This is a treatment of the flow behavior of gases in 
one dimension quite similar to the treatment given by Schapiro in 
this recent book (137a). In this paper he describes the general 

method of solution by numerical integration which is applicable to 

any problem. He covers four simple types of flow ™ area change at 

constant stagnation temperature without friction, change in stagna
tion temperature at constant area without friction, wall friction 

at constant area and stagnation temperature, and injection of gas 
without friction at constant area and with constant stagnation

: ••'42‘-t **
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temperature. He gives rather extensive tables of the numerical 

values of his influence coefficients for various values of k 
ranging from 1.0 to 1.67, tables for isentopic flow, tables for 
flow with heat transfer only, tables for flow with friction only, 
and tables for adiabatic normal shock. Examples of the use of 
these tables are given in appendixes.

98. NP 4243
"The High Pressure Oxidation of Metals. II. Tantalum"
McKewan and Fassell, Jr.
H

Tantalum samples were oxidized in pure oxygen at 
temperatures of 500° C to 600° C. The pressure was varied from 
14.7 psi to 500 psi. The linear law was observed in every case.
An Arrhenius plot was made of the data at 14.7 psi and two activa
tion energies were determined, 77.7 kilocalories/mole from 500° C 
to 540° 0; and 46.1 Kcal/mole from 540° G to 600° G. The oxida

tion rate was found to vary directly with the pressure according 
to the equation

k = (0.297P + 10.0) mg/cm2/hr

where P is in atmospheres. A mechanism was proposed involving a 
constant thickness film on the surface of the metal. This mechanism 

appears to explain the experimental data and the pressure effect.

NP 4244
"The High Temperature Oxidation of Metals"
Fassell, Jr., March 1, (1952)
HI

This is a progress report covering the period December 1, 

1951 through February 29, 1952. The general subject of high tempera
ture oxidation of metals is discussed and their early results on 

the investigation of the oxidation of tantalum in oxygen is given.

An appendix to their report gives a paper by McKewan and Fassell,
"The High Pressure Oxidation Rate of Metals. I. Copper in 

Oxygen." Its abstract reads: The oxidation rates of pure copper 
have been determined in the temperature range 600 to 900° C in
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oxygen from 14.7 psi to 400 psi total oxygen pressure. The 

oxidation rate of copper are unchanged by oxygen pressures within 

the range studies in this investigation. In all cases, both 

cuprous and cupric oxide are present in the oxide films formed 
on the copper metal.

100. NP 4245
•'The High Temperature Oxidation of Metals”
Fassell, Jr., June 1, (1952)
HI

This is a progress report covering the period February 29, 
to June 1, 1952. They discuss their experimental work on the high 
pressure oxidation rate of tantalum. They have established through' 
their research that there is a linear oxidation rate up to 600° G 

in oxygen and the rate varies as the partial pressure of oxygen.

101. NP 4246
"The High Temperature Oxidation of Metals"
Fassell, Jr„, September 26, (1952)
HI

This is a progress report covering the period June 1 to 

September 26, 1952. It discusses progress on their work on the 
high pressure oxidation rate of tantalum and the oxidation of 

zirconium, titanium, and mentions their survey on high temperature 

oxidation of metals is in progress and will be published shortly.

The report covers work done at the U. of Utah.

102. NP 4639

"Some Experiments on the Heat Transfer from a Gas Flowing Through 
a Convergent-Divergent Nozzle"

Saunders and Calder, Jan. 5, (1952)
ABC

Heat transfer at high subsonic and supersonic speeds is 

more complicated than at normal velocities because the cross-sectional 
temperature distribution is not usually fully developed. The central 

2TQ of gas is often unaffected by the heat added in contrast to one
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dimensional flow calculations which assume the heat to be spread 

over the whole cross section. Experiments are described using a 

water-colled convergent-divergent nozzle of smooth continuous 
profile through which hot gases at 865° 0 were passed and the 
heat transfer measured at different positions along the divergent 
portion, at Mach numbers up to 1.75. The results are very consistent 
when plotted in terms of the length Reynolds number measured from 
the throat. Velocity traverses at the exit also confirm that the 
boundary layer may be assumed to be turbulent and to commence at 
the throat. The heat transfer results also agree very well with 
the formulae for turbulent flow over a flat plate at low speeds, 
suggesting that such low-speed formulae may be used for supersonic 
flow in nozzles. Some tests with straight pipe at high subsonic 
speeds give results somewhat higher than the flat plate formula, due, 
probably, to pipe radius effects.

103. NP 4934
Quarterly Progress Report No. 3 Engineering Research Institute,

U. of Michigan, Ann Arbor, "An Investigation of Intergranular 
Oxidation in Stainless Steel"
Seibert, Sinnott, and Keith, September (1953)
HJ

This report gives a description of the techniques used 

in the study of intergranular corrosion in stainless steels up to 
about 2000° F. The objectives of the research were to determine 

the temperature effect on intergranular oxidation or corrosion, to 
examine the effects of alloy composition with respect to intergranular 
corrosion, and to determine the nature of the penetrating material in 

areas of intergranular attack, and to devise methods of redwing or 
eliminating intergranular penetration.
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104 NP 4943
Progress Report No. 7, Engineering Research Institute, U. of Michigan, 

Ann Arbor, "High Temperature High Pressure Oxidation of Metals" 
Fassell, Jr. and Peterson, August 28, (1953)
HJ

Progress report on the air oxidation of tantalum and
^43

FORM 81 L- 1 REV. 2 54



NAA-SR-MEMO-1789

Page 46

molybdenumo This work was done at temperatures up to 750° Co The 

authors review the previous work done by others on the oxidation of 
Mo and discuss it in the light of their own findingso

105. NP 4997
"Equipment for High Temperature High Pressure Solid-Gas Reaction 
Rate Studies"
Fassell, Jr. and Peterson 
HIJ

The basic concepts of the effect of oxygen concentration 
on the rates of oxygen of metals are considered» The experimental 
equipment and the techniques employed in high temperatures and pressures 
are described in detail. Some typical oxidation rate curves are 
included to illustrate the precision of the methods employed.

NP 5862
"A Summary of Experiments and Analysis for Gas Flow Heat Transfer 
and Friction in Circular Tubes Including a Consideration of a) 
Temperature-Dependent Gas Properties, b) Influence of Entrance Length 
and Type of Entrance, c) Transition Region Behavior."
Kays, June 30, (1954)
ABCEFG

This report summarizes all of the work accomplished on 
this project on the heat transfer and flow friction behavior for 

gas flow inside circular tubes. Experimental data of their own plus 
that of a number of other investigators is examined. An analysis 
of the effects of temperature-dependent gas properties covers both 
laminar and turbulent flow. The effects of the L/D ratio of the 
tubes is considered based on experimental data available in the 

literature. A large amount of experimental data in the transition 
region is critically examined. Methods are proposed for accounting 

for the influence of temperature-dependant properties, and also L/b 

by simple correction factors to the correlations for constant property 
flow in long tubes. Complete algebraic correlations are then proposed 
for both heat transfer and friction, which include all of the important 

variables for gas flow at moderate Reynolds numbers in small circular

.? "46
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tubes. A set of design curves are presented giving both heat transfer 

and friction behavior in the Reynolds number range 500 to 50,000 and 

including all of the variables considered.

107. ORNL-1248
"A Critical Review of the Literature on Pressure Drop in Non Circular 
Ducts and Annuli”
Claybome, May (1952)
EN

The usual correlation parameter for turbulent flow in non 
circular geometries is the equivalent diameter. Since this parameter 
has no real theoretical basis, the question arose as to the generality 
and degree of applicability of the equivalent diameter for widely 
different geometries.

The literature was critically examined for pressure drop 
data on isothermal fluid flow in the turbulent regime through non 
circular ducts, annuli, and parallel flow system; that is, fluid 

flow parallel to the exterior surfaces of two banks. The results 
were correlated on the basis of the conventional equivalent diameter 
and compared to the classic round pipe data. The results of 12 authors 
for 30 widely different geometries agreed with the round pipe data to 

within ± 15% for Reynolds modulus greater than 5000, and to ± 35% 
for Reynolds modulus between 2100 and 5000.

In view of these results it can be concluded that for 
practical purposes, the equivalent diameter is a satisfactorily 

correlation diameter for turbulent flow through non circular ducts, 
annuli, and parallel flow systems.

Eighteen references are given.
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P0C-Memo-16

"The Rate of Oxidation of Bare Uranium in Hot Air Stream with 

Preliminary Measurement of Particle Size Distribution of Oxide." Secret

Hellyer, October 8, (1948)
JK

Regarding experiments at air temperatures bellow 300° C, 

discusses mechanism of removal of the oxidation products tftfbfevt-he

."47
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surface. The mechanism apparently is a build-up and then a shedding 

from the surface at some critical oxide thickness.

109. R-101
"Aerodynamics of Nuclear Engines" Secret 
Salter, March 1, (1949)
0

This is a systematic study of the engineering variables 
of importance in the application of nuclear power to aircraft propulsion. 
The variables studied are engine performance, mechanical component 
dimensions and weights, reactor aerothermodynamics and nuclear aspects 
of reactor design. The first three of these categories were reported 
on in this report.

110. R-102
"Aerodynamics of Nuclear Engines (Supplement)." Secret 
Salter, March 1, (1949)
0

This report gives the computed data pertaining to Chapter 2 
of report R-101 and gives general aero-thermodynamic relations and 
plots together with results of the calculation of various air cycles 

applicable to nuclear engine propulsion systems.

111. R-lll

"Heat Transfer and Fluid Flow in Porous Materials for Nuclear Power 
Plants." Secret

ABEF

This is a report of a study of a folded type reactor using 
porous plates. The heat transfer in a cylindrical porous specimen 
with radial outflow of gas was studied. They found high energy 
densities were practical. Somewhat greater than 10 kw/cm^ of 

porous materials were attained. They found low pressure drops and 

low temperature gradients within the solid material and that the 
fabrication of the porous plates and tubes was relatively easy.

rT r: 3
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112. R-120

"The Influence of Heating Passage Size on Reactor Characteristics," 

Secret
London, February (1949)
0

This is a simplified analysis of reactor design intended 
only as a range finding guide.

113. RA 15039
"Ceramic Materials Research for Aircraft and Rocket Vehicles"
Duckworth et al, Aug. 26, (1947)
LMN

Survey of Project Rand - a review of the field and summaries 
of work done at various laboratories on mechanical properties of 
oxides BeO, Al^O^, zircon, SiC - C bodies SiC-Al^O^ - chemical 

properties of ceramics - coatings on Hastelloy B, survey of borides, 
nitrides, carbides

114. RAE-MET-140
"The Reactions of Carbides with Gases at Elevated Temperatures"
Part II, Behavior of Simulated Rocket Gasses 
Watt, Dec. (1950)

HI From a literature survey and thermodynamical calculations
it is concluded that titanium and zirconium carbides will react with 

typical rocket combustion gasses. Experimental results obtained in 
the laboratory tests at 2200° to 2300° C give the nature and rate of 

attack. It is shown that sintered zirconium carbide is oxidized with 
the formation of an oxide coating which goes according to the parabolic 

law. No protective coating is formed on a sintered titanium carbide 
at these temperatures, as they are above the melting point of titanium 
dioxide.

49
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Heat Transfer. Reports from Session XII of the General Information 

Meeting, October 24, 25, and 26, 1949, at Oak Ridge, Tennessee 
No. 3, "Recent Developments in Heat Transfer to Air" Secret.
Mela
A This is a discussion of the various problems associated
with obtaining high rates of heat transfer to air.

116. TID 3022
Heat Transfer, A bibliography of unclassified report literature 
Morphew, March 18, (1952)

AN
This bibliography contains 320 references on the subject.

117. TID 3047
Corrosion, A bibliography of classified report literature. Secret 
Compiled by Hugh E. Voress, April 2, (1954)
HN

This annotated bibliography contains 1294 classified 
references on the corrosion of a variety of alloys, commercial 

alloys, metals, ceramics, and plastics. References are included 
up to Dec. 15, 1953. Author, subject and report no. indices 
are included.

118.

119.

TID-3048
Corrosion - A bibliography of unclassified report literature 
Allen, June (1953)
HN

This annotated bibliography contains 214 references 
citing corrosion data found in the unclassified reports held by 

the Technical Information Service, Oak Ridge, as of Jan. 1, 1954» 

TID 3202
Corrosion, A Bibliography of Confidential U.S. AEG Reports 

Available through the Civilian Application Program. Confidential 
July (1956)
HN

s bibliography contains 241 annotated references
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to reports on the corrosion of various experimental and commercial 

alloys, metals, plastics, and ceramics which have been made 
available to L- and Q- cleared area permit holders. References 

are included to reports written prior to December 15, 1953.

120. UCRL 1128
"Use of the Unsteady State Method for the Determination of the 
Thermal Conductivity of Gasses"

Lindsey and Bromley, Feb. (1951)
KL

An unsteady state method is described in which a charge 
of electricity is passed through a stainless steel tube containing 
gas to abruptly raise the temperature refraction of a degree. The 
change in the pressure or volume due to the temperature change of 
the gas is followed with time. From the resulting data it is 
possible to calculate the thermal diffusivity and thence, the 
thermal conductivity of the gas. This method has been applied 
to numerous mixtures and the results obtained are in substantial 
agreement with published measured values. The results agree 
well with the equation of Lindsey and Bromley given in Industrial 

Engineering Chemistry, £2, 1508, (1950) for gas mixtures.

121. UCRL 1404
"The Gaseous Species of Boron, Boric Oxide System"

Searcy, July 20, (1951)
M

The reaction between boron and beryllium oxide has been 
investigated at 1900° K by the Knudsen diffusion method. From 
the results of the heat of formation of B0 gas is calculated to 
be 4.5 ± 3 kilo cal/mol and it can be shown that boric oxide 

vaporizes without decomposition to lower oxides. Calculations 

based on experiments in the literature lead to a heat of sublima
tion of boron of 131 ± 4 kcal/mol, and to 8.0 ± 0.2 electron volts 

for the disociation energy of Be gas. The vapor pressure of ZrO^ 
is 10”^ atmospheres at 2073 K.
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122. UCRL 2339
"Thermal Conductivity of Gasses at High Temperatures" (Thesis) 

Rothman, Jan. (1954)
KL

Apparatus suitable for measuring thermal conductivities 
of gasses from 30° C to 800° C has been designed and operated 
successfully. The apparatus consists primarily of a conductivity 

cell formed of a pair of concentric silver cylinders. A constant 
temperature furnace and suitable control and measuring equipment. 
Conductivity values were obtained for nitrogen, carbon dioxide, 
and mixtures of the two at 5 or 6 temperatures from 50° C to 
775° C. In addition, conductivities of argon are measured from 
50° C to 780° C, and those of air and helium at 43° C and 680° C 

respectively. The results lie in the range of most investigators 
values at all temperatures. Experimental uncertainty is about 1% 
except for data at the two highest temperatures, 680° and .775° C, 
which are estimated to be 2-1/2 and 3$ high respectively. These 
errors were caused by the formation of gas bubbles on the silver 
surfaces above 600° C which reduced the annular spacing between 
the cylinders. The largest radiation correction required was 8%. 

Approximate accommodation coefficients were obtained for air, 
nitrogen, carbon dioxide, argon, and helium on silver.

123. UCRL 2416
"A Thermodynamic Study of Gaseous Oxides"(Thesis)
Porter, Dec. (1953)
M

This thesis is primarily a study of the gaseous state 
of MgO. Vapor pressure measurements on the solid oxide show that 
the solid vaporizes mainly into molecular species. Spectroscopic 

experiments have been conducted and have shown that the known 
gaseous ^ electronic state of MgO is not the principle vaporizing 

species. A study of the ultra-violet bands produced by magnesium 
burning In air prove the ground electronic level of the molecule 
involved in this transition is more important than the ^ state

52
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of MgO. Within experimental uncertainty, the heat of sublima
tion obtained from vapor pressure measurements agrees with a 
spectroscopically determined heat of sublimation of the unknown 
specie involved in tte ultra-violet transition.

The dissociation energy of SnO has been determined by 
combining the heat of formation of SnO and a redetermined value 
of the heat of sublimation of Sn. The dissociation energy 
obtained thermochemically agrees with a linear Birge-Sponer extra
polation to the ground state atoms.

124. WIS ONR 18
"Heat Transfer in Chemically Reacting Gas Mixtures"
Hirschfelder
I

This report discusses heat transfer and gas reactions 
in a stagnant system of gasses between two parallel plates, one 
of which is hot, the other cold. This does not appear to be of 
use in this project.

I24a« Second AGARD Combustion Colloquium, Liege', Belgium 12-5-55 to 

12-9-55
"Sources of Transport Coefficients and Correlations of Thermo
dynamic and Transport Data"
Hilsenrath
HMN

Bibliography, 352 entries.

124b. Allgem. Warmetech. ^ 113 (1953)
"Temperature Measurement in Gases at High Velocity"

Kraus
K

An investigation of the difficulties encountered in 
determining the exact temperatvire of fast flowing gases. These 

. difficulties are due to either a damming phenomena at a solid

body or to inner friction. Their influence on measuring apparatus 

and methods is discussed. 57 references.

f'53
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J. Am. Chem. Soc., 7^, 2269, (1953)
"The Logarithmic Growth Law for the Oxidation of Titanium"

Wayber, Sturdy, and Wise 
HI

The oxidation of Ti below 350° C has been reinvestigated 
and found to follow the logarithimic growth law, confirming the 
work of Alexander and Pidgeon. The break in the Arrhenius plot 
of Gulbransen and Andrew is due to the change from the logarithmic 
to the parabolic rate law at temperatures above 350° G.

J. Am. Rocket Soco 2%, 165 (1953)
"Optical Methods for the Determination of Combustion Temperatures" 
by Dyne and Fenner 
KN

This is a review on the subject.

Trans. Am. Soc. Mech. Engrs., 66, 221, (1944) 
"Limiting Isothermal Flow In Pipes"
Binder
G

An explicit formulation is given for the limiting 
isothermal flow of gas in a horizontal pipe. For isothermal flow,

P critical
P initial Mach

P crit
P init

y(P crit 
Isothermal v adiabatic

Trans, of the Am. Soc. Mech. Engrs., 74, 1179. (1952)
"The Convective Heat Transfer and Flow-Friction Behaviour of Small 

Cylindrical Tubes of Circular and Rectangular Cross-Sections"
Kays and London 
ABCEFG

Recent heat transfer in flow-friction test data for gas 

flow in small circular and rectangular cylindrical tubes in the 
laminar transition and low Reynolds number turbulent flow regimes
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are examined and compared with earlier results. For circular 

tubes in laminar flow the heat transfer results substantiate very 
well analytical predictions as summarized by Norris and Streeds

TRANSACTIONS OF THE ASME, Volume 62, page 525 (1940). In 
turbulent flow circular tube heat transfer is correlated by an 
empirical non-dimensional equation of the same form, but with a 
somewhat lower coefficient than has been commonly employed in 
the past. The difference is attributable, in part, to the use 
of more recent data on air properties in the reduction of test 
results to a non-dimensional form. The transition region for 
circular tubes is found to extend from about Reynolds number 2000 
to Reynolds number 10,000 and heat exchanger design in this dip 
region is discussed. Laminar flow, circular tube friction factors 
show an entrance length effect similar to that found for heat 
transfer and it is demonstrated that the analysis of Langhaar, 
JOURNAL OF APPLIED MECHANICS, TRANSACTIONS OF THE ASHE, Vol. 64,
page a55 (1942), for flow in a single tube can be employed to 
predict friction factors with acceptable accuracy for flow through 
a tube-bundle even with the sudden change of flow area at the 
contracted tube entrance section. For small circular tubes, as 
a result of this analysis, recommended design correlations in 
graphical form are given for the Reynolds range 500 to 50,000.

The turbulent flow heat transfer and friction performance 

of rectangular tubes is in close agreement with the characteristics 
for circular tubes. However, there is a marked difference in the 
laminar and transition behavior where the aspect ratio of the 
rectangular cross-section is demonstrated to have an important 
influence. It is concluded that considerable additional work, 
both analytical and experimental, is needed to ascertain laminar 
and transition flow friction and heat transfer characteristics in 

rectangular tubes.

This is a good piece of work in the range of Reynolds 

numbers covered. However, the Reynolds numbers range covered here 

is below that which we anticipate for our project Pluto. Nevertheless, 
we should be able to use this report as a low Reynolds number match- 

point for equations which would apply to our own range of Reynolds 

numbers. _
r155
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129. Trans. Am. Soc. Mech. Engrs., 76, Aug, (1954)
"The Viscosity, Thermal Conductivity, and Prandtl Numbers for 
Air, C>2, N2, NO, H2,CD, Co2, H20, He, and A."
Hilsenrath and Touloukian 

L
Data to 2000° K

130. Trans. Am. Soc. Mech. Engrs., 76, Oct, (1954)
"Survey of Experimental Determinations of Heat Capacity of Ten 
Technically Important Gases"
Masi
LM

Heat capacities of air, NH^, C02, CO, H2, CH^, NO,
N2, 02, and H20.

131. The Annual Review of Physical Chemistry, from Annual Review, Inc., 
Stanford, California Vol. 6 (1955)
HIN

131a. "Boundary Layer Theory"
Schlichting,

McGraw-Hill N.Y. (1955).
ABCDEFG

Book. Mathematical treatments of a wide variety of
cases.

132. Bull. British Coal Utilization Research Assocn., !£, 205 (1951) 

"Temperature Measurements in Gases and Flames, Radiation Methods." 
Jackson
KN

Review covering the relation between radiation and 

temperature, measurement of total radiation, and of partial radia

tion, and a discussion of line-reversal methods. 63 references.
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133.

134.

135.

136.

Bull. British Goal Utilization Research Assocn., 1^, 245 (1951) 
"Newer Methods of Gas Temperature Measurement"
Jackson
KN

Review covering thermocouples at high temperatures, 
hot wire methods, platinum resistance methods, and noise 
thermometer-with 70 references.

Bull. British Coal Utilization Research Assocn., Bulletin 15.
385 (1951)
"Heat Transfer", Conference at the Institution of Mechanical 
Engineers, London, 11-13 Sept. 1951,
Thurlow
A

General discussions.

Article in Chem. Eng. £2, 144.(1952)
"Re, Pr, Nu, St, Pe- What's their Real Significance?"
Carbury
A

This is a discussion of the significance of the various 

dimensionless groups often encountered in heat transfer and is 
of general interest.

Chem. Eng. Progress Symposium Series, No. % j>0, 21, (1954)
"The Heat Transfer Coefficients for Gases, The Effect of Tempera
ture Level and Radiation"

Ramey, Henderson, and Smith 
AB

Convection heat transfer coefficients for the cooling 
of steam and air flowing inside a 2-inch pipe were measured from 

500° to 1200° F at gas to wall temperature differentials of 300° 
to 1000° F over a range of Reynolds numbers from 2,000 to 20,000 
for air and 5,000 to 60,000 for steam. The convection heat 

transfer coefficients for air increased slowly with temperature
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levelo Similar measurements with steam indicated that published 
information on the eramisivity of steam was satisfactory for 
predicting radiation contributions encountered within the range 

of variables presented above. Data taken with different entrance 

conditions indicated that the convection coefficients could be 
increased several hundred percent at constant Reynolds number 
by substituting a jet entry with well-developed turbulence for 
the usual straight entrance section. A description of their 

experimental apparatus and a discussion of their results are 
given.

137. Corrosion, 7, 450 (1951)
"The Literature on Corrosion"
Parker
N

Discussion of methods of setting up a literature survey 
on darning-needle type card files.

137a. "The Dynamics and Thermodynamics of Compressible Fluid Flow" 
Vol. I and Vol. II Shapiro.

Ronald Press Co. N.Y. (1954)
ABCDEFG

A reference works in two volumes.

138. Fuel 22, 302, (1954)

"Heat Transfer from a Gas Between Parallel Plates to its 
Surroundings"
Price and Smith 
AC

In evaluating the amount of radiation between a gas and 

an enclosure, it is commonly assumed that the gas is 'grey'. Non 

luminous gases, however, radiate and absorb only in certain wave 

bands. This paper treats a system of such gases - flue gas. It 
was found that the 'grey' gas assumption may predict heat transfer 

rates twice those expected from a non-luminous gas.

Oj > n5B
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139.

HO.

141.

Heat Transfer Symposium, U„ of Michigan, Summer, 1952
Published by Engineering Research Institute, U0 of Michigan, (1953)
Paper No„ 6, "Convective Heat Transfer at High Velocities"

Eckert
A

The symposium covered a number of subjects in the field 
of heat transfer. This paper is of particular importance.

The author gives a general discussion of the problem 
of high velocity heat transfer and describes the status of the 
experimental techniques and developments and the results as of 
1953. It appears to be a useful general discussion paper and the 
author gives 21 references.

Heat Transfer and Fluid Mechanics Institute, preprints of the 
meeting held at UCLA, June 30, July 1 and 2, (1953). Paper #2, pg. 19. 
"Heat Transfer in the Compressible Turbulent Boundary Layer on a 

Flat Plate"
Pappas and Rubeson 
ABD

Local heat transfer rates were measured on the surface 

of a flat plate at 0° incidence to an air stream flowing at Mach 

numbers of 1.7 and 2.3. Surface temperatures were maintained 
less than 70° F above recovery temperature. It was found that 

the variation of heat transfer with Mach number was the same as 
previously reported variations of directly measured skin friction 

on unheated bodies with Mach number. This work is at Mach numbers 
higher than those we contemplate for our heat transfer experiments, 

but the paper may be of some value as a reference.

"High Temperature Technology",

Campbell, Editor, John Wiley & Sons, Inc., New York (1956)

HIJKLMN

Reference book on high temperature techniques, materials 
of construction, properties of materials at high temperature.
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142. Ind. Eng. Chem. 22, 958, (1947)
"Heat Transfer in a 3;1 Hydrogen Nitrogen Mixture at High Pressure" 
Colburn, Worthington 
AB

Experiments were conducted for flow inside a 5 ft. length 
of 5/8" i.d. steel tubing heated by steam, at gas pressures from 
30 to 900 atmospheres. The Reynolds numbers extend from 40,000 
to the unusually high value of 440,000. The results are in good 
agreement with the usual relations for heat transfer. In the 

correlations the effects of pressure on the revelant properties 
of the mixture are taken into account. Methods of estimating these 
effects which are not pronounced over the pressure range studied 
are presented. Concurrence of the data with those for better known 
gases is shown by inclusion of experimental data for air at 5 to 8 
atmospheres and at Reynolds numbers from 9,000 to 50,000. This 
paper gives a description of the experimental apparatus and also 
a large table summary of their data which includes not only hydrogen- 
nitrogen mixtures, but air as well.

143. Ind. Eng. Chem. 964 (1947)
"Thermal Conductivity of Gases at High Pressures"
Comings and Nathan 
L

Data of little use to Pluto.

144. Ind. Eng. Chem. 42, 55, (1950}

Unit Operations Review, Fluid Dynamic Section
Leva
EN

This is a review of the 1949 literature and 237 references
are given.

145. Ind. Eng. Chem. 42? 62, (1950)
Unit Operations Review, Heat Transfer Section 

Skaperdas 
AN

This is a th bibliography of 80 references.
P' GOFORM 81 L-1 REV. 2 54
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146. Ind. Eng. Chem. 42> 2077, (1950)

"Heat Transfer, Mass Transfer, and Fluid Friction Relationships 
in Turbulent Flow"
Sherwood
ACEFH The present status of the theory and experimental data
relating the three interface transfer processes of heat transfer, 
mass transfer and friction is outlined. The nature of flow of 
fluids in pipes and the concepts of molecular diffusion are 
reviewed, and the theories of the overall process of transfer 
from a pipe wall to a turbulent fluid stream are summarized. 

Representative data on the three processes are compared in order 
to illustrate their basic similarity and the simplicity of the 
relationships between them.

147. Ind. Eng. Chem. 42s 90, (1951)
Unit Operations Review, Fluid Dynamics 
Leva and Weintraub 
EN

This is a bibliography of the 1950 literature on fluid 
dynamics, giving 344 references.

148. Ind. Eng. Chem. 42, 99, (1951)
Unit Operations Review, Heat Transfer
Skaperdas
AN

This is a bibliography of the heat transfer literature 
of 1950, with 86 references.

149. Ind, Eng, Chem, ^4, 68, (1952)

Unit Operations Review, Fluid Dynamics Leva and Weintraub 
EN

This is a review of the 1951 literature on the subject, 

with 259 references.
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150. Ind. Eng. Ohem. 75, (1952)
Unit Operations Review, Heat Transfer
Skaperdas
AN

This is a bibliography of the 1951 literature on this 
subject and it gives 89 references.

151. Ind. Eng. Ohem. 74, (1953)
Unit Operations Review - Heat Transfer 
Weintraub and Leva 
AN

Of interest in this year1s review are a number of
articles on turbulence promoters and the inter-relation between 
heat transfer and pressure drop. The literature on fluidization 
has been augmented with articles leading to a new understanding of 
the energy transfer from gas to solids and of the motion of both 
particles and gas within the bed. Two-phase flow and contacting were 
important subjects covered in articles on packed beds and non-neutonian 
flow and the mechanisms of turbulence both received attention from 
the theoretians and experimentalists. There are 299 references.

152. Ind. Eng. Chem. 864, (1953)

"Temperature Gradients in Turbulent Gas Streams: The Measurement of 
Temperature, Energy, and Pressure Gradients"
Schlinger, Hsu, Cavers, and Sage

FK

This is a discussion of measurements made at low temperatures 

apparatus is described and some data on pressure drop is given.

153. Ind. Eng. Chem. 45, 941, (1953)
"Chemical Engineering Fundamentals Review - Fluid Dynamics 

Barron and Oppenheim 
EN

Review of 1952 literature with 285 references.
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154. Ind. Eng. Chem. 45, 951, (1953)

Chemical Engineering Fundamentals Review-Heat Transfer

Eckert
AN

Review of 1952 literature with 180 references.

155. Ind. Eng. Chem. 46, 922, (1954)
Chemical Engineering Fundamentals Review Fluid Dynamics
Oppenheim
EN

This is a bibliography and a brief review of 1953 literature. 
The most significant feature of last year's literature is a large 
number of books, essays, proceedings of symposia, and review papers 
providing a convenient and up-to-date summary of the present status 
of fluid mechanics. There are 17 papers on turbulent flow and about 
200 papers in all in the bibliography.

156 Ind. Eng. Chem. 46, 92, (1954) 
Fundamentals Review - Heat Transfer 

Eckert 
AN

This review covers work in the field of heat transfer that
has been published during the year 1953 in book form or in generally

available magazines. In addition, NACA reports which find a wide
distribution have been included. An attempt was made to include

foreign literature although the coverage is not complete in this
respect. The cooling problems encountered in aeronautics in the

effort to increase the velocity of aircraft and missiles created

interests in heat transfer under special conditions, like supersonic
velocities, rarified gas flow, boundary-layer flow, and very large

temperature differences. Atomic power created interest in processes

that result in specially large heat transfer coefficients. Research

is continued on the classical heat transfer processes that are still
poorly understood, such as heat transfer in separated flow regions,

evaporation, and two phase heat transfer. There is increased interest
in heat exchangers for more than two fluids and regenerative, that is,
periodic flow exchangers. There are 18 references to flow in channels 
and about 200 othei ____ ____________
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157. Ind. Eng. Chem. £7, 633s (1955)

Fundamentals of Chemical Engineering - Fluid Dynamics 

Hughs and Oppenheim 

EN
This is a review of the 1954 literature with a bibliography 

of about 300 references.

158. Ind. Eng. Chem. £7, 655* (1955)
Fundamentals of Chemical Engineering Heat Transfer 

Eckert et al 

AN
This is a review of the 1954 literature with a bibliography 

of references.

158a. JACS 71, 1338 (1949)

"The Volatilization of Beryllium Oxide in the Presence of Water" 
Hutchison and Malm 
HJ

The authors heated BeO in a platinum boat at 1500° C 
with 1 atm. water vapor pressure. Significant weight losses were 

observed. A strong temperature coefficient was observed in the 
range 1250° C to 1550° C. N® measurable volatilization was observed 
when H2-N2 mixtures were used over the BeO. MgO and beryl do not 
show the volatilization behavior in water vapor.

159. JACS 74, 2701, (1954)

"The Reaction of Beryllium Oxide with Water Vapor"
Grossweiner and Seifert 
IM

At high temperatures the volatility of beryllium oxide is 

greatly increased by the presence of water vapor. Measurements of the 
effects of temperature and partial pressure of water on the rate of 

volatilization of beryllium oxide indicate that the increased volatility
results from the reaction, Be0(s) + H20(g) -----^Be(0H)2(g), for which
ioglO Kp = 1.63 - 9060/G.

This paper reports equilibrium experimental data on the above

FORM 81 L- 1 REV. 2 54
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160. J. of Applied Chem., 2, 4&4 (1952)
"Heat Transfer Coefficients for Industrial Gases"
Lohrisch
ALM

Discussion covering the usual temperature range of interest 
in industrial practice. A table of properties of common gases is 
given in the temperature range up to 1200° F.

161. J. Applo Phys. 18, 891, (1947)
"On the One Dimensional Theory of Steady Compressible Fluid Flow in 
Ducts with Friction and Heat Addition"
Hicks, Montgomery, and Wasserman 
CG

Steady diabatic (non-adiabatic) frictional variable area 
flow of a compressible fluid is treated in differential form on the 
basis of the one dimensional approximation. The basic equations are 
first stated in terms of pressure, temperature, density and velocity 
of the fluid. Considerable simplivication and unification of the 
equations is then achieved by choosing the square of the local Mach 

number as one of the variables to describe the flow.
The transformed systems of equations thus obtained is first 

examined with regard to the existence of a solution. It-is shown that, 
in general, a solution exists whose calculation requires knowledge 

only of the variation with position of any three of the dependent 
variables of the system. The direction of change of the flow variables 
can be obtained directly from the transformed equations without 

integration. As examples of this application of the equations, the 
direction of change of the flow variables is determined for two special 

flows.
In a particular case when the local Mach number = 1, a special 

condition must be satisfied by the flow if the solution is to exist.

This condition restricts the joint rate of variation of heating, 

friction, and area at Mach = 1. Further analysis indicates that when 
a solution exists at this point it is not necessarily unique.

Finally, it is shown that the physical phenomenon of choking, 

which is known to occur in certain simple flow situations, is related

FORM 81 L- 1 REV. 2 54
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to restrictions imposed on the variables by the form of the transformed 
equations. The phenomenon of choking is thus given a more general 

significance, in that the transformed equations apply to a more 
general type of flow than has hetherto been treated.

161a. J. Appl. Phys. 12,997, (1948)
Iberall
CG

In an isotropic expansion of real gas, the relationship 
PV = C where gamma and C are constant is now exact. A development 
is given for an accurate exponent alpha (the effective gamma) related 
to the ratio of specific heats which permits the use of the relation
ship PoVo°c = P^V^-for an isotropic expansion between any two pressures. 

The exponent may be computed from the initial conditions of gas, the 
expansion ratio, the equation of state data, and data on the variation 
of specific heat with temperature.

Conclusions are, that at low pressures, the fractional 

difference between gamma and <3(.0 is equal to the magnitude of the 
departure of the ideal gas law and for a gas like nitrogen this amounts 
to a few tenths of 1$, while at high pressures it may be considerably 

more. For a finite expansion moderate initial pressures, the fractional 
difference between gamma and oi has been estimated to be also of the 
same order of magnitude.

162. J. Appl. Phys. 22, 941> (1952)
"Turbulent Diffusion and Erosion"

Davis
H

Theoretical. A new theory of turbulent diffusion is 

developed so as to describe the dynamics of particulate matter in 
fluid suspensions.

163. J. Inst. Fuels, 24 216, Sept. (1951)

"Heat Transfer and Turbulence in Gases Flowing Inside Tubes" 
Evans and Sarjant 
ABEF

The separate contributions of convection and radiation heat

nGGFORM 81 L-1 REV. 2 54
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1

transfer from non-luminous gases flowing in a 3" tube have been 

studied at temperatures up to 2000° F and at values of Re from 690 
to 15100. The influence of turbulence on h and f was made and a 
quantitative assessment made of the effect of spiral turbulence 
promoters. For a given pressure drop, although h increases, the 
total heat transfer decreases.

164. J. Institute of Fuel, 26, 260 (1953)
"Temperature Measurement." Progress Review No. 27 
Burton and Weeks 
KN

This is a discussion of methods of thermometry, radiation, 
thermocouples; gives a tabulation of properties of high temperature 
thermoc ouple s.

165. J. Phys. Chem. j>2, 105, (1955)
"The Importance of Complex Gaseous Molecules in High Temperature 
Systems"
IM

This is a discussion on the above topic.

166. Kyoto Univ. Faculty Memo. 1^ (l), 21 (1952)

"Heat Transfer on the Surface of a Flat Plate in the Forced Flow" 
Sugawara and Sato 
AC

Math - & experimental,

167. Mech. Eng. 62, 9, (1940).
"The New Specific Heats"
Heck
LM

Tabular data on Cp's of N^, 0^, CO, H^, 00^, H^O...

168 National Bureau of Standards, Circular 558 

"A Bibliography and Index on Dynamic Pressure Measurement" 

February 14, 1955 
Brombacher and Lashof

EKN This circular contains a bibliography of 850 items on
r^.l 067FORM 81 L- 1 REV. 2 54
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dynamic pressure measurement and in less detail on related subjects 
such as static pressure measurement and general information on the 
components of instruments. An index of the bibliography by both 

subject and author is included.

169. Ohio State University Engineering Experiment Station News 12, #5, 12, 

(1947)
"The Vapor Pressure of Metals"
Speiser
HM

Discussion of methods - data for Be.

170. Physical Review 2 329 (1913)
"The Vapor Pressure of Metallic Tungsten"

Langmuir
M

Classical paper - Langmuir method of measuring vapor

pressures.

171. Refractories Journal 2£, 265, (1949)
"Refractories - Their Selection and Sepcification"

Majuner and Ghani
0

General industrial uses.

172. Review of Scientific Instruments, 2j>, 640, (1954)
"Determination of Transient Flame Temperatures"

Bowserman, Prien, and Zandstra 
K

A description is given of an instrument to determine the 

temperatures of rapidly moving flames. This instrument uses a 

photoelectric modification of the line-reversal method wherein the 

light beam from a temperature-variable incandescent source is split 
into two monochromatic beams by means of mirrors and filters to 

impinge upon 931A multiplier phototubes. The phototube signals
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UNCLASSIFIED
are sent to a mu-bridge null detector whose output is fed to an 

oscilloscope for photography of results. The instrument can detect 

25° K temperature differences between about 1540° and 3100° K and 
3 millisecond time differences. Typical time-temperature results 
are given along with the analytical procedures used.

173. Rev. Sci. Insts. 26, 1150 (1955)
"Time-of-Flight Mass Spectrometer with Improved Resolution"

Wiley and MiLaren 
J

Bendix Research Laboratory machine discussion.

174. Science Reports Research Insts. Tokohu Univ., Series B., Vol. 4, p. 73 
(1954)
Theory of Heat Transfer of a Heated or Cooled Body in High-speed Gas
Flow
AC DEG

The relation between the distribution of heat transfer, 
frictional forces, and pressure in the laminar boundary layer adjacent 
to the heated or cooled surface of two dimensional bodies is solved 
theoretically for diatomic gases where the ratio of the surface 
temperature to the free stream stagnation temperature is l/2, 1 
and 2. This solution permits the calculation of the above quantities 

at an arbitrary Mach number and in a larger range of surfaces than 
has been reached by Howarth's method.

175. Third Symposium on Combustion, Flame and Explosion Phenomena, 

U. of Wise. September 7-11, 1948 
Published by Williams & Wilkins Co., (1949)
Paper 62, page 498.

"Determination of Flame Temperature by Infra-Red Radiation" 

Silverman

K
It describes the method of determining flames temperatures 

by determining radiation level and comparing it to a standard source. 
Comparison is made at a fixed wavelength chosen so that the flame 

does not absorb too strongly. A globar element is used as a reference.

"" o 6‘>
FORM 81 L- 1 REV. 2 54



4

€

k

176. Third Symposium on Combustion, Flame and Explosion Phenomena,
U. of Wise., September 7-11, 1948
Published by William & Wilkins Co., (1949)
Paper No. 84, page 641. "Temperature Measurment on Complex Flames 
by Sodium Line-Reversal and Sodium D-Line Intensity Contour Studies" 
Strong et al 
K

Discussion of the validity of the line-reserval method 
when used in flames having two or more zones of different temperature.

177. Third Symposium on Combustion, Flame and Explosion Phenomena, U. of 
Wise., September 7-11, 1948
Published by Williams & Wilkins, (1949)
Paper No. 85 page 647 "Measurement of Velocity and Pressure of the 
Gases in Rocket Flames by Spectroscopic Means"
Bundy and Strong 
K

Authors use a wavelength shift technique. Velocity is 
determined using a Doppler shift between radiation emitted in tw© 
different directions with respect to the flame axis. Pressure is 
determined by the pressure shift of wavelength observed perpendicular 
to the flame axis.

178. Third Symposium ©n Combustion, Flame, and Explosion Phenomena, U. of 
Wise., September 7-11, 1948

Published by Williams & Wilkins, (1949)
Paper No. 86, page 655
"Use of Thermocouples in Streaming Exhaust Gas"
Fiock, Olson and Freeze 
K

Discussion of the above topic.

179. Z. Naturforsch, Vol. 8a, p. 493, (1953) CA ^8, 5936c 

Lagerqvist and HudIt
UK

This is a method for measuring the intensity of sprectal 

lines by photoelectric means. It was used to determine the dissociation

NAA-SR-MEMO-1789

Page 70

FORM 81 L- 1 REV. 2 54



NAA-SR-MEMO-1789
Page 71

energies of strontium oxide, barium oxide, calcium oxide, chromium 

monoxide, and ferrous oxide.

t ISO. Z. Naturforsch, vol. 9a, p. 991, 1954 2A 991 (1954), Ok 5931i
v Lagerqvist and Hud.lt

v JK
This report describes their method for measuring intensity 

of sprectal lines and gives some data on some of the alkaline earth 

oxides.

181. Z. Physik. Vol. 133, pg. 229, 1952 122, 229, (1952)
"Absorption Spectra of Gaseous Radicals in Thermal Equilibrium"

Wieland
HJN

Based upon a brief review of the literature given by
Wieland, the conclusion is reached that the thermal behavior of* *

* numerous diatomic and of some polyatomic radicals can be studied
>

quantitatively with the help of their spectra, especially their 
; absorption spectra.

182. AECD-TN-56-12\
"Tables of Thermodynamic Properties of Argon-free Air to 15,000° K" 
Hilsenrath and Beckett,( Sept. (1956)
M

The thermodynamic properties Z- PV/RT, E/RT, H/RT, S/R, 
and P are given for equilibrium mixtures of dissociated and ionised 

molecules and atoms of the elements N2 and 0^ having the low tempera

ture composition of 0.78847 and 0.21153 O^. The tabulated properties
are given from. 2000° to 15000° K at a range of densities from 10 to

-6* 10 times normal density. The results are based on chemical equilibria
between the species 0^, 0^, N^, N*, NO^, NgO, NO, N0^ 0~, 0, 0+, 0*^,

H, N"1’, h++ and fL* .

UNCMSSIFIED
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183. Natvire 161, 601, (1949)

"Volatility of the Oxides of Tungsten and Molybdenum in the Presence 
of Water Vapor"

Millner and Neugebauer
Oxides of tungsten volatilize at 1000° C at 1 atm pressure 

in the presence of water vapor. Tungstates are not attacked. 
Molybdenum oxides show less volatility than tungsten oxides but the 
effect is still quite appreciable.

184. Reactor Heat Transfer Conference, Sponsored by the U.S. AEG 
Hotel Statler, New York City, Nov. 1 and 2, 1956
"High Temperature Heat Transfer to a Gas Flowing in Heat Generating 
Tubes with High Heat Flux 
Durham, Neal, and Newman 
AB

An investigation of forced convection heat transfer was 
conducted with helium gas flowing through heat generating graphite 
tubes for an over-all range of surface temperature from 1800 to 5040 R, 
gas exit stagnation temperature from 3675 to 4640 R, bulk Reynolds 
number from 1 x 10^ to 1.35 x 10^, heat flux from 7 x 10^ to 3.9 x 10^ 

Btu per hour per square foot, local Mach numbers from 0.12 to 1, and 
local tube length-diameter ratios from 16 to 368.

Satisfactory correlations of both the local heat transfer 

coefficients and average heat transfer coefficients were made in 
terms of Nusselt number, Reynolds number, Prandtl number and length- 

diameter ratio when the physical properties of the gas appearing in 
these parameters were evaluated at the arithmetic average of the 

tube inner surface temperature and the gas stagnation temperature.
The numerical coefficient for the correlation of local heat transfer 

coefficients was slightly greater than that for the correlation of 
average heat transfer coefficients.

This is a report covering recent work at Los Alamos. The 

authors those of NACA Rept. 1020 (#80) and
find good agreement even though the present work was carried out at 
higher temperatures and heat fluxes.
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