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HEAT TRANSFER IN MANHATTAN DISTRICT
AND
ATOMIC ENERGY COVMISSION LABORATORIES: A CRITICAL 3URVEY

Heat transfer, important as it is in the design and operation of
nuclear piles and their accessories, has not been represcnted adequately
in the reports of the Manhattan District. Not only has there been a scar-
city of consistent research on this topic but, also, much of the data
found by experiment did not reach the stage of being reported formally.

In addition, considerable heat transfer material is buried in revcrts of
other titles, where the heat transfer was incidental to the main objective,
Consequently, this critical survey of ths Manhattan District and

Atomic Energy Commission heat transfer literature by W. B. Harrison both
fills a need and points to the continuing need. Although he has done

an excellent job of correlating Sroject data and comparing it with previous
work, the scarcity of data leaves much in doubt in some eases of immediate
interest.

Progress in this important field can come only if--

(1) Engineers and others are diligent in revorting formally
all experimental data, and

(2) An organized effort is made to acquaint all of the
laboratories with the status of heat transfer orojects
so that further corrzlations can be utilized oromotly.

Cooveration is necessary or rceactor design will continue to be un-

necessarily limited by heat transfer considerations. After all,
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the generation of energy cannot exceed for long the amount removed,
This report by Mr. Harrison has been accepted by the University of
Tennessee as fulfilling the thesis requirements for the degree of Master

of Science in Chemical Engineering.

R. M. Boarts

Knoxville, Tennessee
September 20, 1948

Page B
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PART 1

A HEAT TRANSFER SURVEY

In view of the fact that heat transfer problems are of great interest
to many groups concerned with the desizn and development of processes and
operations in the atomic energy field, it was believed that an effort
should be made to bring into one volume the data of various observers
on cases of interest to the Atomic Energy Commission »rojects. Thile
attending the Clinton Laboratories Training School of 1946-7, Dr. R. M.
Boarts aroused sufficient interest in such a program that administrative
approval was granted. Dr. E. J. Murbhy, Gale Young, R. N. Lyon and
others showed particular interest in the »rogram and they were instrumental
in getting the work under way.

The original purposes of the program were to assemble, study, and
correlate heat transfer data found in the reports of the Manhattan
Project and in the continuing activities of the Atomic Energy Commission
for the purpose of making a critical survey of the state of information
on this subject. The work was initiated under the direction of Dr. R. M.
Boarts in March, 1947, and he has maintained contact with the program since
his return to the University of Tennessee in September, 1947. At that

time, Dr. E. J. Murphy undertook supervision of the survey, and, in

July, 1948, the work was placed under the direction of R. N. Lyon.
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iﬁe first step in initiating the program was a survey of project
literatures The QOak Ridge National Laboratory files and the Atomic
Encrgy Commission files at Oak Ridge have been carefully reviewed for
heat transfer references, Some data were obtained through cooperation
of K~25 {Carbide and Carbon Chemicals Corporation, Oak Ridge, Tennessee)
and NEPA (Fairchild Enginc and Airplane Company, Oak Ridge, Tenncssee),

The next steps were to c¢liminate from consideration those data which
werc not sufficicntly complete or accurate to justify correlation, and
to assemblc the remaining data into related groups based on the heat
transfer mechanism involved,

An effort was thon made to c¢valuate on a common basis all heat transfer
data of comparable nature. 'hen possible, the data have been compared
with correlations recommended in the liderature. For a few cases which
are unique, it was possible to suggest some corrclation, incomplete
though it may be, based on present knowledge. The mechanisms which make
up the body of the renort are combined conduction and natural convection,
and combined conduction and forced convection. Thesc mechanisms arc
discussed for the cases with phase change (speeificelly, with boiling) and
without phase change. Little data werc located for thec cases of radiation
and condensation, but a fow notes on these subjects may be found in Part 11
called "Selected Topics Related to Heat Transfer.t Although the data
included in the body of the revnort are experimental, a bibliography of

analytical solutions to conduction and other sroblems is included in Part 7.




XEXBXEXXXBXT ORNL 156-1

In general, inglish units (Btu, lb., ft., hr., °F) have been used
throughout the report, A table of equivalents is included in Part 17
for use in changing from one system of units to another. Jchysical
properties data, and graphical calculation aids have also been included
in the report to facilitate the making of heat transfer predictions.

The meanings of all symbols used in the report may be found in Part 18
entitled "Nomenclature."

The term f"project® refers to activities of the Manhattan District,
the Atomic Energy Commission, and cooderating laboratories which have
reports in the present Atomic inergy Commission files.

An effort has been made to use a change of verb tense in order to
indicate which work is extracted from other reports and which is original
with this report. It has not been possible to follow this pattern
completely, but, in general, the past tense has been used to refer to
work of others and present tense indicates discussion by the author of
this report.

This paper is not intended to he a beginning course in heat transfer,
but it is hoped that it may sudplement the information found in existing
referencesl’2’3’4’5’6’7’8’9 .

It is realized that many sets of project heat transfer data have
never reached the stage of being given renort numbers so that they may
be located in the present subject indexes, Such information will never
be circulated to other »nroject laboratories unless interested individuals
take the initiative to make the information available. It is also possible

that some data have been overlooked in the literature search., In view
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of these considerations, it is expected that additions will be made to
this report in the future, and, for that reason, it is being pﬁblished in
several small sections so that additional information may be included
with other data on the same case.

The present report is, in general, classified at a higher level than
one would expect it should be. The reason for this is that data have been
extracted from reports which are classified and the entire part of this
report in which they apear has bean given the classification of the
report from which they were extracted, It is hoped that declassification
of certain parts of this report can be initiated soon. It is alsoc hoped
that an unclassified edition of the entire report can be made soon.

It is the present objective to make the report very complete
enhancing its value to all project laboratories. This cannot be done
without the cooperation of other laboratories in the form of forwarding
heat transfer data to this location. Any sugrestions for improvinz the
present report or any additional data will be greatly apnreciated. It is
requested that forthcoming comments or information be addressed to the
Technical Division, Engineering Research Section, Oak Ridge National
Laboratory, Oak Ridge, Tennessee (Attention: R. N. Lyon or #. B. Harrison).
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PART 2
HEAT TRAWSFER TO LIQUIDS BY COMBINED CONDUCTION
AND NATURAL CONVECTION
Heat transfer by combined conduction and natural convection is the

natural result of a temperabure gradient in a fiuid. A system employing
this mechanism for cooling is usually simple and economical, but the
disadvantages are in the form of low heat transfer and control difficulties.
The large majority of studies on heat transfer to liquids by this mechanism

have employed water as the coolant, since it is cheap and plentiful.

Bauer1

reported on experiments to determine heat transfer by natural
convection. Essentially, the equipment consisted of a vertical 1% in,
aluminum tube surrounded by a 5% in. steel tube, 7 ft. long. Electric
heaters were wound around the outside of the large tube and separate
electrical connections were made for each foot of length sc as to permit
application of heat to the system in various ways. Water between the tubes
was c¢irculated by natural convection only and heabt was removed by a cold
water stream passing through an anuulus within the aluminum tube.
Temperature of the water was plotted versus height of the apparatus for
several different heating conditions. 1In one case of interest, the heat
input approximated a sine law distribution along the heated lengthe Data
furnished were inadequate for calculating heat transfer coefficients but

the experiments are of inbferest in a qualitative way.
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Kratz, Schlegel, and Chris“c2 reported some work on thermal transfer
between two aluminum surfaces under water. Figure 2-1 shows a schematic
representation of the apparatus. The heat transfer coefficient across the
interface made by two "rough" aluminum surfaces in contact under water was
6000 Btu/hr. ft%'OF. when the water temperature was about 160 OF. Changing
the pressure which held the surfaces together from 1143 lb./’in.2 to
4044 1b./&n.2 showed nc effect on the heat transfer. When the surfaces
were separabted by shims %o give a definite water thickness (0.0045 in. or
00114 ¢m.), the experimental veluss of the heat transfer coefficients were
20 ~ 30% greater than could be accounted for by thermal conductivity alone.
This discrepancy was believed to be the result of additional heat transfer

by the water at the edges of the interface.

The hgat transfer coefficient across the water f£ilm between two "smooth"
aluminum surfaces was of the order of 21400 Btu/hr. ft.% O°F., The thickness
of this water lsyer was not established but it is of interest thalt no
measurable effect resulted from coating one of the aluminum surfaces with
glyptal resin painte

No definiticn was given for "rough" znd "smooth", so these data must be

censidered as gualitativee

~2-
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Stromquist has recently reported on heat transfer to water and air
in a rectangular channeles The fluids were circulated by natural convection
with two mechanisms: (1) natural convection confined only to the channel,
and (2) natural convection in the form of a thermal syphon in the system.

Ne heat transfer coefficients were reported, but the data indicate the

flux levels which may be achieved with cach mechanisme Utilizing the
thermal syphon effect with water, the flux could be maintained at 27400
Btu/hr. ft.2 , the limit of the experimental equipment useds Natural
convection within the channel permitted fluxes of the order of 18000 Btu/hr.
ft.2 without vapor binding. Use of air in a thermal syphon limited the
flux to less than 50 Btu/hr. fts? even when the wall temperature was ine
creased to 1220 °F, (660 °C).

In a later memorandum, Stromquist4 estimated the water velocities
developed in the assembly by the thermal syphon to be from Oe2 to 06 feet
per seconda.

Use of the thermal syphon in a homcgeneous pile has been discussed in
two project reports by Quinns’6 »

In non-project reports, Touloukian, Hawkins, and Je.ko‘o’7 presented data
and correlations on free convection heat transfer from vertical surfaces to
liquids, and Kern and O*bhmer'8 discussed the effect of free convection of

heat transfer to fluids in viscous flowe

T ——



1.

2e

Se

4.

Se

6.

Te

8e

B e ORNL 156-2

PART 2 ~ BIBLIOGRAPHY

Bauer, S. Ge., Experiments on Heat Transfer by Convection, ME-75,
National Research Council of Canada, Montreal Laboratory,
August 21, 1944

Kratz, He Rs, Schlegel, R., Christ, C. F., Thermal Tranifcr to an
Annular Water Stream in the Neighborhood of a Rib., CP-2313,
November 10, 1944

Stromquist, W. K., Heat Dissipation from Fuel Assemblies of High

Flux Reactor After Shutdown, ORNL-120, August 5, 1948

Stromquist, W. K., Water Velocities in Mock Fuel Assembly Channel,

Central Files No. 48-8=345, Oak Ridge National Laboratory,
August 25, 1946

Quinn, G, F., Thermal Syvhon in Hemogeneous Pile, CE-1074,
December 2, 1943

Quinn, G. F., Thermal Syphon for Hex P-9 Pile, CE=-1150
January 10, 1944

Touloukian, Y. S., Hawkins, G, A., Jakob, M., Tre A.S.M«E, 70, 13-18)

(1948)

Kern, De. Q., Othmer, D, F., Tre A. I. Ch, B, 39, 517-555 (1943)




e ORNL 156-3

— — — o — —

HEAT TRANSFER IN MANIATTAN DISTRICT
_ AND
ATOMIC ENERGY COMMISSION LABORATORIES: A CRITICAL SURVEY

PART 3
HEAT TRAWNSFER TO GASES BY COMBINED CONDUCTION

AND
NATURAL CONVECTION

We Be Harrison
October 1, 1948

v—s e s gmm. emer e



antiuptng ORNL 156-3

HEAT TRANSFER TO GASES BY COMBINED CONDUCTION
AND WATURAL CONVECTION
Heat transfer to gases by combined conduction and natural convection
takes place to some degree in many practical heat exchange systems. The
following paragraphs are devoted tc experiments which employed this mechanism

in heating air and other gases or in transferring heat across gas layers.

1

Data of Kratz™, and Raethz, are in good agreement on the coefficients

for heat transfer across an air film between aluminwum discs. For discs
held together with pressure P, the approximate heat transfer coefficients

across an interface are shown on the following table:

Surface condition P - 1b./ine? hi _Btu/hr.ft.© COF.
normally air-ecxidized 20e4 2050
4146 2900
electrolytically oxidized 20.4 1100
in oxalic acid 4146 1250
104.4 1450

Kratz and Christd reported heat transfer across a gap between a
cylindrical graphite wall and an inmner brass tube. Using nitrogen, helium,
and argon in the gap, they found that the heat transfer calculated from the
thermal conductivity and gap thickness was in close agreement with experi-

mental data as long as the inner tube was centered in the channel.
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When the inner tube was permitted to touch the graphite wall, the

average heat transfer increased by a factor of 167

CP—2144 and CP-2355 also include data concerning heat transfer across

a small gap between graphite and copper.

Data of Bankoff and Rosner {summarized in CE-22718) for the case of heat
transfer across an air film between graphite blocks are taken from CS-15687,
¢5-14748, and CN-1369°, and are shown in Figure 3-l. Additional data were
reported in CP--2565 for heat transfer between graphite blocks with air,
helium, and hydrogen at the interface, and in CE-lZl?lO with air at the
interface, The data for the cases with air at the interface are not in
agreement with those shown in Figure 3-1, but the comparisons with helium
and hydrogen are of qualitative values The discrepancies were believed to
result from the fact that data of Figure 3-1 were obtained using more
accurately planed graphite surfaces than were used in the other experiments.

Data of CP-235° for gas pressure of one atmosphere are shown below:

gas bi - Btu/hr.ft.2 OF.
air 47
helium 118
hydrogen 155
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Smetana and Cabellll

described an interesting technique for measuring
thermal conductivity of compressed magnesium oxide pellets. Compression

of the pellets and experimental determination of the conductivity were
performed in the same apparatus. Although a complete discussion of the
work appears to be beyond the scope of this report, mention of the work

is made to facilitate location of the information by those who may be
interesteds As noted in Part 2 of this report, Stromquist12 performed
experiments to determine heat fluxes to water and air circulated by natural

convection in a rectangular channel. Heat fluxes were less than 50 Btu/hr.
fte? for the experimonts in which air was circulated by a thermal syphone
These experiments are to be extended in the near future.

Muellerld reported data on heat transfer from a vertical wire to air
circulated by natural convection. Temperature drop from the wire to
surrounding air ranged from about 2 to 212° F. and Nu ranged from about

0432 to 0.7 while the product Grx Pr varied from 3.2X1077 to 1072,
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PART 4

HEAT TRANSFZR TO LIQUID METALS BY COMBINED
CONDUCTION AND FORCZD CONVECTION

Use of Lliquid mebals ag ¢oolants nermits high heat fluxes and high
operating temperatures. These characteristic features give liquid metals
much promise for use in power producing reactors., Data are confined at
present to sodium-potassium alloy and mercury.

Sodium Potassium Alloy

Data on heat transfer to sodium-votassium alloy may be found in

NP=10%, MRL~G-3243°, and GF=3745°.

The data of NP-i0 were presented by R. C. Verner of the Mins Safety
Appliance Company on exmeriments utilizing sodium-ocotassium alloy
containing 44% potassium by weight. A "figure of eight" tyse, double-pipe
heat exchanger svetem was ussd, as shown schematically on Figure 4-1. As
indicated in the table below, exnerimental runs renorted in N2-10 covered

a rather large range of variables¥:

average temperature 100 - 1024 °F,

mass rate 194 - 293 1b./hr.

overall coefficient 148 - 1165 3tu/hr. ft.2 °F,

Prandtl number 0.041 - 0,0044

mass velocity - Go(in annulus) 25,100 - 379,300 1b./hr.ft.2
G1/{in center tube) 76,800 - 1,160,000 1b,/hr.ft.2

Reynolds number - Reg(in annvlus) 789 - 70,500

Re; (in center tube) 2,960 - 228,300
(A1l valuss shown are taken from the report.)

*Complete tables of nomenclature are found in Part 18 of this report,

Ty
-1-4A
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Data were analyzed in the report by assuming the Colburn equationa,
XD”‘-O'g’ \-0.67
‘ Fea ¢ :
J. 7'033& : f {—f—, (Eq. 4.01)
to apply for the rerter b, anda the Monrad-relton correlation5,
0,020 i (Eq. 4.02)
oo T e
R 10,6
/s C)O e
\\ “ ‘\ k I/

to hold for the annulus. Since both streams had the same mass flow rate,
the equations were combined and a modified Wilson line plot6 was used to
evaluate the film coefficients. Recent papers7’8’9 indicate that there
is no theoretical justification for assuming that the equations shown
above are valid for use with liquid metal systems. GConsequently, it is
believed tha’ all values of film coefficients reported in NP-10 are
subject t5 lerge discrepancies because of the method of analysis employed.
This is evilenced oy the Jact thet 1t was necessary 4o account for over
half ol tne Lkermal rusistance bebtwesn the streams with a fouling factor
in spite of the careful cleaning overations described in the report and
the fact that NaK is generally considered to wet mastal surfaces well,

In a recent personal communication, the experimenters attributed this

to poor heat balances and inaccurate temperature measurements resulting

from poor mixing.
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Using helpful suggestions made by J. R, Menke** and R. N. Lyon¥,
the data of NP-10 can be re-cvaluated by means of a comﬁarison with
predictions from a paper by R. C, Martinelli7 on the analogy between
momentum and heat transfer. The following assumptions are mades
1. No fouling
2, Good wetting of the walls by the NakK
3., Physical oroverty data ars reliable
4. Experimental data are reliable
5. No effect of heated length/diamater ratio
The Reynolds number in the annulus (Re,) was about one-third the
Reynolds number in the center stream (Rei). Since Martinelli's consider-
ations were developed for turbulent flow, all runs having Reo<:104 are
discarded. The average difference in temperature of the two streams
ranged from 10 to 30° F., making the difference in the heat capacity of
the alloy in the streams very small. Since the temperature rise of each
gtream is dependent on mass flow rate and heat capacity, it is seen that
tomperature changes in both streams should correspond. This consideration
leads to the elimination of a few more runs which had a poor heat balance.

For purposes of this examination all runs having __Eﬂ-<:0.90 are discarded,

t
(Subseript H refers to the hot stream; C refers to t%e cold stream.)

*0ak Ridge National Laboratory, Oak Ridge, Tennessee

*xNuclear Development Associates, Inc., 33 #. 60th St.,
New York 23, New York

N
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7 may be approximated

As suggested by Lyong, Martinelli's calculations
by a smooth curve of Nu versus o Pe* as shown on Figure 4~2. The circular
tube calculations may be assumed to aoply to the center tube of the
aoparatus but there is some doubt as to the best way to estimate heat

7 nredictions

transfer in the annulus., Figure 4-2 also shows Martinelli's
for a system composed of fluid passing betwesn two parallel plates having
the same heat flux (symmetrical flux), and the caloulations of Harrison

10 for a parallel plate system having no flux through one wall

and Menke
(asymmetrical flux). As a first attempt, it is decided to use circular
tube predictiong for the annulus, using the equivalent hydraulic diameter
in place of diamster.

Since no fouling is assumed, overall thermal resistance is equal to
the sum of the film resistances and the tube wall resistancell¢ The :
center tube wall temperature was not measured in the experiments, so
the data are evaluated in terms of total film resistance. The overall
resistance was measured exverimentally and the tube wall resistance was
calculated with rcasonable accuracy, Thus, the experimental evaluation
of total film resistance is the difference between the overall resistance
and the tube wall resistance, The theoretical total film resistance is
cbtained by evaluating the inside and outside film coefficicents (hi and
hy, respectively) by means of Figure 4-2, From these values, the total
film resistance is calculated., Overall resistance, tube wall resistance,
and inside film resistance are all based on the inside surface area

*Definition and influence of @ will he discussed later. For the present,
it may be assumed to equal unity.

——

w5



UNCLASSIFIED Drawing # 6683
10 T T T 7
! N I <
FIGURE 4-2 Y4
]
el
SMOOTH GURVES THROUGH )
CALCULATED VALUES OF /
NUSSELT NUMBERS FOR
GIRCULAR TUBE AND jV f
PARALLEL PLATE SYSTEMS /
// (i
/§ /
v
pe
A
2
10 —
//
| vd ~ e “
I
A
Nu A
a o [ 4
: P KEY TO CALGULATED POINTS
P <) e
|~ /r 2 Res)0°
1 //"3’/ ‘f A Resi0®
SYMMETRICAL FLUX - PARALLEL nn*“"‘____‘fﬂ‘r:._"'-/a/ et T /4 » 6 Rev1d?
L Y | w1
+ 3 t ] "
10§ E— — - I /é' =
| CIMCULAR  TUBES- MARTINELLI A=
Z 5) 4 Lo “.\_\_‘\- N
7 o ety " —
/ P L srwL TRCA
/ 0.9
ZNu=7+005 (x Pef“’+0.023 (x|Pe)
From R.N.Lyon’
! 3
10 10t 10 oc Pe 10* 10’ $

UNCLASSIFIED

fom



— ORNL 156-4

of the center tube. The outside film resistance is not corrected to this
basis since the correction factor is small compared with the probable
error in applying circular tube calculations to the annulus; considering
also the probable error in experimental data, physical projerties data,
etec. Figure 4-3 shows the results of this analysis presented as percent
deviation between experimental and calculated totnl film resistance
versus Reo, the Re in the annulus. Data are plotted against Reo because
Rej; 1s about three times Re, and the system is definitely in turbulent
flow for Re, > 10,000,

More reliable physical properties data anodeared in NRL-C=-3243
than were in_NP~10, so the calculations mentioned above are repeated
using the revised data. These revised calculations are also shown on
Figure 4-3. New specific heat values changed the values of overall
coefficient, and new viscosity values changed the values of Reynolds
numbers, but the magnitude of deviations between cxperimental and
calculated total film resistance are not aporeciably affected. The agree-
ment would not be improved by using parallel plate calculations for the
annulus, and, in view of the possible error in physical proverties and
experimental data, it is believed that the analysis given is adequate.

For the experimental runs reported in NRL-C-3243, the equipment as
described in NP-10 and shown on Figure 4-1 was slightly modifisd and used
again. The stainless stecl heat exchanger unit was replaced with a type
A" nickel unit having essentially the same dimensions except for the
center tube which now had an 0.D. of 0.75 in. and an I.D. of 0,70 in.

compared with the stainless steel tube having the same 0.D., but an I.D.

-7



GONFIDENTIAL

Drawing # 663

I ] I l -
Percent Devmholl- 100 [ g — Wall Res:stunce )_(F+F°)J
(U*— Wall Resistance )
°onﬂ °‘u g o
L) * uBO a -
° -] a o ‘
o @ 0] @ uﬂ ® )
e o 90 . o e
o—
FIGURE 4-3 .
| ]

PERGENT DEVIATION BETWEEN EXPERIMENTAL AND GALCULATED Lo
VALUES OF TOTAL FILM RESISTANCE (NP-10) -

| ‘ l"ll:l

RN

NOTE! 'I‘AND"L BASED ON MARTINELLI'S CALCULATIONS FOR CIRCULAR TUBES

hi " h B
0 l
@ POINTS DETERNINED USING PHYSICAL PROPERTY DATA OF (NP-10) |

- o+ © POINTS DETERMINED USING PHYSICAL PROPERTY DATA OF (NRL-3243)

# EXPERIMENTAL ! f ' | ] l
CALCULATED;, | | | | |
*w 7 M N T B f

i P




— ORE 156-4

of 0.68 in. Other slight modifications were introduced in an effort to

make the equipment more versatile and the data more accurate. The experi=-

mental ranges of variables reported in NRL-C-3243 were as follows:

average temperature 301 - 1206 °F,

mass rate 780 - 6100 1b,/hr.

overall coefficient 1117 - 3240 Btu/hr.ft.? °F.
Prandtl number 90,0080 - 0.0212

mass velocity = Go(in annulus) 108,500 - 848,000 lb./hz'.ft.2

G;(in center tube) 292,000 - 2,280,000 Ib./br.ft.

Reynolds number - Reg(in annulus) 4,720 - 81,200

Res(in center tube) 15,100 - 250,000

In addition to the method of analysis used in NP-10, another method was
tried in NRL-C-3243. By assuming that no fouling occurs; that

hi _ : m
= = 2 (Rei) ™ (Pry)” (Eqe 4.03)

i
for the center tube, and that

o /D2i9.53 . ,
"‘"‘"COGO - & (0.87{ ﬁ'i ,} (Reo) 2ry) (Eq. 4.04)

for the annulus, it was possible to evaluate a, m, and n by an aporoxiw

2

mation method. The final equations recommended by Werner®as a result of

this type of analysis are:

hy
ciGy

"Dus -
z 0,227 (Re3) ™" (pry) 009 (Eq. 4.05)

S
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R 0.5 0.69
and ho . [ = Reg) (Pro)
s = 017515 (o) 7 (Pro) gy, 4.06)

The authors of NRL-C=~3243 pointed out that they were aware of
Martinelli's work7 and exdected to use his calculations in correlating
data for a forthcoming report. Equations 4.05 and 4.06 fall remarkably

7,950 45 shown on Figure 4-4 and 4-5.

close to theoretical vredictions
It is of particular interest to note that in the case of the annulus,
the data as calculated by Equation 4.06 fit the predicted values for
circular tubes slightly better than either the calculations of Martinelli’
for the symmetrical flux, parallel plate system or the calculations of
Harrison and Menkelo for the asymmetrical flux, parallel plate system.
It is decided to attempt an examination of total film resistance
from the data of NRL-C~3243 in the same manner used for the data of
N2+10. Using the calculations made for circular tubes as plotted on
Figure 4-2, total film resistance is calculated and compared with the
difference between overall thermal resistance and calculated wall
resistance, Percent deviation is plotted against Reo on Figure 4-6.
In making calculations for Figure 4-6, it was seen that the difference
between calculated total film resistance and "experimental" total film
resistance is almost constant at 1.0 x ZLO°4 hz#i%%é—gz& , 8o this
constant R was applied and the calculations are repeated. Resulting
points are plotted on Figure 4-7, and it is seen that deviations are
much smaller than before., If one uses the asymmetrical flux, parallel

plate calculations of Harrison and Menkelo for the annulus, it is seen

that a constant R of 2.0 x 1074 bﬁ;.%%;f_gﬁ brings the data
u
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together as shown on Figure 4-8., No R correction is necessary if
Martinelli's7 symmetrical flux, parallel plate calculations are used for

the annulus, but the spread of deviations is rather large as shown on
Figure 4-9.

In order to investigate the characteristics of R, experimental
and calculated values of total film resistance are plotted vs. Reo for
runs 9-14 on Figure 4-10. Calculated values are obtained by applying
theoretical circular tube calculations7’9 to the inside tube, and

applying threes sets of calculations to the annulus, as follows:

7

1. Calculations of Martinelli’ and Lyon9 for

circular tubes.

7

2., Calculations of iartinelli’ for symmetrical flux,

parallel nlates.

3. Calculations of Harrison and I\!Ienke10 for asymmetrical
flux, oarallesl »lates.

In these experiments, typical overall resistance ranged from gbout

20
3.3 x 1074 o about 6.7 x 1074 hr'Bit' F | s R of 1.0 x 10~4
u

hr. £t.° °F
r. 1%, . represents 15 to 30% of the total resistance. Calculated

Btu
2
wall resistance was of the order of 0.6 x 10"4 EZ;.%%%..EE . Since

wall resistance is small compared with total resistance, and since R
does not aspear to fluctuate with any of the operating variables, it
seems likely that an error is entering into the calculated total film
registances.

In the theoretical work drawing the analogy betwsen heat and momentum
7,8,9,10 ¢ g, eddy diffusivity of heat

€ i, eddy diffusivity of momentum
has been assumed constant and called o . Martinelli7 pointed out that

T,

-15-
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Von Karmani? postulated that € H and éM are equal; Reichardt13 suggested
that ¢ = 1.4 to 1.5; Sheppardlﬁ found o to equal about 1.6, In the
paper by Martinelli7,cx was assumed to equal unity, but, in the osazer
by Lyong, ¢ was retained in the final calculations. The equation Lyon
has given the smooth curve through values calculated for circular tubes
(see Fig. 4-2) ist

Nu=z74%0.05( Pe)o'5 $ 0,023 (o Pea)o'8 (Eq. 4.07)
If one assumes ¢ = 1.6 and « =z 2.0, and uses EQuation 4.07 for
determining both the center tube and the annulus coefficients, the
calculations may be revdeated for runs 9-14 and these points are also
shown on Figure 4-10. In view of the imoroved agreement between experi-
mental and calculated total film resistance which results from this
approach, all runs rejorted in NRI~C-3243 arc evaluated, letting a = 1.6.
These values, shown on Figurc 4-1l, should bs compared with values
determined letting a = 1.0, shown on Figure 4-6,

These data indicate that ¢ may actually bs a constant at 1.6.
However, the wmly definite conclusion which may be drawn from the
analysis is that, for the range of conditions studied, NaK data may be
correlated by Equation 4.07 if ¢ is assumed to be 1.6. From the
pattern which the deviations made on Figure 4-11, it is indicated that
the correlation can be improved by slightly changing Equation 4.07, but
it is not considered to be justified at present.

The effect of length/dismetor ratio has not been treated.

Martinelli7 mentioned work of Sandersl5 which would indicate that the

Tty
-19-
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effect is often appreciable, even with large L/D ratios. In the aiaratus
of NP-1Q0 and NRL-C-3243, L/D in the center tuhe and in the annulus was
about 50, It may be said qualitatively that actual coefficients should
be somewhat higher than oredicted coefficients and that the amount by
which they should be higher increases with Re.

Data of NRL-C-3243 show fairly well that temperature level does not
affect the correlation, and this, in turn, indicates that wetting
characteristics of the NaK are apparently not dependent on temperature.

The agroement betweon experimental results of NRL=C-3243 and
Equation 4.07 (letting o = 1.6) lends much support to the underlying
theoretical work. It follows that for similar systems using NzaK,
Equation 4.07 (letting @ = 1.5) is recommended until such time as
additional information indicates a desiranhle change.

In the work by Novick, MeGinnis, and Litchenherger reported in
QF-§7463, data were taken in a codjer cast steel tube heat exchanger
having tubes 0.500 in. 0.D. x 0.049 in, wall x 51 in. long. Some detsils
of the experiment were mentionsd by Novick in another paperlé. The data
were analyzed by means of a Wilson line ploté, assuming heat transfer
coefficients to vary with the eight-tenths power of the stream velocity.
This analysis led to the relation h = 1100 (V')%*® where h is the
NaK film coefficient and V' is the linear stream velocity in ft./sec. -
Experimental conditions included velocities up to 10 ft./sec.; temperature
up to 662° F. (350° C); and Reynolds numbers between 5,000 and 50,000.
Variation of coefficients with the eight-tenths nower of velocity
is not substantiated theoretically for the case of heat transfer to

L
21
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liquid metals. If one assumes that overall coefficients were accurately
measured, the difficulty lies in proportioning the thermal resistance

to the two liquid films and the intervening metal walls. The Wilson

line plot facilitates estimating the separate resistances only if the
relation between velocity and coefficient is established. It is believed
that, since the two streams did not have the same velocity and were
compoged of different liquids, the influence of the velocity on the
coefficients probably is not the same for both streams. It asoears that
the propesed equations show one method of proportioning the total thermal
resistance which was measured, but it should be kept in mind that, even
if the equations are anproximately correet, they are specific to the
equipment and operating variables and cannot be extended to any other usc.
The type of heat exchanger used complicates the situation by making it
very difficult to perform an accurate calculation of the wall resistance,
which would be a means for checking the resistance determined by the
Wilson line plot. Insufficient data are included in the reports to

7 9

permit a comparison with predictions of Martinelli’ and Lyon” as done

with the data of NP-10 and NRL-C-3243,

The simple relaticnship reported ignores the effect of change
in physical oroperties with temperature. It is difficult to see how the
coefficient can be represented és a constant times the velocity to some
power except for one main stream temperature, which must be constant
throughout the series of tests, or for the unique case in which effect

of temperature change is reflected in some other wariable such as

o
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velocity, It is not clear from the reports whother or not this limitation
of the method was taken into account in the exveriments. The Wilson line
plots and a plot of Nu vs. Re are included in the report,

For purposes of comparison, a temperature of 482 °F. (250 0C.) is
assumed and calculations of Nu arc made for velocities from 1 to 10 ft./sec.
using the simple relation h = 1100 (V')O'S. The values are plotted as
Nu vs. Pe on Pigure 4-12, along with Equation 4.07, and the Colburn
equationA. One must assume a temporature and use Pe as abscissa in
order to reduce all three equations to a common basis. ~rhysical
properties used in making these calculations are taken from NRL-C-3243.

In view of the limitations mentioned above, the comparison showm
on Figure 4~12 is believed to have very little significance.

In the near fubure, R. N. Lyon* is expecting to take data on heat
transfer to NaK alloy in a "figurc of eight", double 2ipe heat exchanger
system.

R. J. Musser and 1. 2, Pagel7 prenared a thesis on heat transfer
to mercury. A schematic diagram of the ao»paratus which they used is
shown on Figure 4-13.

The heating section was double jacketed; the heat was furnished
by dry, saturated, 60 psia steam in which dropwise condensation was
promoted by addition of oleic acid. The sum of the thermal resistances
of the wall and steam film was obtained by using water in the system

instead of mercury and applying the Wilson line plot methodé. This

*0ak Ridge National Laboratory.
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method of analysis appears to be satisfactory, since the variation of
film coefficients with the eight-tenths power of velocity is well
ogstablished for water in turbulent flow., The sum of the wall and stecam
film resistances found in this way was assumed to rcmain constant for
the mercury runs.

The mercury was cooled by counter=-current flow of water in an annulus
surrounding the mercury stream. Several cooling water velocities were
used for each mercury velocity, making it 2cssible to use the Wilson line
plot method to gvaluate the sum of the wall and mercury film resistances
for each series of runs, Wall resistance was calculated from the wall
thickness and thermal conductivity of the tube. It should be kept in
mind that mercury did not wet the tube walls in these experimental runs.

It was found that mercury heat transfer coefficients varied as the
0,58 power of the Reynolds number over the range studied - 27,000 to
70,000, corresponding to vslocities of 1.10 to 2.72 ft./sec. and flow
rates of 1,800 to 4,400 pounds »er hour. In this range, film cocfficients
varied from 1,390 + 15% to 2,270 $ 15% Btu/hr. £t.° OF. in the heating
section, and they were about 10% lower in the cooling section. Prandtl
numbers were between 0.0178 and 0.0186 throughout the experiments,
corresponding to a small range of average bulk temperatures near 165 OF.

In evaluating the data from these experiments, it is of much interest
to note the good agrecment with the Von Karman equationlz, as pointed out

by Musser and Page -

26—
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as shown in Figure 4-14.

0.04 Re3/% 2p

14 Re /B @a-- 1+ 1n(145/6 (Pr-1j %

plotted on Figure 4~14:

1'

2.

3.

12
The fact that thesec data agree with the Von Karman equation

Lyon equation9 - letting o = 1.0

0.8
Nu = 7 } 0.05( @ 26)0+5 ¢ 0,023 ( o 2e)

Dittus~Boclter equation18

Nu - 0.023 (Re)o'8 (er)g"

Medified Colburn equationl9

St (pr2/3 + 0.05) = 0.023(Re)"0:2

Equation recommended in NRL~G~32A§2
Ma z 0.227 (Re)0-5 (pr)0+3t

ORNL

(qu

For comparison, four other equations are

156-4

4.08)

also

4.07)

4.09)

4.10)

4.05)

nd

o]

disagree with the Lyon equation9 is not considered to be any justification

for assuming Von Karman's analogy to be the most accurate for use in

prodicting heat transfer to liquid metals.

with Von Karman's analogy is largely:fortuitous, since it would be

It ajnears that the agreement

expected that both analogies would be considerably modified if the case

of non-wetting of the walls were considered theoretically,

In order to examine more carefully the deviations of the mercury

data from the Lyon equationg, the following assumptions are mades

27
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1. The velocity profile is the same for wetting and non-
wetting conditions,

2. The Lyon equation (Bq. 4.07) correctly predicts the mercury
film coefficient - lettiny o = 1.0 for first approximation.

3. Additional thermal resistance is caused by the presence of
a film of air or mercury vapor,

4. Film resistances rejorted by Musser and 2age are actually

the sums of the mercury film and mercury vapor or air
film resistances,

1 1
Thus, % (Musser and Page) = 5 (Lyon) *t By (air or Hg vapor)

Figure 4-15 shows a plot of <t— vs. Re, and it is seen that hy z ~I= Re.

X

Only four points deviate greatly from this relationshio, and they
corresoond to four noints which fall lower than most of the other data
plotted on Figure 4-14., If one assumes that an air or mercury vapor film
is present, the thickness of the film can be calculated from its thermal
conductivity and the thermal resistance reported. These calculations
indicate a film thiclness of about 2,3 microns at Re = 27000 and about
0.9 micron at Re = 70,000.

Another possible means of explaining the deviations may be that
the effect of increasing velocity is to increase the effective rubbing
verinmeter or the actual total heat transfer area by increasing the contact
area between the mercury and the pores in the wall. This idea, however,
is considered to be less likely to be valid than the idea of an additional
film. An unusual velocity osrofile may exist for the case of non-wetting

and another nossible explanation for deviations hetween theory and exneri-

ment could be that as Re is increased, the >rofile tends toward the orofile

.,
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used for Martinelli's' and Lyon's9 calculations. Norrig and Streid
presented calculations for limiting Nusselt number based on the assumption
of heat transfer by molecular conductivity alone. If one considers the
case of constant wall temperature, the limiting Nu is 5.8 for constant
velocity distribution and 3.65 for parabolic velocity distribution.
These values are indicated on Figure 4~14. From the relation of exveri-
mental data with respect to the limiting Nu and the Lyon equation (which
includes the effect of eddy conductivity), it is suzgested that the velocity
distribution apsroaches the parabolic limit and that the effect of eddy
conductivity is small.

It is difficult to speculate as to the value of a or the shape of
the velocity profile; consequently, little significance can be attached
to any of these possible explanations until further exoerimental work is
done on this problem, Musser and 2agze recommended extending the work
to include other temderature ranges and the case of the walls being
wetted. Another interesting allied »roblem might be to compare pressure
drop data for wetting and non-wetting conditions. The influence of
Reynolds number on friction and pressure drop may be considerably different
in the two cases, and the data would be valuable in determining whether
or not slip occurs at the wall.

Previous mention has been made of work on NaX reported in CF-37463.
In one series of runs, mercury was used as a coolant for the NakK in a
copper cast steel tube heat exchanger. The same comments made on the
analysis of NaK heat transfer data from this report apply to the data on

mercury. A Wilson line 5lot® was used, assuming a change of heat transfer

"
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coefficient with the eight-tenths power of the velocity. It is of interest
to note that additions of 0.1% magnesium and 0.0016% titanium were con-
sidered sufficient to produce satisfactory wetting, The range of Reynolds
numbers studied was from 50,000 to 122,000, corresponding to velocities
from about 1.3 to 3.2 ft./sec. at 347° F. (175 OC). The Wilson plot resulted
in the following expression: h = 2540 (V')9-8, where h is the heat
transfer coefficient in Btu/hr. ft.2 OF, and V! is velocity in ft./sec.
Though little confidence is placed in the form of this expression, it is of
interest to compare it with predictions from the Lyon equation9 (Eq. 4.07)
and the equation recommended in NRL-C-3243 (£q. 4.05)s If one uses a
velocity from each end of the experimental range, and assumes a temperature
of 347 °F. (175 °C), the following comparison may be made: (Physical

proverties of mercury are taken from Musser and Page17.)

Velocity Re Nu

ft./sec. 2540 (V')O'8 D/kiEq- 4.05,1 Bq. 4.07
3.15 1.22 x 10° 30.7 20.3 16
1.32 5.1 x 104 15.4 13.1 | 1.6

Other data on heat transfer to mercury were reported by Styrikovich and
Semenovkerzl. Their data fell between the Von Karman and the Lyon
equations, and there is some question regarding whether or not the mercury
wetted the tube walls in their experiments.

Bakhmeteff22 and Goldstein23 are recommended for reference to

theories of turbulent flow, Von Kaz‘maml2 and Boelter, Martinelli and

JonassenZ& presented developments which serve as a good background for the

L
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10 .
pavers of Martinelli7, Lyon9, and Harrison and denke . From a project
2 .
laboratory, Karushzs? 6 presented two vaders on eddy diffusion. An
equation presented by Karush26 for heat transfer to liquids of low Prandtl

7 9

nurber gives fair agreement with the cquations of Martinelli' and Lyon<,

Brooks and Berggren27 presented considerations on the variation of
eddy diffusivity across a channel, They noted that the vclocity profiles
reported by I\IJ'.km‘adso-28 wore not dircet observations but they were based on
smoothed gradicnts, The vattern of smoothing gave reasonable mixing
longths but called for zcro cddy diffusivity at the center of a pine. The
interpretation of Brooks and Berggren indicated uniform eddy diffusivity
across the central portion of a tube.

In the paper by Harrison and MonkelQ on heat transfer to liquid metals
in asymmetrically heatod channels, the effcects of three difforent sets of
values of eddy diffusivity were compdared. One of the assumed curves for
eddy diffusivity was csscentially the same as the interpretation by
Brooks and Boerggren notoed above,

Preliminary studios rceported by Corcoran, Roudebush and Sagéz'9
indicated that eddy diffusivity reaches s maximum a2t the center of a

channel, Sherwood and WoertzBO

obsarved that eddy diffusivity was
substantially uniform across ths main contral portion of a large flat
duct.

TrToungB-1 oregented additional work on the analogy between heat and

momentum transfer in a »aner on cvaporation of a dissolved gas from a

liquid.
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PART 5
HEAT TRANSFER TO WATER IN AN ANNULUS
BY COMBINED CONDUCTION AND FORCED CONVECTION

Double~-pine heat exchangers are very attractive because they are
easy to construct and have a simple space-saving geometry. The case of
heat transfer from the inner fluid to the inside tube has heen correlated
by many experimenters, but correlations for the heat transfer in the
annulus are not as well established. In this section, heat transfer
is discussed for the cases of both turbulent and laminar flow, A few
notes on the effect of ribs ani the effect of eccentricity in the
annulus are also presented.

Turbulent flow

Numerous experimenters have investigated the case of heating water
in an annulus. Donovan surveyed the literature for information on heat
transfer and pressure drop in an annulus, and the results of this
survey were presented in a Clinton Laboratories iemorandum to Briggslo
For heat transfer information, Donovan relied rather heavily on a study
presented by Wiegand2 in 1945. Wiegand compared the recommendations of

3

several experimenters 243546,7 by using the following general equation

as a basis:

SU——
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. 111\x Do G|—O.2

§= st nz‘i-) = (01, DY =) (Zq. 5.01)
The present status of experiﬁental gvidence indicates that the exact
influence of each variable ié not known, For a given apparatus, an
empirical equation can be established which fits the data well, but it
is not necessarily applicable to data obtained in other equipment or with
widely different operating conditions. Wiegand recommended the following
equation as a logical compromise for the case of heat transfer between a

turbulent stream and the inner wall of an annulus in which it moves:

¢ \l-n f) 45 ; ’0.2
“htepyt o {,..2_3 \De G (Eq. 5.02)
\CG ’\ k ,j ‘D . U- /’

i

ot

For heat transfer to the outer wall, he sugqcested:

< : icu [ 023 D G102 (Eq. 5.03)
cG Kk - ) e/

If viscosity of the fluid is greater than twice the viscosity of water,
Wiegand suggested that propertiss in these equaticns should be
evaluated at the film temperatureg. Equation 5.03 can be rewritten as

the usual Dittus~Boelter typs of equationg’lg, where n = 0.4 for heating

and 0.3 for cooling. Another survey of transfer processes in annular
spaces was presented by Wiegand and Baker5 in 1942. A brief description

of experimental technigue was included in the remarks about friction and



- —— ORNL-156-5

11,12,13,14

heat transfer data obtained by various exmerimenters and,

again, a systematic comparison of correlations was included,.

15

A number of additional references on heat transfer™ and »ressure

drop in an annulus ajpeared in the paper which oresented a new correlation
by Davis6. The most recent report on experimental work found in off-
the-project literature was presented by Carpenter, Colburn, and Schoenborn
in 19461°,

For purposes of this report, it was decided to note briefly a few
of the recommended correlations for heat transfer in an annulus and to

choose three representative types of correlations for comparing data of

observers on the project.

Monrad-Pelton
/ ne \0053 0,8, /3
e {02073 o, 1% Y
- - 3 S i g C b
- 0.0 ! e { \ p . .
T 20 ﬁi‘) k ) (15£7 (Eq. 5.04)
. R/3 i 20453 =002
or h e - 0.020 D2\ De G (2q. 5.04a)
. \ ;

These equations were presented for the case of heat transfer to the inner
wall of tke annulus, and they correiated experiments having the following

characteristic features:

Medium Range of Di . P2/1 Dé ) Di *Pa find
Jater 19, 300-222,000 1.65 0.817 inches
Water 11,320-175,000 2.45 1.818
Adr 12,600-31,300 17 0.987
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For heat transfer tc the outer wall, the Dittis-Boelter equationg’lo
was found to hold for water in an annulus of Dp/D} = 1.85,

(Dg = 0.46 in.) and over a range of Ds G from 6300 to 28300.
v
For heat transfer from a wire to air, Mueller correlated data with

the following equationg

\‘0.2 { 005
b1 { El% o 0.0645 Eig} (Bq. 5.05)

In order %o compare this correlation with others which include

Ik "n
Prandtl number, Wiegand2 assumed that 0.064 = a {cu | . lLetting

k

P

ey . 0,7, and n - 0.4 for heating air, Wiegand wrote Equation 5.05 in
- =z
the following mannsrs

o feyn :

eG Nk

o~

/0.2 /3045 ) 4=0.5
- 0,077/ 93:? ‘Dg} "/ Del:

'\,\Dl ,‘; L\Dl l, :\ _u ,l/

(Eq. 5.05a)

It is believed that the use of the expression 0,064 = a {%L? ) should

lead to 0.072 x 0,740 rather than 0,077 x 0.740*4 ., This would give

"/ \1en / 0.2 ;' \O, 5 / v ~0.5
22U 20072 gg} {20 | Do (Zq. 5.05b)
¢\ * [N \‘Dl Joo\w

Muellerfs work is not believed to be anplicable to vresent project

/
v

D2 .
needs, however, since the range of diameter ratios{ 5-\ used in the
. “1 )
experiment was between 595 and 6850,
Among the experimenters mentioned by Wiegand and Baker5, it is

1
noted that Foust and Christianlz, and Foust and Thompson 1 presented
two more equations for heat transfer from the inner wall to water in an

annulus,

m
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Foust and Ghristian12
008 \O.A
hDe _ "DAADLG Y e )
T - 0.032( il T/ ;"E—'} or (-uq- 5.06)
. 006 { -0.2
h__ /EE;} - 0,032//93 EQE} (Eq. 5.06a)

Eg ranged from 1,20 to 2.56. Deviations between experimental data and
151
the equation aospeared to be increasing as 93 increased, It is felt that

Dy
D
the correlation would not hold for ﬁ% much greater than 2.5.
Foust and Thompsonll
0.8 \0.4
hD . DeG CEL_ \
-gg- - 0.027 (Tl—) (‘ } or (Eq. 5.07)
4 X '002
n o fou¥r® . iD,
EE“(QEW :amosz_m.} (Bq. 5.07a)
." u §

Constant Dp of 1,58 was used in the experiment correlated by

D
Equation 1 5,07, so it is imdossible to apply a D2 corraction.

1
Davis6
0.8 0, x
HDY D, G [ o 1/3/ " ‘? 14./D %Q.IS
—= = 0.031 ; r— | [ 22%
‘ LT R TR
E - 'O
o (Eq. 5.08)
(037 0L 0.2/ ,=0.2
h_ieH [ Fy) - /DO\O'lS/D \ / DeG
o —2|  zo.o/2) (lei [De%
: VLD DL L ey

Equation 5.08 was used by Davis to correlate data with gg ranging from

1
1.18 to 6800. The coefficient 0.031 was printed as 0.038, but it is

S
-5a
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believed that 0.031 is the correct value7’16’l7. By analogy, Davis

presented an equation for heat transfer to the outer wall of an annulus:

Do 4 oy D0 OB e 7 (1O 1y
—=2 = 0,023 282, (&L [P e’ (Eq. 5.09)
k ‘; ! k) R Y 4.
R N/ Lo L D2 /
or
2/3 0,1 31 0.2 ;
._,}.1..(0 ‘/ {/L:E‘i } 4 0.023 | P.Ef\l ‘«/ De | (Eq. 5.09a)
eG t% 1 VT -7 \ Mo -\DEJ
where q is between 0.05 and 0.15,
McMillen and Larson7
Using g@ from 1.25 to 1.97, 1illen and Larson correlated data

1
two ways:

. . h
Davis type eguation’y

oD 1/3 (0.4 g 0415
w1 o.oao%?.l?} 19% \ 5*2-\, (Bq. 5.10)
5 H ,.' \ [

l-—-—.—

/
4 !
," W ,: \

(This equation is identical with Zquation 5.08 except for the coefficient)

Colburn type equation8

213 Dyg.0-2
- 0.0305 == (Eq. 5.11)

h_ v
cG | :
(S o N

Jokt
k.

1
Carpenter, Colburn, and Schoenborn 6 showed that critical Reynolds

number was about 2000 whsn the Re was based on D, and 5. This gives
support to the use of Dy, rather than Dy or Dp, in Re involved in heat
transfer cormelations. The ajparatus used had a Eg of 1.334 and
Reynolds numbers ranged from 150 to 15,000, As seen from the range of
Reynolds numbers, the data were not extended very far into the turbulent
region. Data were plotted in terms ofs

Syiniainape

~H-
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h ey DgG
(1) The Colburn® j factor, of & o o Ve o and
R ;

(2) A j factor based oun the sieder—Tatel8 equation,

y 0.1
h.c“ 7 “, vs. Deg
CG ___ Ha

No new equations were suggested, but it ajpears that the following
equation aporoximates the data for turbulent flow, using the Colburn j

factor:

h [ 2/3 DG¥Ol
-—-Cu ‘ EI »
I= G\ 'K = 0.0091{ ‘3) (Zg. 5.12)

Since eritical Reynolds number involves pg rather than up, the
Sieder-Tate type of correlation was thought to be more significant.

The data were anoroximated by the following equation:

2 xO.IA -0.1
__E\/B w ~ 0.086 !De\’\ {Eq. 5.13)
CG k/ g / \ M
The usual Sieder-Tate equation 18 for circular tubes is:
2//3/ 0. 14' =02 .
e\ o DG) (Eq. 5.14)
oG \ k / ;_ } W

For the system involved in these exaeriments, the Davis equation6
(Eq. 5.08d)
regolves to

/3 o 1 (DeG\-O'Q
...U _KV. = 00026 .-‘-) E . 5.08b
<G Q f (\u / \ M (Ba )

It is of interest to note that fguations 5.14 and 5.08b are
oractically identical. The datza taken fell about 25% lower than the
Sieder-Tate equation at Re = BOOO, and about 10% lowsr when extra«
volated to Re = 20,000, It is susoected that use of mags flow rate
ralsed to the 0.9 »ower in a Wilson line plot19 early in the analysis
of the data is reflected in Equations 5.12 and 5.13.

m

e



T ORNL~156-5

Por correlation of »roject data on heat transfer to the inner wsll

of an annulus, three equations are selected for comparison:

1. Dittus-Boelter type of equationg’lO

0.8, \It
BDg _ 0,023 (DoC} " fei
k \on ) k k ) n

s}
H

0.4 for heating

0.3 for cooling
(Eq. 5‘033)

In the project experiments which have been studied, 92 ratios were
Dy
between 1.07 and 1.35; consequently, “quation 5,03a apoiroximates the

Equation 5,02 recommended by Wiegandg. Additional su»vort is given to
Equation 5.03a by the work of Norris and SimsZO, and the correlation of

Foust and Thompsonll is very similar,

2. Monrad-2elton Equation3

hD /D2 l’.) W53 7 xO. / \11/3

‘1??' = 0,020 (D.I, K*_..., 1‘9.5
1 T \

Equation 5.04 is selected for comparison sinez it was used to

(Eq. 5.04)

correlate data for fairly low gg {1.65) over a large range of
1
Re (19,300-222,000),

3. Davis equation6

M1 . 6.031 ‘/DlG\ko.s'f V3, v
Feoon (2] (7]

tjitj
el P )

\0.15
} (Eq. 5.08)

Equation 5.08 is sudvorted by the work of MeMillen and Larson?
and it 1s in fair agreement with the data of Caroenter, GColburn, and
Schoenbornlé.

The following paragravhs will b devotaed to brisf notss referring
to experiments performed in oroject laboratories on heat transfer from

.,

-8~
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/
L
the inside wall to water in an annulus, Charactarlstlcs\ B, ’

Lo s Eg and D'} of the equivment used in sach bxporlmcnt are shown
Py +D2° D1

on Table 5-I. Data of various observers are compared with the Dittus-

Boelter type of equation, the Monrad-2elton equation, and the Davis
equation on Figures 5-1, 5«2, and 5-3, respaectively.

Of the reports found in the available vroject literature, one of the
most comprchensive reports on heat transfer in an annulus was presented
by Gishler and BoyerZI. Data were taken in a double-tube aluminum heat
exchanger with steam Dassing through the center tube, For the water in
the annulus, the range of D2G was between 10,800 and 39,000. Excellent

i

agregment was obtained with the original Dithtus-Boelter uquation9 for

heating water in circular tuhes,

-~

\'.0,8! “»oo/v{’

B - 0.0243 ( H few} (3q. 5.15)

!
with Dg substltuuad for D.\ "
Gishler and Sereda<<? used two heat exchangers to determine film

forming oroperties of water treated with alum. The initial run in each
experiment is used to caleulate a point for comparison with the equations
menticned above. Here again, the center tube was steam~heated and

water flowed through the annulus. In the heat exchanger having L/De

of 42.5, the E&E in the annulus was 17,450, In the other heat

EEE in the annulus was 39,000,

W
In determining heat transfer cosfficients for polished and anodized

exchanger,

aluminum surfaces, Bauer and Milner?? found good agrsement between data
for heating water in an annulus and the Colburn equation8 for heat

transfer in circular tubes,

“G
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FIGURE 5-—I|
HEATING WATER IN AN ANNULUS —
DITTUS —BOELTER TYPE CORRELATION
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2/3 /DG V=02
(0G>& } = 0, oz{ ol (Eq. 5.16)

where D, is used instead of D, The center tube was steam heated, and,
for both the polished and the anodized tubes, the %%Q in the annulus was
in a gmall range near 14,000. The Davis correlation andears to bring
the data of Bauer and Milner in line with data of other observers some-
what better than the other two correlations,

Kratz, Raeth, and Christ<4 mad a serics of heat transfer studies
which included a few tests in an electrically heated conter tuhe with
water in turbulent flow in the annulus., As shown on the accompanying
figures, their data fall in line with the data of Gishler and Boyer, and
Gishler and Sereda,

Van Winkle and Ascoli®? nerformed a series of experiments which
included data on heating water from the inside wall of an annulus, and
cooling water through the outside wall of an annulus. The data for
heating water were analyzed by using the logarithmic mean temperature
difference26 to caleculate the overall coefficient and anplying the Wilson
line plot type of analysisl9. The cequation rccommended by Van Winkle

and Ascoll as a result of these cxperiments is:

XD¢ . o, 0134{13 B e cu}o'!' (Bq. 5.17)
k \ pi} Q k
or a simplified version - | |
0.84
h = 120(1 ¢ 0,012%) e) A (Eq. 5.18)
where h is in Btu ; t is average bulk temperature in °F; V' is

hr. £t.2 Op

C
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velocity in ft./sec,; and D,' is squivalent diamcter in inches. For the

case having 23 - 1.09, Reynolds numbers in the annulus ranged from 13,200

Dy
to 57,400, 1In the other case, Reynolds numbers ranged from 21,570 to

93, 560.

The data of Van dinkle and Ascoli are scen to fall somewhat lower
than the data of other observers as shown on Pigures 5-1, 5-2, and 5-3,
It is believed that their data exhibit the same effect as shown in the
work by Carpenter, Colburn, and Schoenbornlé, and it is further helieved
that, in both sets of expiriments, the deviation from usual esquations is a
regult of the choice of temperature difference and the Yilson line plot
method for analysis. Due to a limitation of time, no effort has bzen
made to substantiate this belicf by a clogser oxamination of the data, but
it apvears that uge of W, G, or V to an sxponent different from 0.8 in
the Wilson line plot will be reflected in the final correlation. Good
heat balances indicate that heat fluxes used in caleulating overall
coefficients were very reliable, The logarithiic mean temperaturs
differen0926 is strictly applicable for systems having a constant overall
coefficient and it is susnected that deviations from this condition are
reflected in the evaluation of the overall coefficients which wers used
in the Wilson type plots to get individual coefficisnts.

In comparing Figures 5-1, 5-2 and 5-3, it is seen that the Dittus-
Boelter type of corrclation gives the best agreement with the data of
project observers. This is especially fortunate since the DittuseBoelter
type of equation is the simplest of the three equations. It follows that
for heating water in an annulus, with heat being transforred from the
inside wall, Equation 5.04a is recommended for systems having charactere-

istics within the range shown on Table 5-I,

SRR
-14-



cum— ORNL-156-5

TABLE 5-1

Characteristics of Experimental Equipment

Experimenters L/Ds L/D1 % Do Dp/Dy  Dd (in.)
Gishler, Boyer2l 383 24,8 1.14  0.200
Gishler, Serada~? 383 24,8 .14 0,200

42,5 4,28 1.22  0.235
Bauer, Milner<? 42.9 3.66 1,19  0.28
Kratz, Raeth, Christ<4 16.9 1.36 1,07 0.241
2
Van Winkle, Ascoli>’ 762 31.5 1.09  0.151
650 97.3 1.35  0.178

Van Winkle and Ascoli<’ presented the only data found in project
reoorts on cooling water in turbulent flow in an annulus. These experie
ments differ from the others mentioned previously not only as a result
of the fact that the water 1s being cooled rather than heated, but also
as a result of the fact that heat is being transferred to the outside
wall, In these experiments, B%E ranged from 27,500 to 106,000 in two

gystems having characteristics as indicated below:

Systern L/Dg L/D1 4+ Dp D2/D1 D' (in.) Dpt{in,) Di'(dn.)
1 733 3644 1,10 0,157  1.662  1.505

2 763 177 1.60 0,151 0,401 0.250

Since the cooling data were taken simultaneously with the heating
data mentioned above, the comments made on the methol of analysis of
the heating data are also applicable to these.

The Dittus-Boelter type of equation and several modifications of the
Davis equation are selected tc correlate the data of Van Winkle and

Ascoli for cocling water through the outside wall of an annulus:

Wi,
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Dittus-Boelter type of equation9

/D 0\9‘8 o (Bq. 5.03a)
hDg < 0. 023! —_— /c \ n = 0.4 for heating
'y )ik

/v /7 n 2 0.3 for cooling

1]

This equation was recommended by Wiegandz, orimarily as a result

of the findinzs of Monrad and PeltonB. A comparison of the data

with BEquation 5.03a is shown on Figure 5-4.
Davis equat;onéL letting q 2 0,1

-
-
-

CG

0.8, 1/3 \9.14 , g
e . ¢ o>31DeG3 9_,%_\ p \ 'De\ (3. 5.09)
k \ B / { T By
Equation 5,09 is shown on Figure 5-5,

; \Dy |

It is seen that if g = 0.2, equation 5.09 could be written as

followss
3 V0.8 “1/3 ¢ 0,14
D2 . 0.023 :’29. /-c-&-», - (Bqs 5.,09b)
k ‘\_ }J./[ \ k 3 p’ ‘vJ

Although Davis recommended that g should be between 0.05 and
0.15, the data were comoared with equation 5.09b on Figure 5-6.
It avdears from Fizure 5-6 that a diameter correction would
bring the data in line. 3inece the Davis equation (Eq. 5.08)

0.1
for heat transfer tc the inside wall involves /22 2
'Dl)o W15 D1,

s, it is
docided to apply a correction off & to the data for heat

\ D2
transfer to the outer wall. Figure 5-7 shows the data compared

with the equation -

hD2 D G\;O'S \l/3 ;o Db 0015
- — ‘ i ' 'Il ) D

/ H
y, /

16~
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It would appear that, for the case of cooling water through the out-
side surface of an annulus, Zquations 5.03a and 5.08b give the best
agreement with the data of Van Winkle and Ascoli. Since the Dittus-Boslter
type of equation is easier to use bthan the Davis type of equation, it is

recommended that equation 5.03a be used for this case.

Following is a list of alditional reports which contain small smounts
of information on the case of heating water in turbulent flow from the
inside wall of an annulus:
ap Brown, G.il., Cabell, C.D., CE-2434, January 20, 1945
Recommends Dittus-Boelter type of cquation

b) Larson, R.E., 3zulinski, Mtf., CT~2524, December 23, 1944.
(v
M DG ‘\}002

h = 150{1 # 0.01lt,)

¢) Cooper, C.M. (W.K. Woods, R.N. Lyon), C3-1689, April 30, 1944

0.8 O.4
/D G\
¢ = 0,0196 {-u= | o)
k LB S Lk
d) Cooper, C.M. (C.2. Cabecll et al), CS-1339, January 31, 1944

{VT\,O'S

h 2 130(1 + 0.011t) \—emsm

0%

e) Cooper, C.M. (C.P. Cabell et al), M-CN-1327, February 5, 1944

f) Cooper, C.M. {(C.”. Cabell et al, M-CN-1267, January 29, 1944
¢ ‘.0.8

{VI;

h = 155(1 + 0,011t) !
[Del\\'o.z

(vt

SR
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g) Cooper, C.M. (C.P. Cabell et al), GE-1184, January 1, 1944

(Vr\iO.B

n = 102(1 } 0,011%)
1) 0.2

h) Cooper, C.M. (C.P. Cabell et al), CE-1122, November 30, 1943

(Vt\ 0.8

= 173(1 4 0,011t) o L

i) Cooper, C.M. (Cabell et al) CE-898, August 28, 1943

j) Gishler, P.E,, Boyer, T.W., CRX-286, August 23, 1946

h = 203(1 4 0.00676t) ;g )9
x) leverett, M.C. (Van Winkle, Ascoli), MonN-201, Nov.mber 14, 1946
v“O 34
(D 135,16
1) GCooper, C.HM. (Cabell), Mumo 115, August 14, 1943

h = 120(1 § 0.012%)

m) GCooper, C.M. (Cabell), Memo 114, August 7, 1943

n) Leverett, M,C,, Huffman, J.R., lionN-108, Uay 15, 1946

h - 7 150(1 #+ 0.011t (ﬂ for t = 130-140° F.
50(1 % )N SROTZ

> °0.8
h = 192(1 % 0'011t)3§‘”0*é for t = 70-75° F.
e

o) Cooper, CoM., (Cabell), Memo 108, July 31, 1943

p) GCambron, A., MPX-14, March 22, 1946
(V'\O .8
h = 143(1 % 0.01te) \__ L
43(1 % f){ ?FI:T
[

In order to show the wide variety of recommendations, all of the

0.8 :
e ~
equations can be put in the form: h = (v
’D' @-2

1

EE—

—22 -
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The Dittus-Boelter type of equation may be written as follows:

ulb Ve
!\V'\O 8
;‘DG“) 0.2

0.8, 0
h = 26.5 k(f_\ (_c_g_)

The comparison of values of J | for different temperatures is shown
on Figure 5-8. Included in the comparison are recommendations from
references b{which corresponds to a recommendation by McAdams for circular
tubesz7) e, d, £, g, h, j, and n. This comparison does not alter the
previous recommendation to use the Dittus<Boelter tyve of equation, but
it is included for the purpose of giving a representation of the contri-
bution of other experimenters. No effort can be made to explain the
disagreement between their rccommendations on aceount of insufficient
data and information on the apraratus and techniques used by the

experimenters.

-23-
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Laminar Flow
ﬁsing Dy of 1 3/8 int and 2 in. in combination with Dy of 3/4 in.
and 1 in., Chen, Hawkiris, and Solberg28 examinad heating and cooling of
wdter in laminar flow iq dn annuluss The %; ratios employsd were 179‘8,
108; 6745, and 54; and 929 ranged from 300 to 2,000, Arithmetic mean
temerature differences é%re used to caldulate heat transfer coeffitients.

The following equatlon was recommended as the best corralatlon for the

conditions sthdled with an avorags devidtion of ¥ 6:6%4

' L0045 21/3; 10,14 /0.4
h DQ ! 3 () . /“. 3 .
.a.‘.v.:l;ozg...‘:ﬁ_ {EE@.; P2 E;«.\
k ‘\ua/ \k,‘ L oW ! L/’
Oo8 ’ 3 2 ‘\\ 0005
22 g@iﬁ.ﬁ&éﬁ-\‘- (Bqs 5.20)
Dy 4 2 {
Y Ma J
16

Carpenter, Colburn, ani Schoenborn™ investigated heat transfer to

water in laminar flow with Reynolds numbers as low as 150 in a system
having g = 1.334 and 5 2 460. The best correlation of the laminar

flow data was obtained by using film properties and including the sffect

of free convectionB, as shown in the following equation:

«—1/3

-

\R/3 '
Ec% (?-‘f-f-) -1, 615\-— \

k " / (bqb 5-21)

.._.,.‘-_.-____.
v

| (D1 '* Dz)cp

The symbol ¢ represents the free convection effect and is defined

as follows:8

- s 1/3\3
o=/ulA ¢ 0.015 Gr j
@51t £/

i

3
Gre = (Fom)(0’ op ah s )» the Grashof number,

-252
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The difficulties involved in using Bquation 5.21 limit its practiecal

application; consequently, another equastion was examined. It is based on

the work of Norris and Streidzg, and the viscosity correction presented
by Sieder and Tatel8, Including modifications made by the experimenters,

the equation is as follows:

. 2/3; \0.1l4 / -2/3 ¢ 1/3
hi, cu) 3 = 1.86 !Qﬁg) — \ (Eq. 5.22)
’ ¥ S0 iD] + D
cG\k/ \u/ \ B/ Y1 2 /
/30 \1/3/ \1/3/ 0.14
hiDe . 1.86 [DeG) locu ) {D1 t D2 / o
T = D \ n / i\ T )’ \\‘ L /f M :

(Eq. 5.22a)

Equation 5.22 can also be written as follows:

(Eq. 5.22b)

0.14 ," 1/3
/
1ls (i = 1.86{ L.¥e:

k <Ll ; L

ywk

\

This equation is almost identical with-am equation for streamline flow

in circular tubesls’zf.

In a discussionl7

comparing the experiments of Chen et al and
Carpenter et al, it is pointed out that recommendsd eguations were not
based on the same type of temderature difference. (Norris and Streiad??
gave a good discussion of the choice of temperature difference.) It
appears that Chen et al used the arithmetic mean temperature difference
and Garpenter et al used the logarithmic mean temoerature difference,
The data of Carpenter et al, when »nlotted on the sgsms basis as the work

of Chen et al, gave good agreement for Re 500 but fell sbout 40% low

at Re =200, ihen data of Chen et al were plotted on a basis of the

SE——
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logarithmic mcan temperature difference, agreement with Carpenter et al
is good for the smaller annuli wherc natural convection effects are
minimized.

Davis6 recommended an equation of the following form for laminar

flow heat transfer:

:Da 'e fc;x%/a /' \O.lAsz G{IL_\f )
(ku w) \ 'D':) i\Da ) (Equ 5.23)
The exponents have not been established, however, and this equation has
little value for the present discussion.

In the survey of work done in vroject laboratories, the only data
on heat transfer to water in streamline flow in an annulus were found
in a report of work by Kratz, Racth, and Christ?4, Since the data
are meager anl since the annuli cxamined are small enough to minimize
the effect of natural convection (Dy'=z 0.189 in, and D 'z 1.65 in.)
it is decided to compare the data with Equation 5.22b as shown on
Figure 5-9, The viscosity correction apnears to spread the data for one

set of runs, so it is decided to use ancther egqustion recommended for

circular tubes?7,3Q, with D, substituted for Di

; 1/3
hD. e
—s = 1,62 4we Bg.,
" ( %L (Eq 5.24)

Comparison of the data 1s shown on Figurc 5-10 and it is seen
that agreement between the data and orelictions is slightly better for

Equation 5.24 than for Equation 5.22b.

—==
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For the case of circular tubes, Awe_ :{QQN{EE\(Q\ ’

n kL \u}.k, L)
but it does not follow that éﬂﬁi :'9295(9ﬁg{29).
\\ H / 3 i |
* ; A
This gives one cause to wonder which group, 4ue | or/ggg {4\ D
kL \k I—/,

is best to correlate data for an annulus. The work of Carpenter, Cclburn,
and Schoenborn indicated that 5%% should be used. Nevertheless, it is
decided to cxamine the data of Kratz, Racth, and Christ with respect to

the two equations which follows

i \ 1/3
We . 1,42 /Dol gh.\ (9_«.\ (Eq. 5.25)
k /" k ,’ L /
. 1
hD, m 0.14 iDgG\few \{ Dy \2/3
- . 4 - 1.8(’) i em—— —
K (P’ Wi LL, \\ k '

The date are. shown compared with these sguations on Figures 5-11 and 5-12.
It appears that of the correlations attempted, Equation 5.26 gives
the best agreement with the data of Kratz, Raeth, and Christ for heat
transfer to water in laminar flow in an annulus. Equation 5.26 has not
been justified theoretically and it is clear that either of the other
three equations tried could be made to fit the data as well as
BEquation 5.26 by altering the constant coefficient. It is suspected
that the spread created in one set of points by applying the viscosity
correction may be a result of local boiling, but calculations from the
data do not verify this suspicion. In the set of runs which exhibit
this spread, %: = 12-1:~§§ = 1.12, and Reynolls numbers ranged from
950 to 2320, 1In the other set of runs, %g - 21.8, g% = 1.13, and

Reynolds numbers ranged from 835 to 1860,

Opiimiiiniyin

89~



10 1o 2

10 10° o
T ! — T T T TTIT " \N/ \/ 10
| HEATING WATER IN AN ANNULUS (E,_G)(_cl‘)(ﬁg)
. — STREAMLINE FLOW — m k L
—— DATA OF KRATZ, RAETH, AND CHRIST
HEAT TRANSFER FROM (NSIDE WALL
= E
oy S 1
69 g q ‘!g‘ ’\,6?'\\ /
KRNI
LT FIGURE 5—I2
//'
10
—— FIGURE 5 —|I '
|
< 5
= )
‘o/-\ 0 G \G}‘\%\\
1|3 s 7 6\_\’% —T
- \o\*’ \ @ ! <]
S~ vy -
A Ny
&% +
ST .
_ <] n]
=1l (o))
|°3 4

10



y ORNL-156~5

In view of the peculiar spread resulting from the viscosity correction
and the very short %k ratios which may have produced .curious end
e
effects, these data are not considered to be useful in establishing the

validity of a correlation for this case,
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e ORNL-156-5

Effect of Ribs in Annulus

Kratz, Schlegel, and Christ3l deseribed heat transfer experiments for
determining the effect of ribs in an annulus., The apparatus essentially
consisted of a brass heater tube surrounded by a four-ribbed aluminum
tube. The brass tube was heated by passing an electric current through it,
and heat was removed by passing water through the annulus hetween the
brass tube and the ribbed aluminum tube, The ribbed tube and the brass
tube were electrically insulated from each other by a coat of glyptal resin
paint on the inside of the ribbed tube. The brass tube was filled with
bakelite except for four thermocouple lead channels next to the inner
gurface of the brass tube, The apvaratus was built in such a manner that
the heater tube could be rotated so as to permit a complete angular
traverse by the thermocouples while the ribhed tube remained stationary.
Data which were taken included mean water temperature, heat flux, and
heater tube wall temperature at various locations with respect to the
ribs., Figure 5-13 is an average set of experimental data for the tube
wall temperature traverse with water velocity of 25.9 ft./secc.,
flux of about 126,000 Btu/hr. ft.z, and bulk water temperature of 42,8 °F.
Other runs having the same conditions varied about ¥ 13% frem the curve
showne The dotted line shown on Figure 5-13 is ohbtained by neglecting
ribs and assuming that the Dittus-Boelter type equation9 (Eq 5.034d)
holds. This permitted evaluation of a heat transfer coefficient which
could be used, in combination with the flux, to calculate the difference
between the average water temperature ani the average temperature of the

surface, A gtrict analysis of the vroblem is complicated by the fact

"D,
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that the ribs alter the velocity distribution and turbulence level in
the stream, anl Reynolds number would be strictly a function of location.
It slso follows that average bulk temperature may depart considerably
from temperature in the immediate vicinity of ribs,

A small amount of work on this subject was reported by Cabell,

Dunbar and HaagaBz.

S
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Effect of Eccentricity

Wiegand and Baker5 referred to the work of Caldwell33 on pressure

drop in an off-center annulus, but no references were found on the effect
of eccentricity on heat transfer in off-the~-project reports.

On the project, however, Kratz, Peterson, and SchegelB4 have
reported extensive experiments on slug temperature in an offecenter
annulus. Two thermocouples were mounted in opposite sides of the slug
beneath the slug surface, and the slug was covereil with an unbonded
aluminum jacket. The thermocouples werc oriented in such a way that, as
the slug was moved off-center, they fell on the same radius with the
points on the slug jacket which were nearest and farthest from the outer
wall of the annulus, Heat was supplied by a graphite electrode passing
through a hole in the center of the slug, and cooling was accomplished
by passing water in the annulus made by the slug jacket (1.440 in, 0.D,)
and an outer tube (1.625 in, I.D.)s BRExperimental runs were performed
using two bulk water temperatures - 129° F, (54° C.) and 158° F, (70° C.);
power levels of approximately 12,860 Btu/hr. (900 cal./sec.), 20,000
Btu/hr. (1400 cal./sec,), and 27,200 Btu/hr. (1900 cal./sec.); and
average water velocities of 15.7 ft./sec. (480 cm./scc.), 22.0 ft./sec,
(670 cm./sec,), and 29.8 ft./sec. (910 cm./sec.). In the original report
by Kratz, Peterson, and Schlegel, figures were includel to show the
variation of measured slug surface temperature with velocity while the
slug was in contact position and the power level was constant. Other
figures showed the variation of slug surface temperature with degree of
eccentricity, while velocity, bulk temperature, anl power level were

held constant. One particularly interesting result of their experiments
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is that the slug temperature measured on the side farthest from the outer
wall increased as the slug approached contact position. Possible
explanations for this effect are offeredl by the experimenters, and,
rather than to repeat them here, the rcader is referred to their - 3
report534’35. In addition to the explanations offered by the experi-
menters, it is suggested that the effective heat exchange area is reduced
in the contact position or that the water in the vieinity of the line

of contact may be in laminar flow, increasing the thermal resistance.

The case is difficult to analyggzsince velocity distribution and
temperature distribution in the stream have not been explored aond the
actual slug jacket surface temperature was not measured, These comments
are not intended as criticisms of the work, for seemingly, the experie
menters did an exccllent job of accomplishing the cbjectives which they
had in mind. It is clear, however, that the work does not lend itself

to application on heat transfer design problems except for estimating
orders of magnitude of the effect of eccentricity.

Murray36

treated mathematically this case of eccentricity, and
estimated the maximum surface temperature of a slug displaced from the

center of a tube.

-364
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PART 6
HEAT TRANSFER TO FLUIDS IN TURBULENT FLOW WITHIN
CHANNELS HAVING EOW LENGTH TO DIAMETZR RATIO

In general, the widely used heat transfer correlations for turbulent
flow are based on data taken in systems having length to diameter ratios
of the order of 50 or greater. Systems employing small values of L/D
are known to give higher heat transfer coefficients, but no correlations
for the case have been well established. Heat transfer in circular tubes
and rectangular channels is considered in the following paragraphs, with
special reference to the effect of low I/D ratios,

Work of Kratz, Raeth, and Christl’2 included the case of heating
water in turbulent flow for circular tubes having L/D ratios as low as
4e McAdams3 mentioned studiss of Lawrence and Sherwood4 which indicated
no effect of the %, but ratios they employed were between 32 and 224,
A recent article by Cholettes presented an excellent review of the think-
ing about the effect of % and showed experimental evidence which lends
itself to use in establishing new cquations for the low % range. His
experiments were made using air flowing inside steam-heated tubes. The
steam jacket was compartmentalized so as to permit determination of
local heat transfer coefficients which were average values over a length
of about ten diameters. Data of Cholette included the laminar region,
the transition region, and the turbulent region, but, since the data

of Kratz, Raeth and Christis2 were all in the turbulent region, the

present discussion will be limited to the turbulent region alone,

S

-1



= ORNL-156-6

For systeﬁs employing Re »8000 and L/D { 63, the equations recommended

by Cholette fob heating air are as follows:

h - \=0,2 /_\-0,1
L 2 0.040 /DQ} ' /%1 (Eq. 5.01)
oG \ ¥ |2
°r -0.15 ;1 \-0.15
\" / Eq. 6.02
By _ Q.028‘IDG “13, (Eq )
e T =
For % N 63, Cholette recommended the following equation for heating
air:
) . =0.2
L - 0.0265 \99'3 (Bq, 6.03)

c
It is seen that if

C‘L for air is assumed to he 0,74 and the Nusselt
. \0.4
number is assumed to be a function of (EJ£~> , the equations of Cholette
k

/
may be written as follows:

hiD g\0-8 ( \o G \-0.1
—_— = 0.0 5 gr__ L (iq. 6.01a)
and nD , O 8/ V0.4

k \ W

For all practical purposes, Equation 6.033 is the samé as the Dittus-
Boelter type of equation described in Part 5 of the report, and the work
lends support to the observations of Lawrence and Sherwood for % of the
order of 50 and larger.

In the experiments by Cholatte, Reynolds numbers betwecsn 678 and

18,250 were explored for % ratios from 10,5 te 63 in increments of 10,5,

)
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For heating water, Christ? used an % of 8.04 for three different

groups of runs as shown belowi

Group Ave, Jdater Temp, °F. Range of Re
1 64 58700 - 104200
2 105 93700 - 172600
3 159 156500 - 288500

Kratz, Racth, and Christl investigated the systems indicated below:

System L/D Range of Re dve. ilater Temp, Raqge,oF.
1 32.8 9000 - 39800 59~-72
2 9.13 15200 - 29100 69-77
3 5.12 4000 - 23200 49=54
4 3.97 7000 -~ 12400 42-52

As a preliminary attemnt to correlate the data of Kratz, Raeth, and Christl’:
the Dittus-Boelter type of equation is used as shown on Figure 6-1, All
the data are scen to fall above the Dittus~-Boelter type of cquation,
supporting previous cvidence that low L/D results in increased heat
transfer coefficients.

For the run having % - 32.8, the great deviation from the Dittus-
Boelter type of equation is difficult to explain., This % is large
enough that the data would be expected to fall much closer to the equation,
It also appears that the data for this system indicate an influence of
Rel:? rather than Reo's. The report does not contain sufficient
information to permit further study of the deviations, so the data of the

L

system having == 32.8 cannot be considered as significant without

additional data to confirm this unusual effect. It is suspected that
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errors occurred in evaluating the temperature change in the water or the
temperature difference between the water and the tubu wall, since the
other data taken by the same observers confirm the influence of Rao's

and since effect of temperature differsnces would become more pronounced

in the longer tube,

fwe) [

In determining the offect of low £ on the heat transfer,

X 2 275 8Nq U7~ can be plotted against % . The average value of
~ Ro™*® Pr™*
Y is determined from Figure 6-1 by extending a line of slope 0.8 through

each set of points in order to get its intercept with a given ordinate;.

i.¢ey Re = 105. Then the intercept is divided by Re in order to

get X, A plot of Y vs. %‘ is shown on Figure 6-2 and this plot
indicates that for heating water in systems having an 1/D ratioc between
4 and 9,

Koz

O

(Eq. 6.04)

A 0.8 ’ 004- v '1.5
.69 or EP_ = 0.69 ’i P-E-‘ \ ( A
Ts : /

/

[

1
The data of Kratz, Raeth, and Christ 12 are shown on Figure 6-3 as compared

(%] Rl

with Equation 6,04, The agreement with this equation is interesting but
caution must be used in applying it until more data are obtained in this
region, |

If one assumes that Equation 6.04 is a fair empirical approximation
for §<i;0, it is seen that the equation does qualify in onc point
theoretically - the heat transfer coefficient increases greatly as %

approaches zero, For the prescnt, the work of Cholette5 is suggested as

a basis for predicting the effoect of % between 10 and 60,

S
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Studies on heat transfer to helium in turbulent flow between parallel
plates have buen presented by R. N. Lyoné. The plates were electrically
heated, 1/8 in, thick graphite, 3 5/8 in. long, and separated at the
edges by 1/8 in, thick transite spacers. Widths of the plates varied
so as to permit the assembly of parallel plates into a 3 5/8 in. diameter
hole which necked down to 3 1/4 in. diameter at sach end of the assembly.
In the first series of runs, thc edges of the vliates were square and the
entrance and cxit ducts to the test assembly were given a 30° taper from
3 1/4 in. down to 2 in, diameter, The second series of runs was made
with a straight 3 1/4 in, diameter entrance and exit section, The third
and fourth series of runs were made by tapvering thoe uostream and downe
stream edges of each plate with a 30° included nngle. Average heat
transfer cosfficients in the assembly were calculated on the basis of
(1) total hest transfer rate in the assembly, (2) total effective area of
plates parallel to the direction of gas flow, and (3) the average differenc:
in temperaturs between the graphite surface temperature in the middle of
the assembly and the arithmetic mean of the termimal temperatures of the
gas. The results are briefly summarized below, as taken from the original

reports The expressiocn h refers o the averaze heat transfer

ave,
coefficient as defined above, The D.ttus-Boelter type of equation

(See Part 5) was used to calculate htheory"With the use of the:

equivalent hydraulic diameter as D,

f __———

8
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Summary of Results

Ssries 1 2 3 4
Plates tapered No No Yes Yes
Cheannel constricted Yes No No No
h h 1.13 1.19 1.03 1.03

ave}/ theory

The report by Lyon included data plotted as heat transfer coef-
ficient vs, mass velocity for three locations in the assembly. Gos rates
ranged from 0.53 to 2.02 1lb,/ssc., corresponding to a2 maximum velocity
of about 735 ft./sec. Heat transfer coefficients of the order of
1300 Btu/hr.ft.2 °F, were reported.

Bach channel in the assembly had a heeted length ==14.5. It is of

equivalent diamcter
interest to note that the Zquation 6,0la indicates h at L - 15 to be

D
- 60, Since the Dittus-Boelter type of

about 15% greater than h at

[ g

equation is assumed to be valid at % ézéo, the data of series 1 and 2
appear to support the approximation for % effect, It seems reasonable
that tapering the plates should influence the entrance effect and it is
noted that for series 3 and 4 the data fall closer to the Dittus-Boelter
type of equation than the data of Cholette at the same % . (Cholette
used a cylindrical tube with a bell-shaped entrance having straightening
vanes to introduce air to a bundle of parallel tubes.) This effect of
tapering the plates is believed to bhe a result of reduced ™urbulence
level" as discussed later in this section of the report,

Influence of leading edge shapes on heat transfer to air was
explored by Parekh7 for thres edge shapes and several angles of attack.
His data confirmed the observations of Lyon in that, at zero angle of '
attack, blunt edges resulted in higher coefficients than tapered edges.

“9m
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Parekh also investigated the heat transfer to a single plate and the
effect of placing similar plates parallel and close to it. He employed
a very interesting experimental technique involving unsteadv state heat
transfer from a hot body to the coolant, and reference to his paver

is recommended for anyone who may be planning to do work of a similar
nature.,

bener8 presented data which show th~at coefficients are as mueh as
100% greater in systems employing short-length staggered surfaces than
in systems having the same heat transfer area and hydrsulic diameter
but greater length.

McAdams? reported experimentgl data taken by various observers in
rectangular channels, but no data have b .en locuted which aodpear to be
applicable for comparison with the data of Lyon., Washington and MarksiO
explored heat transfer to air in various channels, including one which
was 1/8 in. thick and 5 in. wide. Tho é’: ratio was 197, resulting in
agreement with the Dittus~Boelter type of esquation in which D, is
substituted for D, and the data are in agreoment with observations of
heat transfer to air in turbulent flow within cylindrical tubes.

Data of Grzen anl Kingll also confirm the observations of
Washington and Marks and the Dittus-Boclter type of equation for
circular tubes. Their exoeriments were performed in threc types of
channels: cylindrical tubes, flattensd tubes, and flsttened tubes which
were dimpled. The data for heating air in definitely turbulent flow
came together for the circular and flattened tubes, and the data for the
dimpled tube indicated somewhat higher hest transfer coefficients. Here

again the é was too great to make ths data useful in determining the

A,
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effect of &, but the fact that the coefficients for the dimpled tube werc
higher than for the flattened and circular tubss may be significant in
devcloping the "turbulence level® which is discussed later in this
section of the report,

Figure 6-4 summarizes the observations made here regarding the
offect of I/D on heat transfer. The lines on Figure 6-4 are not con-
sidered to be accurate, due to thy meager supply of data on whieh they
are based, but they may serve as an ajproximation until such time as the
effect is explored more carefully.

The effact of % ratios on heat transfer is difficult to describe
mathematically, particularly for turbulent systems. Latzkol2 oresented
an analytical treatment for four cases of turbulent flow as noted below:

#l. Fully developed hydrodynamic and thermal ficlds,w

This condition is attainsd when the fluid has passed through

a considerable portion of the tube length. The unit thermal con-

vective conductance is constante--~-v--- n,

The equation Latzko recommended for this case is

. -1/4 7 .
Buin, 0.0384;"9-9‘, (Eq. 5.05)
cG - B/

When one compares this equation with the data of Cholette, it is

seen that, for % >10 at Re = 104, Equation 6.05 gives a value of

h., = 28.4 and the data yield a corresponding value of approximately 29.5,
"2, Fully developed hydrodynamic flow field, temperature uniform
at entrance section which is maintained at the original fluid
temperature by suitable heating. = The unit thermal convective
conductance is dependent upon the location in the tube, falls very

- —— T
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quickly from its maximum value, and asymptotitally approaches a
constant minimim value."
Latzko presented an equation for this case and it has also been

14,16 and Youngl5’16.

explofe& by Sandersi3, Iverson

43, Uniform velocity and tomperature distributions across
the section at entrance. - The unit thermal convective conductance
is likewise devendent upon the location in thce tube, but falls to
a ninimum value more slowly.®

Boelter, Mertinelli, ot all7, presented a discussion of the
mechanism at an entrance by drawing an analogy between transition
from laminar to turbulent boundary laysrs in ducts and the
transition along a single flat plate.

",e The application of heat begins at a section somewhere in
the middle of the calming length." This case presented the need
for combining the equations in cases 2 and 3 to form an envelope as
shown on Figure 6-5. The heat transfer cosfficionts for cascs 2
and 3 (h2 and h3, respectively) are plotted on the same coordinates
but hy is displaced by 4\, the distance betwesn the entrance and
the beginning Jf heating, It is seen that, at the beginning of
the heated length, the coefficient will be very high and will drop
rapidly as in case 2. However, the hydrodynamic field is not fully
established and the coefficient hy will be higher than is indicated
by the hp curve. The amount by which h4 is higher than hp may be
estimated by disnlacing the h3 curve by &, and indicating the
values for coefficient which result if heating begins at the

entrance., Then the envelope noted as h4 renresents conservative
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estimates fof the coefficients in a system described by Latzko as

case 4

It is believed that another factor of practical significance is the

turbulence level at the entrance section. Latzko dealt with the fully
developed hydrodynamic flow field and the uniform velocity field but
perhaps the fundamental questions are:

1, What is the level of turbulence at the entrance section
compared with the turbulence level after the hydrodynamic
flow field is established?

2. TWhat conditions affect the change of the turbulence level?

3. What is the quantitative effect of turbulence level on the
heat transfer coefficient?

Little information is available on turbulence level, and these

questions are raised as possible subjects for thought and experimental

work. Comings, Clapp, and Taylor18

presented data on ths eff'ect of
turbulence level on heat transfer to air flowing normal to cylinders in

a square duct. Among other things, they reported that at constant
Reynolds number, Nusselt numbers could be increased 25% by increasing

the turbulence alone. The effect of turbulence is alse indicated in a
study of gas turbine regenerator cores19 in which hydraulic diameter and
heated length were constant, but various core configurations were utilized,
The % ratios were constant, and the pre-entrance conditions were the

same, but considerable difference in heat transfer coefficients resulted

from different turbulent conditions. The same effect is indicated in

heat transfer systems employing flow of liquids normal to single tubes

SN
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and tube bundles. Heat transfer coefficients for tube bundles are
generally greater than coefficients for single tubes and one would expect
the turbulence level to vary the same way.

15

Young ~ presented information on the effect of entering conditions

of the fluid on the hoat transfer in the entrance saction of a tube.

6 g

Data of Lyon—, Parekh7, Joyner®, and Green and Kingll mentioned
earlier in this ssction of the roport also serve as additional evidence
pointing toward the importance of degree of turbulence.

London20 and Peebles21 discussed the effect of L/D on heat transfer
and pressure drop, with particular attention being paid to very small
diameters and lengths.

Additional experimentation on heat transfer and vressure drop in
ghort tubes is being initizted at Massachusetts Institute of Technologyzz!z3
It is expected that 1/32 to 1/8 in. diameter tubes will be employed in
systems having L/D from 5 to 20. Large tomperature drops and small

Reynolds numberg will be investigated in tube bundles composed of 25 to

100 tubes in parallel.

"16-
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PART 7

REFERENCES RELATED TO HEAT TRANSFER WITH
NO PHASE CHANGE
It is beyond the scope of the present report to discuss many of the
project reports related to heat transfer.
This part of the report is devoted to noting such references which
may be of interest to workers in this ficlde

General

Cahn, As S., Effect of Routing Upon Tempcraturc of Cooling
Stream, CP-3435, February 14, 1946

Cahn, A. S., Wigner, E. P., Ginsburg, M., Heat Transmission
Coefficient and Temperatire Fields Around Various Combinations
of Pipes, CP-i€93, May 4, 1844

Diamond, J., Problems in the Cooling of the Canadian Pile by
Water, ME-171, September 7, 1945

Jessc, W. P., Report for Month Ending May 25, 1944« Part 1,
CP-1728, Moy 25, 1944

Karush, We., Young, G, Bncrgy Removal from Piles, MonP=-147,
July 30, 1948

Loverctt, Me Co, Kuniansky, S., Feasibility of iiater Cooling the

"X" Pile, CE~1291, March 13, 1944
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Newell, Ry Es, Some Notes on Water Cooling of The NeRe«X. Pilot
Pile, ME-102, December 18, 1944

Newell, R+ E., Somec Engineering Aspects of Working Piles, EL-3,
January 31, 1545

Newson, H, W., Nordheim, L. W., Semi-Monthly Report For The
Period Ending March 31, 1944, M CP-1411 C 224, March 31, 1944

Stearns, J. Ce, Report For Month Ending July 29, 1944- Part I,
CP-1954, July 29, 1944

Young, Ge, Distribution of Heat Input Along Cooling Streuams,
MonP-310, dJunc 2, 1947 '

Young, G., List of Reports of Pile Design Group, N-2000, MUC-GY-
32, May 22, 1945 ’ '

Young, Ge, Some Notes on Cooling Streams, CL-GY=7, April 9, 1947

Young, Ge, Surmary of New Pile Studies, October 22, 1946

Solutions for conduction and similar problems

Bankoff, Se G., Calculation of Mctal Surface Temperature-"X" Pile,
CE-710, May 31, 1943

Cohenny, K., Koplan, I., Temperature Distribution in an Aluminum
Sheath, CT-883, August 2, 1943

Fell, JeMeGa, A Notc on Temperature Distribution Inside Urenium
Rods with Variable Heat Scurce Density and Variable Conductivity,
MT-197, Hovember 28, 1945

Ginsburg, M., Karush, V., Young, G., Temperature Rise in Slug
Under a Coating Defect, CP-1217, Jaonuary 25, 1944
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Hurwitz, Jre. H., Memo on Heat Conductivity in Laminated Fuel
Structures, A-4254 (GE-HH-5), Deccmber 12, 1946

Hutchison, Jre Ce A., Temperatures and Thermal Stresses in Pile
Fuel Rod, CP-3493, April 15, 1946

Karush, We, Young, Ge, Temperature Calculations in Bnd Cap
Design, CP=-2421, November 23, 1944

Karush, We, Temperature of Twe Metals in Contact, CP=-2509,
December 22, 1544

Karush, W., Young, G., Temperature Risc Under a Rib, CP-1172,
Deccmber 22, 1943 ’

Karush, W., Young, G., End Cap Temperature Calculation, N-1723,
(Memo to Je Pe Howe), November 16, 1944

Karush, W., Morchouse, N, Temporature Risc in Coating Due to a
Defoct Over a Rib, CP-1475, Liarch 15, 1944

Karush, V., Temperature Rise Under Uncooled Areas of Thin Plates,
CP-2665, January 2&, 1945

Karush, ., Young, G., Flow of Heat Intc Ceating Through Narrow
Strip, CP=1378, February 29, 1944

Karush, W., Temperature Rise Under Rib in W Pile, CP-1318,
January 30, 1944

Lanec, Js Ae, Heat Gradient in the X Shield, CE-1439, April 29,
1544

Lodge, A+ Se, The Temperature Distributicn in an Infinite Medium
Due to a Spatially Uniform Plane Source of Heat, MT-243, May
10, 1946

Lyon, Re No, Tenporaturc Relaticnship Between the Center of an
X Typc Slug and the End of its Jacket, CZ-2554, December 21,
1944

Monet, M., Tcmperatures on the Surface of a Slug Jacket, CP-2342,
November 1, 1944

Murray, Fe Ha, Thermal Conductivity of a Somi-~-infinite Slab
when the Flow to and from the Slab crosses the Surface
Near the Edge, CP=-1486, larch 17, 1944
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Murray, F. He, Karush, W,, ot al, Calculation of thc Tcmpecrature
Distribution in a Slug with a Solid Aluminum Cap, CP-1580,
April 14, 1944

Murray, ¥, He, Estimates of the Maximum Surface Temperature for
A Slug Displaced From the Center of the Tube, CP-2629, CZ34,
January 8, 1945

Quinn, G« F., Brown, G. M., Metal Surface Tempcrature of Displaced
Cartridge, CE=1947, C234, January 30, 1945

Schlegel, R., Slug Jacket Temperatures, CP=2324, Novcmber 8, 1944

Schlegel, R., Temperaturc and Heat Flow in A Graphite Electrode,
CP-1961, C38A, August 3, 1944 '

Young, Ge, Jacket Tomperature Near End of Slug, CP=1814, Junc
23, 1944

Young, G., Temperaturc in a Pit in the Metal Slug, CP-14786,
March 14, 1944

Young, G., Tempersturc of Insulated Bnd Cap, CP=1237, January 15,
1944

2

Young, G., Temperature Rise in Coating Under a Rib, CP-935,
September 16, 1943

Young, G.,(Part I), Young, Ge, Williamson, R., (Part II),
Part I- Tomperature Variations Along Cooling Tube, Part II-
Temperature Rise in Pipe Walls, CP-SIQ, October 27, 1942

Flow of Gases-

Guggenhéim, Ea Aa, Compressible Flow of Porfcé® Gas with Heat
Input Digtributed Symmetrically about Middle of Channel,
MT-137, Moy 2, 1945

Normand, C. E., Gaseous Flow, D 4.44048, August 27, 1946

Viscardi, J. E., Heat Transfer and Temperature, A-2134,
October 1944

Vicolley, He W, Brickwedde, Fe G., Heat Transfer Coefficient
for Hydrogen Flowing through a Tube at Low Temperatures,
4=381, National Bureau of Stondards, December 3, 1942
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Radiation-

, ; !
Harrison, W. B., Heat Transfer from Hex, CNL-39, April 14, 1948

Jesse, W. P., (Schlegel, Rs), Report for Month Ending May 25,
1944, CP~1728, pe30, Moy 25, 1944

Resistance and induction heating-

Brewer, Leo, The Use of Laboratory High Frequency Induction
Furnaces, CT-1010, Scptembeor 14, 1943

Bromley, L., Hiph Frequency Induction Heating, CT-3776, Fcbruary
1, 1947

Leverett, M. C., Report for Month Ending April 24, 1943, CE=-613,
April 24, 1943

Murray, Fo H., Induction Heating of a Long Cylindrical Core in a
Long Coil, CP-1652, iay 13, 1944

Flow through sphere bods-

Amorosi, A., Gas Cooled Pebble Piles, Memo t o Etherington, Oak
Ridge National Laboratorics, Central Files Noe. 47-8-211,
August 7, 1947

Bentley, Robert, Johnson, Fred, Maurcr, Robert, Heat Transfer in
Sphere Beds, CP-3090, MDDC-990, July 4, 1945

Young, Ge, Jupa, Ee Ce, Fluid Flow and Heat Transfer in Sphere
Beds, MUC-GY-31, April 6, 1945

Several heat traunsfor toxts are noted in Part I of this reports For

loecating NACA and ALF refcerences, the rcoder is referred tos

Index of NACA Tecchnical Publications, Division of Rescarch
Information, National Advisory Committee for Acronautics,
VWlashington, D. C.

Bibliography of Acrodynamic Heating and Related Subjects,
AAF Technical Report 5633, Alr Material Command, Army Air
Forces, wWright Field, DPaybon, Ohio.
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PART 8
HEAT TRANSFER TO BOILING LIQUIDS
CIRCULATED BY NATURAL CONVECTION

Very little work has been done in project laboratories on heat
transfer to boiling liquids. As a cooling mechanism for a reactor,
boiling presents many difficulties from the design and operation stand-
point. However, since a mechanism 1s greatly nceded for maintaining
high heat fluxes, boiling is now attracting much attention and several
laboratories are engaged in attempts to completely define the variables
which control the boiling mechanism. This sart of the report is devoted
to boiling liquids circulated by natural convection,

In 1937, Drew and Muellerd presented an excellent review of the
status of information on the variables affecting heat transfer rates
to boiling liquids. Jakeb® had previously reported a survey of work
done abroad, and, in 1942, McAdams3 summarized mest of the experimental
data which were available at that time. A few additional references
may be found in a survey by Kreith and Surmerficld,

The case of boiling a liguid circulated by natural convection ig
represented qualitatively by Figure 8«l, The curve in this figure is
considered to be representative when the bulk of the liquid is at or
very nzar the saturation boiling point for the prevailing pressure,

since it takes the general shape of the data summarized by McAdams3,

-1-A
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the data of Farber and Scorahs, of Boscov6, and of Nukiyama7 {as noted
by Boscové, and Drew and Muellerl),

The boiling curve is generally divided into at least threc regions =
nucleate boiling, transition, and film boiling, Farber and Scorah’
described six regions in the boiling curve, but the three noted will
serve 28 a basis for the vnresent discussion.

Nucleate boiling is characterized bv an increase in heat flux with
increase in AT, as shown as region I on Figure 8-1, Assuming that the
liquid wets the heat transfer surface and that sufficient superheat is
present to initiate boiling, bubbles form at the interface and they are
released to the liquid bulk, ceither to condense or to vass to the
surface of the liquid,

The film boiling is characterized by very large values of & T and,
in this case, a stable vapor film which envelops the entire heat transfer
surface, increasing the thermal resistance at the interface, This is
shown as region III on Figure 8-1 and is limited by the thermal stability
of the heat transfer surface,

Region II, the transition region, is the contest betwesn film and
nucleate boiling mechanisms for control,

The shape and exact location of the curves appear to be functions
of the following variables:

1. pressure

2+ nature of surface material

3+ condition of surface

4. geometry of system

5« mechanical shock
6, Dphysical properties of the liquid
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Three sets of data from Farber and Scorah5 are shown on Figure 8-2
to illustrate the effects of pressure and the nature of the surface
material, Two of the curves are for Chromel C - one at atmospheric
pressure and ons at 100 psig. If one defines critical temperature

difference’, LLTO, as the AT at (g/A) , it is seen that the effect of

max
increased pressure on boiling with Chromel ¢ is to increase (q/A)max

and reduce zi'rc; The other curve is for nickel at atmospheric pressure
and 1t was determined in the same avparatus as the curve for Chromel C,
Farber and Scorah5 reported similar curves at one atmosphere for tungsten
and Chromel A, and they cxplored the pressure effect in 25 psig increments
up to 100 psig for nickel, Chromel A, and Chromel C. Curveg from

6

Boscov™ and Nukiyamal’6’7 were obtained with a platinum heater and

they are included for comparison. McAdam36 suggested that the Nukiyama
data are probably more accurate than the Boscov data in the film boiling
range, since Nukiyama used a longer wire than did Boscove The differences
exhibited by the curves obtained at the same pressure are attributed to
the use of different materials and systems of different geometry. One
would expect geometry of the system to be important since eirculation

is by natural cunvection only, and the effect has been demonstrated
experinentally by Nukiyama7’27.

8

Larson™ presented a discussion on factors affecting boiling in a
liquid and related wettability or interfacial free adhesion energy to the
superheat required for sbullition. In the experimental work he reported,
ebullition temperatures were measured for various metal surfaces in
contact with water at atmospheric pressure. The bulk temperature attained

——
-ty
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by the water before ebullition frequently showed superheat, and a raoid
drop to saturation boiling temperaturc occurred upon the beginning of
ebullition., Several metal surfaces were examined, verifying the fact
that ths nature of the surface has considerable influence on the boiling
mechanigm, The effect of naturc of surfacoe material is also shown by
data of Castlesg.

Larson® noted that mechanical shock would cause ebullition in the
superheated water at lower temperatures than were necessary to cause
ebullition without shock. Harvey, Barnes, et allo point out that, with
proper de-gassing treatment, water can be superheated to 392° F (200° ¢.)
without bubbling, but that mechanical shock or high frequency sound could
cause bubbling at much lower temperature if the de-gassing treatment was
not complete. Austinll investigated the effect of mechanical agitation on
boiling in the low flux range and Carr12 examined the effect of vibrating
the heat transfer tubs, Martinelli and Boelteri3 have also explored
the effect of mechanical vibration on heat transfer by natural convection
without change of phase,

There may be a close relation betwson nucleate and film boiling,
and drop-wise and film condensation. Some of the considerations
presented by Emmons™4 cn drOp-wige eondensation may well be considered
in acquiring an understanding of the boiling mechanism,

Reference to McAdam33 is recommended for sxtending the background

information on effects of pressure, wetting agents, adsorbed air, ste,

o=
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Farber and Scorah5 included a few remarks on the effect of uniform
and non-uniform surface roughness., Apparently a specific conditioning
process was necessary before the heating wires gave uniform roughness
characteristics and yielded reproducible data. Cichelli and Bonillal?
explored the effect of pressure on boiling for several liquids. They
compared their atmospheric pressure data for the nucleate boiling range
with several equations from the literaturelé’l7!18’19’2o to find that
the best predictions resulted from an equation recommended by Insinger
and Bliss?C -

log Y = 0.363 + 0.923 log X - 0.047 (log X)* (Eq. 8,01)

- 10,5
where Y = h(R o) x 10lo
k 3! 3 0.5
<c ¥ YA g )
and X = 9 x 1010

A very interesting characteristic of this equation is that viscosity

does not appear. Cichelli and Bonilla reported a fairly consistent
relationship between (Q/A)mgg and Pn. for organic liquids, but it is
apparent, upon examining tﬁe data of Farber and Scorah5, that such a
treatment will not bring the data for water together without an
additional factor for nature of surface material. Day presented data

for boiling water with a platinum wire at pressuré up to 1400 psig. These
data are shown on Figure 8-3 (as presented by licAdams?l) to illustrate

the pressure effect.
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Among the boiling data found in project files, the natural convection
case was reported primarily by Hoge and Brickwedde<? (boiling liquid
oxygen and liquid hydrogen at atmospheric pressure in the nucleate
range) and by Brornley23 (boiling water and liquid nitrogen in the film
boiling range). Due to the difficulty of locating data on the physical
prﬁperties of liquid oxygen and hydrogen, the small amount of interest
generally shown in these particular liquids as coolants, and the
difficulties of using Equation 8,01, the data of Hoge and Brickwedde
have not been compared with the equation, but they are shown graphically
on Figure 8-4.

Bromley23 developed some approximate equations which correlated
his data fairly well for the case of hoiling water and nitrogen in the

film boiling range. For horizontal tubes,

e ——— e e

he = f\l";rkjl‘}v (L -R)e A (Eq. 8.02)
TN D At
For vertical tubes,
4 -
h, = 1.2 &\/k3€ (L~ R)g Al
¢ B A (Eq. 8.03)

The radiation coefficient was calculated with the following

expression:
k& 4
hy, = T (Ts_- TL™) .
€s L

-0-
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And the heat transfer coefficient combining convection and radiation

was calculated by the expression =

——

I" / ‘\\K
br /1 %V (ag. 8.05)
h=h_ +h {3/4+1/4 L (Zq. 8.
-e ¥ / / he (2.62 + b i; :
L \ ikl
C

The value of & in Equations 8.02 and 8.03 is assumed by Bromley to be of
the order of 0.6,

The equations nresented above are not recormended for general use,
but are included here in order to show the form of correlation Bromley
attempted., His approach in applying thermodynamic and physical laws
to this case is noteworthy. It may be that E:is a function of system
geometry or other veriables. The pressure effect has not been included,
but possibly it could be introduced in Bromley's type of analysis.

From the data of Farber and Scorahi it would anosear that the nature of the
surface is also influentiszl in dederming the shape and position of the
curve in the film boiling range and must be accounted for in a strict
analysise. Bromley'!s dota for boiling water are shown on Figure 8«2, and
data for both water an? nitrcgen are shown on Figure 8-5,

Some additional data on this case of boiling water circulated by
natural convection may be found in reports on work done at Massachusetts
Institute of Technology under the supervision of McAdams6’9’21’24’25’28,
and it is expected that a summary report on the batch boiler work will be
published in the near future,

One very interesting case of boiliny water circulated by natural

convection is the case in which the bulk temperature of the water is much

P
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below the saturation boiling point, This is commonly called local beiling

of gubcooled water and some data on this case have been presented by

6’26. They investigated local boiling of subeooled

Moscicki and Broder
water at one atmosphere, using a platinum wire of aporcximately 0.004 in.
diameter. Figure 8-6 is a plot of their data relating (q/i),.. to bulk
temperature, surface temperature, and difference between the bulk and
surface temperaturese. It is interesting to note that the surface
temperature remsins practically constant for a large change in (q/A)max
and varying degrees of subcooling.

-13-
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PART 9

HEAT TRANSFER WITH LOCAL BOILING
OF SUBCOOLED WATER I¥ FORCED CONVECTION

Water flowing normal to cylinders

Apparently the case of local boiling of subcooled water flowing
normal to cylinders has not been investigated in any of the project
laboratories, but several notes on this case are included in view of the
high heat fluxes which can be obtained with this mechanisme The chief
sources of data are reports of work done at Massachusetts Institute of
TeChnOlOgyl’z’S. A few figures will serve to illustrate the effects of
amount of subcooling, and the velocitye

Figure 9-1 shows data presented by McAdam83 for the case of water

at 65° F. flowing normal to a 04048 in. stainless steel tube at three

different velocities. Figure 9-2 shows data for three different bulk
temperatures, but the same velocity normal to a 04048 in. stainless steel
tube,

The beginning of the local boiling regime is the temperature at which
the tube surface exceeds the saturation boiling point, although superheat

is usually required before ebullition starts.
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It appears that fluxes as high as l.6 x lO6 Btu/hr. ft? can be attained
without boiling for the case of watér at 65° F. flowing 10 ft./éec., and
fluxes greater than 2.8 x 108 Btu/hr, £t%  can be attained with local
boiling for the same cases Referring to Figure 9-1, one may see that
increasing the velocity increased the obtainable flux for a given /\ Te
It also seems likely that increasing the wvelocity would increase (q/A)max
in the nucleate boiling regione.

Another variable which has considerable influence is the amount
of subcooling, or difference between bulk temperature and saturation
boiling points From Figure 9-2, it is seen that higher fluxes were
obtained with water at 147° F. than with water at 65° F., for the same
value of ATs Probably this difference is duc %o the change of physical
properties with temperature rather than the effect of subcooling. It is
believed that lowering the bulk temperature will increase the (q/h)max in
the nucleate boiling ranges These beliefs cannot be substantiated by the
data referred to in this section of the report, but the effects of these
variables will be discussed in more detail in the following sections on
local boiling of water in forced convection parallel to the heating surface,

particularly in an annulus,

A
-l
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For the case of water at 212° F. flowing normal to the heating tube
at 10 ft./sece., the data shown on Figure 9-2 are rather bewildering at
first glances DMcAdams states that the peculiar shape of the curve in the
neighborhood of A T s 55° F. is clearly indicated by the data. The case
is complicated by the fact that both nucleate and film boiling may be taking
place simultaneously but at different locations around the tube.

The following explanation of the peculiar shape of the curve was
instigated by N. F. Lansing’, the terminology being consistent with common
usage in fluid mechanics.?® Consider the case of flow normal to a cylinder
and assume a laminar boundary layer with separation occurring at the
location shown as P on sketch (a), Figure 9-3. As the heat flux increases,
bubble formation creates localized turbulence until the point is rcached
that the turbulent influence spreads in the boundary layeres This is
accompanicd by a shift in the separation point, increasing the effective
heat transfer area. Since the downstream surface is partly blanketed by
an increased thermal resistance, and since stainless stecl has a rather
low thermal conductivity, onc may ¢xpect the downstream surface to have a
higher temperature than the upstream surfaces. The effect of shifting the
separation point from front to rear {at constant flux) would be to lower the

measurcd "average" temperature of the tubes

*0ak Ridge National Laboratory, Osk Ridge, Tennessce

-.—--—-—-—.—-
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The shifting of the separation point appears to be accompanied by decreasing
thermal resistance and increasing flux. Thus, at q/A = 150,000 Btu/hr.
£t and AT = 50° F., the soparation point may begin to shift in the
dircction of P' (sketch b, Figure 9-3). Effective heat transfer area is
inecreased, to give higher flux for the same A T; but, at fluxes above
300,000 Btu/hr. £t , Tthe average tube temperature begins to drop faster

than the flux incroases, giving the negative value for d(%FA). Then when
alAaT

the separation point has become essentially stabilized at P', the
derivative can again assume a positive value.‘

This oxplanation appears tc be plausible, but it should be kept in
mind that local disturbances causcd by boiling at the liquid-sclid interface
may result in a mechanism which is much different from the usual case with-
out phase change, The ideas outlined above are in accord with considerations

4, with the modification thet critical Reymolds number

presented in Goldstein
for this casc is reoduced from the order of 10° to the order of 104 « This
modification also seems plausible, for critical Reynolds number has been
shovm to dcerease as main stream turbulence increases, and surface
irregularities have a very great effect in the same direction. These
effects arc mentioned by Goldstein, but no data have been located which
glarify the flow picture in the case of local boiling. Whether or not the
explanation suggested is strictly applicable could possibly be determined
by experiment. It may be that form-drag data would be sufficlent to show

whethor or not the explanation is valid, for drag cosfficients drop

considerably during the change from laminar to turbulent boundary layers

accompanied by movement of the sceparation point to the rears

AE=TN

T
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Flow within tubes and rectangular channels

Data for local boiling of subcooled water are also meager for case

of flow in circular tubes and rectangular channelss Taylor5 used an
1

electrically heated, 3/8 ins OeDe x O.SO'rin. I.Ds stainless steel tube to
heat water which entered the tube at ’70b Fe with a velocity of 3945 ft./%ec.
He moasurcd the outside tube wall temperature at each end and in the middle
of the tube, and the water temperaturc was measured at each end of the tubce
Pressure drop through the tube was of the order of 40 lb./ﬁn; 2 The
temperaturc drop through the tube wall could not be estimated very
accuratelys As shown by Kreith and Summorfiold6 s the calculation 1s rather
complex for large temperature gradients and Taylor pointed out that small
changes in chromium content make a comparatively large change in the thermal
conductivity of stainless steels

It is believed that the trends indicated are important, and the data
of Taylor arc shown on Figure 9=4, The valucs shown cannot be taken for
absolute valucs but thoy do show orders of magnitudes Actual values of AT
were smaller than indicated on the figure since the inside surface temperature i
assumed cqual to the outside wall temperaturce For this figure, it also is
assumed that total heat dissipated was absorbed by the streame It is
particularly interesting to note that the flux attained was of the order of

3 x 106

Btu/hr. ft.z and, apparcntly, higher fluxes werc possibles The
bulk tomperaturc of the water rosc to about 105° Fe at the outlet end of
the tube for the highest fluxes, but it ﬁas still well below the saturation
boiling pointe These datn indicate that, with local boiling of subcooled

e,

-8
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water circulated by forced conveeotion,fluxecs can be attained which are
roughly eight timcs greater than those possible in the casc of boiling
water circulated at its boiling point by natural convections The limit

of flux was not reached in Taylor's system becausc of a burn-out failure
which resulted from an unanticipated fall in water pressurce This indicates
that peak flux is a function of pressurc and water velocity, and the

effects of these variables are discussed in morye detail in the scetion on
studies in an arnulus.

One set of data on local boiling of subeoolecd water in o rectangular
channel was reported by Bornwassor. The chamnel was about 0616 ine deep
and 1 ine widee The heat transfer surface was o 1 ins square copper bar
heated with a toreh on onc cnde The cnd of the bar was mounted flush with
one of the parallel walls so as to prevent distortion of the flow and give
direct contact with the demineralized cooling woter which was introduced
at about 104° F, and veclocitios from 8 to 20 ft,/%oc. The data of
Bornwasser included surfacc temporature measurced with thermocouples imbedded
in the bar, flow rate, and heat flux as calculated from the temperature
rise of the water. In such a system, onc might cxpcet some irrezularitics
‘because of asymmetsy of the heat transfer porimeter, temperaturc disconti-~
nuity in the channel, gnd low lcngth/hydraulic diameter ratioe Consequontly,
the data are not ncecssarily quantitative but arc shown on Figure 9-4 for

comparisons

-10~
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Flow in an Annulus

The case of local boiling of subcooled water in an annulus is also
attractive becausc of the high heat fluxes attainables It has been
studied more cerefully than the forced convection studics reported in
previous scctions, and it is believed that the trends exhibited in the
annulus will alsc hold for circular tubecs and rcetangular channels,

Knowles8 made a rather comprchensive study of loeal boiling in an annulus
which he reported early in 1948, In his apparatus, water flowed downward in
the amulus made by an clectrically heated stainless stecl tube within a
vertical glass tubce For the doterminations made at heat fluxes up to about
Ge5 x 10° Btu/hr. 2 , a 1/4 in. diametor stainless steel tubo was uscda
Three different longths (30 ine., 12 ine, and é ins) of tubing worec used in
combination with two inside diomebers (0e642 ine, 0e394 ine) of glass tube
in order to vary the ratio of heated longbh to hydraulic diametore (L/bC
ranged from 7«6 to 78).

For high flux studics up to aboul 2435 x 106 Btu/hr. ft.z s & 1/8 ing,
diameber stainless steel tube was used in combination with o 0,642 ine inside
diamcter glass tubes The heated length was 1le6 ine and the L/De ratio was
22450

The range of conditions studied is shown in Table 9-I. Pressure at the
exit, or downstream, end of the heated length was maintained at 4046 psine

throughout the investigatione

-]l



Figure 9-5 is typical of the data reported by Knowles, and will serve
to illustrate the conclusions which may be drawvm from his worke A few notes
are included below to describe the experimental method and explain the
figuree

For a specific hydraulic diameter, rate of flow, and heated length,
a certain heat flux, say (q/A); , was chosen. The bulk temperature of the
exit end of the heated length was "A", and the corresponding surface
temperature was plotted at "D". As the bulk exit temperature was increased
to "B" (by increasing the input water temperature), the surface temperature
increased to "E", As the bulk temperature was increased further, the surface
temperature remained constant at "E", When the bulk temperature reached "C",
the system broke down with a great evolution of steam and a burned-out
heater tubes

Then all points lying on the same curve with "E" represent the surface
temperature at break down conditions and each point is the critical surface
temperature for a specific flux. The region of unstable surface temperaturcs,
leading to breakdown, is to the right of this curve., The curve through "¢
confining the stable region of maximum bulk temperatures is called the
critical bulk temperature curve. In one case the critical bulk temperature
was 104° F. below the saturation boiling point at a flux of 7,0 x 10°
Btu/hr, ft.2 (Series 3 in Kunowles' report)s, The difference between critical
surface temperature and critical bulk temperature ("E" - "C") may be called
the critical temperature difference for a given fluxe Critical temperature
difference increased as flux increascd and rcached the order of magnitude of
210° F. at fluxes ranging from 4.0 to 945 x 105 Btu/hr. ft.z, depending on

experimental conditions, The critical surface temperature rises more

L o

_12—
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FIGURE 9—5
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and rore sharply as heat flux increnscs, and scems to approach an asymptotic
velue in some cascss On the other hand, eriticol bulk btemperatures ranidly
curve over to lower values as flux increascse This means that at high fluxes,
bulk ecxit temperatures must be kept low to avold breakdovne This, in turn,
reduces the temperature rise permitbed in the woter, and must be compensated
for by increasing the flow ratces

Similarly, all peints on the curve passing through "D" represent surface
temperatures for different fluxcs with the bulk oxit temperature constante.
This curve is cssentially a plot of AT (surface tempercture minus bull:
temperature) vse flux up to fluxes at which the surface is approaching the
critical surface temperaturce Upward curvaturc of the surface temperature
lines indicates increasing cocfficicnts, since bulk terperature is constant
for each curvee All points lying on the curve "B" show the bulk temperature
at which the surface tompersture reaches the critical value, for a given
fluxe The diffeorence between the curve through "B" and the critical bulk
temperature curve "C" is the amount that the bulk temperature can rise with-
out changing the surface temperature (already critical)e The differcnce
between "B" and "C" may reach the ordor of magnitude of 36° F. (Series 6,
Graph 6 in Knowles?! report). It is also noted that, with constant fiux,
the coefficient increacses as the bulk temperature increascs from "B" 4o "¢V,

Since bulk temperature and surface temperaturce are cqual at zero flux,
the prevailing bulik temperature for any surface temporsture curve (in the

plot of flux vse surface btempercture) is the temperaturc at which the surface

temperature curve intersects zero fluxe

— — o o A
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Conditions were changed by varying hydraulic diameter, heated length,
and flow rate independently and several plots similar to Figure 95 were
made for these different conditionse {Sce Table 9-I)

Included in the report by Knowles arc shortdiscussions on broakdown
conditions, visiblc boiling on tho tube, the mechanism of bolling, pressure
drop, dirt film formation, and accuracy of resultse Therc arc five graphs
sirmilar to Figurc 9-5, in which cxperirpntal data have beon plotted for
different experimental conditionse In four more graphs, eritical surface
and bulk temperatures for various investigetions were superimposcd in order
to sce how different cxperimental conditions changed the positions of the

N ) (RQ"O‘8 ) was plotted vse flux for

-0 o4 - e8
) (Re °

was also ploticd vs. L/'De for itnc low flow rate detcrminationse. It is

critical curvese Log (u) (Pr

)

most of the experimental range. The cxpression log {¥u) (Pr

belicved that a plot which utilizes tho Dittus-Boclter type rclationship is
of little valuc in an offort to apply the correlation to cascs other than
thos; studicde The Dittus-Booclter type relationship cannot be expected to
hold, since it implies an cxchange of sensible hoat onlye It may be that
variables other than thesc investigated enter into the considerations as
indicated in provious scctions of this report and verificd in the following

sections Definite cffects of L/D flow rate, ond flux have not been

c *
isolated sufficiently to Justify any statemonts of gquantitative values

1t would be desirable to make o heat balance showing what percentage
of the heat dissipated into the wator was wed in incrensing its bulk
temperature in sensible heat, and vhat portion of tho heat is present as

latent heot in water veapor. Concelvably, one limiting bronkdown consider-

ation could be volume percont of stocum or percent heat in latont forme

] G
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The data in the report do not permit this type of calculation, however.
Considerable error probably oxists in selecting the temperature at
which to evaluate the physical properties which entered in the calculation

of (Nu) (Prno‘4 Y (Re ~0.8 )

, since it was assumed that these properties
were to be evaluated at a temperature halfway between the bulk and surface
temperaturess This method of selecting temperature has shown promise in
correlating data for sensible heat exchange in forced gonvection systems,
but local boiling may require an entirely different basis, Another likely
source for error in systems employing electrically heated tubes is the
calculation for temperature drop through the tube wall. As noted in previous
discussions of boiling data, it is believed that the trends indicated in this
work are more valid than any quantitative data reported, although Knowles
suggests that heat transfer coefficients reported are accurate within 2%
Other contributions to the literature on this case have been made

9’10’11, and Carl and Picornelllz working under the

recently by Minden
supervision of McAdams at Massachusetts Institute of Technologys One test
wnit used by Minden9 consisted of = 1/4 ine Qe D., electrically heated,
stainless steel tube surrounded by a concentric, glass-lined stainless steel
tube to form an amnulus of D, = QOe42 inches. The jacket was 14 in. long
and it was used in combination with two heated lengths. The heated length
of the heat transfer tube was 4 ine for heat fluxes near 2 x 106 Btu/hr.
ft.z and an 8 ine tube was used for fluxes less than lel x 106 Btu/hr. ft.2
The heater tube was supported in the center of the annulus by a copper tube

on one end and a brass rod on the other, both of which served as electrical

leadse. The principal cases he explored with this apparatus were:

m

-] 7.
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l, Effect of veoloeity
as Velocitics of 2, 4, 8, and 16 ft./%ec. were used in the
equipment, with pressure held constant at 30 psia and
bulk temperature at 1500 F.
be Velocities of 16 and 32 ft./%ec. were explored, with

pressure at 60 psia and bulk temperature at 193% F.

2e¢ Effect of pressure
Holding the velocity at 16 ft./%ec. and the bulk temperature
at 100° F., experimental runs were made for pressures of 30, 60,
90, and 120 psia.
Carl and Picornell™? held the degree of subcooling (differcnce between bulk
temperature and saturation boiling temperature) constant rather than bulk

tempersture, and the principal cases they investigated are indicated below:

Pressurc, Psia Subeooling, °F Velocity, ft./%ec.

30 50 1

4

12
80 20 1

4

12
60 50 1

4
80 100 1

4

12

36,6
60 150 4
90 50 1

18w
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The range of experimental conditions psrmitted an evaluation of the
cffecet of cach of the Yariables noted in the table aboves« prossure,
subcooling and velocity. Carl and Picornell used a vertical annulus made
by a centrally located, 0,254 ine. diameter stainless stecl heabting tube
surrounded by either a 0,423 ine or Oe770 in. I. De glass tube, 18 in, long.
The actual heated length (longth of stainless stoel tube) was 4 inches.,

The apparatus was essentially the same as used by Minden.

Except for its effect on maximum attainsble flux®, pressure change did
not have an appreciable effect on the heat transfer to water in the range of
conditions investigated. The effects of subcooling and velocity are
summarized on Figurc 9-6 as copied from tho work by Carl and Picornells
The straight line plots represented the data quite well, and the break in
the linc coincided with the visual obscrvation of the beginning of
ebullitions The investigators pointed out that the curves of stecpest slope
could all be approximated by one curve having as abscissa the differcnce
between surface temperature and saturation boiling point as shown on Figure
9«7« The effects of pressure, velocity, and subcooling on maximum flux

are shown on Figure 9-8, and the effects of velocity and subcooling on

critical temperature difforencoe arc shown on Filgure 9-9.

*NOTE: In electrically hcated systoms, maximum flux is the highest flux
which can bec attained without thormal instability and burn-out
failure.
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Dfawing # 6741
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Drawing # 6742
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Drawing # 6743

FIGURE 9-9
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lost of the data were taken with the 0.77C in. Ie. D. glass tube bub some
were taken with the 04423 in, Is De tube to determine the offect of
annulus sizes The effect was not conclusively determined but the data
indicated a shift toward lower values of AT for the same flux in the
smaller annulus. An interesting observation of Carl and Picornell was
that there appeared to be a minimum amount by which wall temperature (tW)
exceeded saturation temperature (ts) before local beiling began. The amount
of this temperature difference was influenced by veloeity and subcooling as
showvn by the table below:

TABLE 9-1I

Minimum Value of t,-t; Required to Initiate Boiling for
Various Combinabtions of Velocity and Subcooling

Subcooling, °F
20 50 100 150

1 21°F 23 °F 2507

Velocity ¢4 30 o4 37 390F
fte/scce 12 39 42 49
Tyt
The data of Carl and Picornecll were reproducible and it is believed
that confidence may be placed in the order of magnitude of the values

reporteds

13,14 .
’ Lonsing rresented scveral comments on
f T

In two recent momorands,
boiling hcat transfer research under way al the University of California at
Los Angcles under the dircction of Boelter and at Massachuscbts Institubte of

Technology under the dircction of McAdamse
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PLRT 10

REFERENCES RELATED TO HEAT TRANSFER WITH
CHANGE OF FPHASE

Boiling and condcnsation ere the cases of primary interest in this
section of the report. Parts 8 and 9 are devoted to the boiling
mechanisms, and thc refercnces noted here are to supplement the back-
ground informationes Onc very informetivc study of boiling has been
prepared under the direction of We He McAdams at linssachuscotts Institute
of Tcchnology in tho form of slow-motion pictures of the bubble

formations on a hot wirec,
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A few miscellaneous references whioch may be useful in clearing up

the picture of boiling and bubble growth are listed below.

Christ, C., Release of Gas from Supcrsaturated Solutions, CP-30€3,
June 23, 1945

Colburn, Ae Pe, et al, Effcct of Local Boiling and Air Entrainment on
Temperatures of Liquid Cooled Cylinders, NLCA Technical Note 1498,
March 1948

Fcld, Bs T4, On Cooling by Boiling Viater, CE~553, August 1, 1945

Martin, A. V., Heat Flow from a Fin to a Boiling Liquid, CP-2995,
May 11, 1945 ‘
This paper presents a mathematical investigation of the smallest

length of fin which will dissipate 90% as much hoat as an infinite
lengthe

Schlegel, R., Evaporation of a Dissolved Gas from Water in a Heat
Exchanger, CP-30€2, June 2%, 1945

Bquations are developed for dissolved gas transfer in falling film
cxchangers.

Smetana, F., Characteristics of Boiling Solutions, CE-3510, March 7,
1945 ' ‘

Solutions were boiled in an open top glass box by passing an
electric current through the solutiona

Vernon, H. C., P=0 Pile Studics Section Report for Month Ending
June 30, 1943, CE~754, June 30, 1943

Approximate formula for bubble formation is given on peé.
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Weills, J. T., Steam Bubble Size and Rate of Rise through Water at
Its Normal Boiling Point, CT-910, Scoptember 3, 1943

Weills described experimental technique and included small amount
of data. Bubble size and rate of rise were obtained photographically.

Wigner, E. P., The Rate of Rise of Bubbles, CP-1651, April 7, 1944

Bquations arc presentced for bubble size and rate of rise.

Young, Galey Transfcr Phenomenon and Bubble Growth, MUC-GY-30,
April 4, 1845

Young, Gale, Stability of a Fin in Boiling Liquid, CP-1902, MDDC-745,
January 26, 1545 ’

An idealized discussion of heat transfer in boiling is given , and
some calculations of fin performance are madc.

Young, Gale, Evaporation of Dissolved Gas from a Liquid, MUC-GY-Z8,
March 7, 1945

The analogy between heat and momentum transfer is comployed.

The project data on Condensation appear to be coafined primarily to

condensation of solid uranium hexafluorides

Cooper, G. T., Experimental Cold Trap Test Data, Deccmber 29, 1943

(On file at K-25 plant, Carbide and Carbon Chemicals Corporation,
Onk Ridge, Tennessce)

Hodgson, M.hsE., Rate of Condensation of Pure VI and Thermal
Resistance of VI Deposits, BR-410, April 15, 1944

dohnson, Csh., Study of Cold Trap Test Data, November 13, 1945
(File K=-920 at K-25 plant, Carbide and Carbon Chemicals Corporation,
Ock Ridge, Tennessec)




b — ORFL 156-10

Kurtz, Je« Js, Olson, R, Csy Test Results and Calculations on C-816
Condensation in Converters, A-4770, August 22, 1947

Thompson, W. I., &nalysis of Single Tube Cold Trap Data, RB=34,
April 24, 1944

Thompson, We L., Thecory of Heat and Mass Iransfer in Batch Condensation

of Solids, MUDC=B6, liay 28, 1946
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PART 11
SELECTED TOPICS RELATED TO HEAT TRANSFER

The following paragraphs are devoted to miscellaneous notes on a few
topics related to heat transfers. The first notes refer to instruments.
which may be useful in heat transfer experiments, and the remainder of the
section is devoted to allied subjects such as pressure drop, equivalent

diameter and heat exchanger design.

This part of the report is essentially a reference section;consequently,
little description is includede In order to facilitate locating the source

for more information, references are included as footnotes.
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(a) Density Measuring Device

In spite of the fact that local boiling permits very high heat
fluxes, it cannot be considered as a good prospect for cooling a nuclear
reactor until (a) the mechanism is understood and controlled, and (b)
the change of density in a cooling channel is known and can be compensated
for in the reactor designs. A unique method for density deberminations
was described by Iansingl, after a discussion with Re Evans at Massachusetts
Institute of Technologys The system is composed of two identical flow
channels between a low energy gamma ray source and a counter for each
channels One flow chamnel is a static control and the other is the heat
transfer channel, Evans pointed out that a density measuring instrument
which utilizes radiocactivity in a similar manner is marketed under the
trade name Penetron by Engineering Laboratories, Inces, 610 Es 4th St.,

Tulsa, Oklahomas

1, Lansing, N, F., Visit to Prof. McAdams at MIT and to Code 443
Bu Ships, Oak Ridge National laboratories, Central Files Noe48-4-82,
Memo to He Etherington, April 2, 1948

.
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(b) Inductance Thermometer

The inductance thermometer was designed to fill the need for
a temperature measuring device which does not interfere with steady flow
and heat transfer conditions in a cylindrical tube. It measures the
average temperature around the circumference of a tube over a length of
one or two inches by making usc of the fact that diameter of the tube is
a linear function of its temperature., The tube diameter variation with
temperature is mecasured indirectly as a change of electro=magnetic
coupling between the tube and a concentric coile The change of inductance
of the coil which results from diameter variation changes the frequency
of an oscillator and the frequency chance is made to give a direct meter
reading by means of a discriminator circuite The inductance thermometer
was used to measure the average local ttmperature of a heated tube
surrounded by water in forced convection in an annulus made by a Pyrex
jackete A complete description of the circuit, construction, calibration,

and usec is included in the appendix of a report by Bauer and Milnerz.

2e Bauer, Se Gs,Milner, Ps Mo, Heat Transfor Experiments with Special
Refereonce to Anodized Layers, MTec 143, National Research Council

of Canada, Montrecal Laboratory, June 5, 1945,
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(¢) Thermal Flovmeter

Measurement cof non-pulsating mass flow rates of a gas stream
may be made with a thermal flowmetere The apvaratus consists essentially
of a tube (having low thermal conductivity) with a heating coil in the
middle and a means for keeping the temperature constant at each ends The
tube temperature differconce between the point 1/@ down the tube length and
the point 3/@ doWﬁ the tube length is calibrated against mass {low rate.
Accuracy within 4 1% hes becn attained by such an instrument when
calibrated in place, operated under constant conditions and checked at
monthly intcervelss Swartz3 has presented a complete study of thermal
flowmeters, including constructiocn, associated apparatus, and operating

charscteristics,

3¢ Swartz, Ce De, Thermal Flowmeters, A~3219, Columbia Serial No., 1C-M470,

Columbia University, Division of War Research, SAM Project, January
15, 1945

Other references from Swartz:

Blackett, Henry, and Rideal, Proce Roys Soce 4126, 319 (1929)

Blackett, and Henry, Proce Roye Soce Al26, 333 (1929)

Haggstrom and Nordsicck, A-87, January, 1942
Booth, Haggstrom, and Callihan, A-88, January, 1942
Callihan, Columbia Scrial Noe 6&B3=-L15, April, 1944

-t o
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(d) Water Rate Determination
For accurate flow rate measurements, Kratz, Raeth and Christ4
described a meothod which is particularly useful at low flow rates, where
orifice plates and flowmeters were foumd to be inaccurate. The system
involves a circuit which measures automatically the time required for a
given weight of water to flow throught the systeme The apparatus includes
3 relays and a platform balance with contacts at the top ani bottom of the

beam swinge Accuracy of timing is reported to be within - 0405

sccondse

(e) Equivalent Diamecter
In the casc of an annulus, friction data of Carpenter, Colburn,

and Schoenborn® show that tho appropriate choice of diameter for usc in the

Reynolds number is the equivalent hydraulic diameter,Dg

De = 4 x cross-scctional aren
perincter

4. Krotz, He Rs, Racth, C. H., Christ, Ce Fsy The Thermal Transfer from
Slugs to Jackeots and from Slugs to Liners, C(P-2302, November 7,
1944

Se Carpon'bor, Fo Ga, COlbU.rn, A PQ, Schoenborn, E. Mu, Tre AeleCheBe 4_‘?.‘_L
165-187 (1946)
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Use of D, has also been confirmed by the data of Washington and
Marks6 for heat transfer in rectangular ducts, and the data of Green
and King7 for flattened tubess As part of a roport on gaseous flow
considerations, Normand8 made calculations of average equivalent diameter

for chamnels in which cross=section changes with length.

For the case of parallel plabes where one dimension of the flow cross-
section is large compared with the other, the expression is often
simplified to give twice the distance betwecen plates for the equivalent
hydraulic diameter.

In an annulus, the equivalent diameter is the difference between the
larger and smaller diamcters Dg = Dy =~ Dje.

Use of equiValént diameter is indicatcd in the scctions of this repert
on heat transfer to liquids in an annulus (Part 5), heat transfer to fluids

between parallel plates (Part 6), and prossurc drop (Part 11).

6+ Washington, Le, Marks, We M., Inde Enge Chem, 29, 337-345 (1937)

7+ Green, F. He, King, Le Se, Tre AeSeMeEs 68, 115-122 (1946)

8e Normand, Ca Eey Gascous Flow, D-4,440.8, CEN-TEC, August 27, 1946
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(£) Critical Reynolds Number

Critical Reynolds number Re,, has been defined as the value
of DV p below which the fluid flow in a system is always laminar or
strea;line. The Re, is usually considered #o be of the order of 2100 for
circular tubes, as pointed out by McAdams9 s but 1t is of interest to note
that it may have much lower values in capillariess In June 1945, Myerson
and Eicher10 reported Re, as low as 400, and, in December 194511, they
reported Rec as low as_lO in one case, and 100 in anothers In their
December (1945) report, refercnce was made to the work of Ruckes12 who
reported Re0 as low as 400 with mectal capillarics (having an IeDe of 0404 cme
and length of 150 cme) ond Re of 2000 in glass capillarics of the same
sizes This may indicate that the surface condition influences the thickness
of the laminar boundary sublayer, which becomes a significant thickness with

respcct to tube diameter in capillaricse This information is also ime

portant in considering the case of fluid flow through porous materialse

9e¢ McAdoms, We He, Heat Transmission, 2nd Ed., McGraw-Hill, New York, 1942,
Pt lOO-lOlo

10. Myerson, A., Eicher, J., Viscosity of Gascous C-616, M=2518, dJune 30,
1945

lle Myerson, As, Eicher, dJe, The Viscosity of Gaseous Uranium Hexafluoride,
A-3825, Dece 26, 1945

12+ Ruckes, We, Arn. de Physs (4) 25, 983 (1908)

—7-
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(z) Pressure Drop and Friction Factor

For the case of fluid flow in an annulus,vDonovan13 reviewed the

literature in a memorandum to Briggss, Work done on this case in project

laboratories is confined primarily to that of Bankoff and Sanford

14,15,16
F ]

Serada17 s, and Boyer and Gishlerl8 s who determined pressure drops over a

wideo range of velocitics and heat fluxese

13,

14,

15,

16,

17.

18

Donovan, Je R, Heat Transfer and Pressure Drop in Annular Spaces - A
Literaturc Survey, ORNL Central Files No, 48-4-411, Memo to
Re Be Briggs, april 27, 1948

Bankoff, S. Gs, Sanford, Hs Be, Pressure Drop in Ribbed Annuli, CE-952,
Sopte 30, 1943 — |

Bellas, H4 Wa, Report for Month Ending July 26, 1943, CE=-820, Tcche
Rese = Engas Dove

Bellas, He We, Report for HMonth Ending Junc 26, 1943, CBE-755, Techs
Rese- Enge Deve

Sereda, Pe J», Flow Characteristics of & Dummy X-Rod Assembly, CRX-263

Boyer, Ts We, Gishler, P+ Ee., Pressure Measurements in Annuli of
Ribbed Tubes, MK-184, Nove 6, 1945

—8-—
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Bauer and Morrowl9 reported pressurc drop data for air flow through
diamond=shaped graphite chamnels, including contraction and enlargement
losscs and pressure drop with and withoubt slugs in the chamnele Alr
velocities between 50 and 280 ft./%ec. were explored,. Larson20 also
prescnted data on flow rate and pressure drop in open and slug-filled
channclse

Hebert and Kn0W19521 reported determinations of friction cocfficients
for the compressible flow of steam for Roynolds numbers between 2000 and
13,200,

Examples of pressure drop calculations for project problems may be found
as applied teo the Daniels experimental power pilezz, high tempernturc oxide
pilezs, and other gas-cooled pi10524, parallel flow holium cooling25 s ond
sphere bcdsZG.

19. Bauery Se G., Morrow, No, The Flow of Air Through Graphite Chamnels,
MToo=200, Jan. 15, 1946 ' '

20, Larson, Rs E,, Air Flow Ratec Through Opcn and Filled "X" Type Channels,
CE-2535, December 21, 1944

214 Hobort, Se A., Knowles, Js W., Friction Coefficients for the Compressiblc

Flow of Steam, MTec-209, April 5, 1946

22¢ Polladino, Ne Je, Operating Characteristics of Main Circulsting System,
MonN-232, December 27, 1946

23+ Robertson, Ae F., Fromm, Le Ve, Kittredge, He E., Estimates Regarding
Gas Flow and Heat Tronsfer in a High Temperature Oxide Pile,
CT-3460, March 1, 1948

24e Amorosi, h., Hocat Transfer in Gas-Coolcd Pilcs, MonN=-299, Appendix B,
lioy 29, 1947

25 Feld, B. Tn, Szilard, L., Examples of Pressure Drop Calculations in
Parallel Flow Helium Cooling, CP-308, June 18, 1942

26 Young, Ge, Jupa, Ee Ce, Fluid Flow and Heat Transfer in Sphere Beds,
MUC~GY~31, April 6, 1945

!-——no—p—-—
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Some data and calculations for the Clinton pile have been presented
by Levcrett27.
Martinellii and NblsonZSprosented a method for predicting pressure
drop during forced convection boiling of watere
(h) Heat Exchanger Design Calculabtions
Much worlk can be done on paper in cvaluating heat exchanger
consideorations, as well as in the dovelopment laboratoriess Typical of
this type of treatment is a rcport by Matheson29 on tubular heat exchangers
for a homogcneous reactore Since hold-up volume is an important consider-
ation in this case, Matheson studied the effects on hold-up of the following
variables:
e Dirt f£film or scale resistance
be Torminal temperature
ce Tube size
de Liquid velocity
The report of this work includes tables of calculations and numerous
figures which show the influcnce of the variables,

27+ Leverctt, My Ce, Air Flow and Heat Removal in the Clinton Pile,
MonN~157, August 1946

284 Martinelli, Re Ce, Nelson, De By, Tr. AeS.M«Ee 70, 695=702 (1948)

294 Mathcson, Je He Pe, Tubular Heat Exchengers for a Homogencous Unit,
ME=39, February 1, 1944

N

] Owm
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Amorosiso presented numerous calculations on design of a gase=cooled
reactore He illustrated the effecct of various factors on pile output and
gas passage area; the effect of unconventional geometry; the heat transfer
conditions which affect high specific thermal output; and the limitations

on mechanical designe

31

Additional information is presenbed by Leveret on gas 1lift coolers;

Phillipssz, Feder and.Warsz onn tube shell coolers; Phillips and'Ward34on

vertical tube, falling film coolers; Feder and'Ward55 and Stanlcysson
g ’

horizontal film, trombonc coolers; Monct and Ward®!

on o"Geyser" cooled pile.
Kress®® also prescnted calculations on the falling film type cxchanger, and

included some experimental data on maximum flow rates and gas-rcleases

30e Amorosi, A., Heat Transfer in Gas-Cooled Piles, MonN«239, May 29, 1947
(Sce also MonN=383)

3le Levérott, Me Cs, Enriched Pilc- Enginecring Considerations I, February
8, 1945 (Clinton Laboratorics Memorandum)

52¢ Phillips, Bs Ee, Enriched Pile- Enginecring Considecrations II, April 12,
1945 (Clinton Laborctories Momorandum)

33e¢ Feder, He Ma, Ward, Fe¢ Re, Enriched Pile-BEnginccring Considcrations
II~B, June 12, 1945 (Clinton Laboratories Memorandum)

34s Phillips, Be Ee, Ward, Fs Re, Enrichcd Pile-Enginecring Considerations
ITI: Studies of Vertical Tube Falling Film Coolers, June 14, 1945
(Clinton Laboratorics Memorandum)

35« Fecder, He Me, Ward, Fe Re, Enriched Pilc -Engineering Considerations V:
Studies on the Horizontal Film Type Cooler (Trombone), July 13, 1945
(Clinton Laboratorics Memorandum)

36e Stanley, W, M, Supplement "A" to Enpineering Considcration Vi Studies
on the Horizontal Film Type Conler (Trombone), September 26, 1945,
(Clinton Laboratories Memorandum)

37+ lMonet, M., Ward, F. Re, Eariched Pile-Engincering Considerations IV- The
"Goyscr" Pile, Junc 28, 1945 (Clinton Loboratories Memorandum)

38e Krcss, Ba As, Falling Film Heat Exchanger, CE=3503, May 30, 1945

wlle
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Young39:40 and schlcgelél presented theorotical work applicable to falling
film exchangers and cxperimental data arc mentioned by Lawrcnce*? and
Dempstcréso

Considerations involving such problems as the effect of velocity,
hcat transfor cocfficients, piping length, etce, on holdup have been
prosented by Young*%, (Young45 also discusscs rclated pile problems such as
effect of tomperature level on pile characteristics, pile temperature for
greatest output, and decomposition of pilc watcre) Another paper by Young46
presented a mathematical examination of an idealized heat cxchangere

7 48

Huffmanéq, and Ward and Weills™" published design data furnished by

the Andale Company, and included considerations regarding the choice of heat

exchanger types and optimum cocling systomse

39s Young, Galc, Some Notes on Falling Films, MUC-GY-30, March 1, 1945

404 Young, Gale, Pilec Design Group, CFe-2926, April 15, 1945

4le Schlegcl, Re, Evaporation of Dissolved Gas from Water in a Heat
Exchanger, CP-3062, Junc 23, 1945

42, Lawrcncey Gy Ce, Technical Physies Division Progress Report for Month
Ending August 1, 1944, MPTec 1, August 1, 1944

43¢ Dempstor, As Jey Report for lMonth Ending March 15, 1945~ Part I,
CF»27964 March 15, 1945

444 Young, Ge, Pile Heat Exchanger Systom, CP=807, July 22, 1943
45 Young, Ge, Pilc Hoat Exchanger Systom-Part II, CP-807 (11), Auge 6, 1943

464 Young, Gaey Pileo Hoaot Exchanger Calculations, CP-270l, Feb, 14, 1945

47, Huffman, Je¢ Rey, Maximum Utilization of P=9 in Homogoneous Slurry Piles,
CEfll&S, Decembo? 15, 1943

48s Ward, Fe Re, Weills, Je Ts, P=9 Utilization in Slurry Pile Cooling
System, CT=969, Octe 5, 1943

=)
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Some heat transfer calculations for the Clinton pile have been presented

50,51

by Loverett®?., Young discussed various cooling proposals for reactorse,

2

4 paper by Karush and Young5 is particularly recommended for background

material on energy removal from pilese

A fow comments were locoted on cooling with graphite powder55 but no
final report of the project appears to be availables

Additional references which may be uscful in the design of heat
exchangers arc noted in Parts 7 and 10 of this reports

(i) Thermocouples

A fow refercnces on thermocouples are included in view of the fact

that errors in experimental data are frequently duc to an improper thermo=-
couple installations Kroghs4 has pointed out a few pertinent facts on the
sclecbion, application; and limitations of thermocouples; and Roberts and

5

Vogelsang5 presented a discussion on selection and installation of

thermocouple lead wiresgs

49¢ Leverett, My Co, Air Flow and Hoat Removal in the Clinton Pile,
MonN-157, August 1946

50e Young, Gé,; Some Notes on Cooling Streams, CL=-GY«7, April 9, 1947

5le Young, Gs, Thg Various Cooling Proposals, Mcmo 8, (No date shown)

524 Kaggzg,'w., Youngy Ge, Energy Removal from Piles, MonP«147, July 30,

53¢ Lowisy Wa Ke, Moorc, Te Ve, ot al, Cooling with Graphite Powder,
CS=215, August 4, 1942

54¢ Krogh, As Ee, Instrumentation 1, No. 4, 27-29 (1945)

554 Ro'?crts3 Ce Cs, Vogelsangy Ce Ly Instrumentation 2, No. 5, 27-30
1946
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Lancaster and Brunot®® deseribed a technique for calibrating a couple for
temperatures between 32 and 1300 °Fe At about 850 °F. they reported a
deviation of 0406 OF. as the depth of immersion of a couple in sulphur
vapor was changed from 4 to 1% inchese

Cichclli57 treated. several typical cases for design of a reliable
temperature measuring element (thermocouple or thermometer installation)
for measuring goas tempernturess Boelter and Lockhar‘b58 presented a report
on the conducticn error obscrved in measuring surface temperaturce.

In a project report, Kratz,,Schlegcl,.and Christ®® outlined a procedure
for soldering thermocouples in a tube wall, so as to get good thermal

contact but not to distort the surface on the outside of the tubes Kricth
and Sumerfield®? describe a technique for installing tube-wall thermocouples

by a method involving peening the vires in place and insuring contact by

means of discharging o spot welder through the junctiona,

56s Lancaster, He Bs, Brunot, fe We, Gons Elece Roview 45,. 649 (1942)
57 Cichelli , Me T, Inde Enge, Chome 40, 1032-1039 (1948)

58e Boelter, Ls MeKe, Lockhart, Re We, in Investigotion of Aircraft Heaters,
"XXXV1e Theérmocouple Conduction Error Obscrved in Mcasuring
Surface Temperaturo", NACA ARR,,February 1946

59+ Xratz, He Re, Schlegcl, Re, Christ,, Ce.Fes, Thermal Transfor to an
Annular Water Stream in the Neighborhood of a Hib, CP~2313, (Fife 3)
Nove 10, 1944

60s Krieth, Fe, Sumecrfield, Me, Investigation of Heat Transfer at High
Hoat Flux Densities: Literature Survey and Experimental Study
in Amulus, Apperdix A, Progress Report Nos 4~65, Jet Propulsion
Laboratory, California Institute of Technology, Pasadena, Californiae
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Another wall=-temperature measuring device (induction thermometer)

is discussed earlicr in this section of the reporte

McAdamsSl referred to several sources for additional information
on thormocouples and made a fow comments on thermocouple errors duc to

radiations

61y McAdams, We H., Heat Tronsmission, 2nd Eds, McGraw~Hill, New York,
1942, pe 149=152, 223=220. :
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PART 12
PHYSICAL PROPERTIES OF WATER
AND VWATER VAPOR

Since water is widely used as a coclant, it is frequently convenient
to designers to have a compilation of the physical properties of water
and water vapors An attempt has been made to include in this part of the
report the physical properties useful in heat transfer calculations. As
one would expect, considerable doubt exists regarding absolute values of

the properties in the vicinity of the critical pointe

For thermal conductivity of liquid water, the data of Barratt and
Nettleton? Martin and Langg, and Schmidt and Sellsc’nopp4 are shown on
Figure 12-1 as taken from Dorsey1 . The data of Timrot and Vargaftik5
are in agreement with Schmidt and Sellschopp and they are shown on Figure
12-2 as taken from the translation by Ke A. Gardner of the Griscom-

Russell Company. The clots of thermal conductivity of water vapor as shown
on Figure 12-3 are taken from a translation by Gardner of another paper by

Timrot and Vargaftik™ .

[

Viscosity cf water at atmospheric pressure is showm on Figure 12-4 as
. 1,7 . 0 . :
compiled by Dorsey + For temperatures greater than 212" F., data which
Dorsey compiled were adapted primarily from the work of SigwartB and
B 9 T 3.3 i A AR R 3] ¥ 13 bhli
Shugayev” ¢ IHawlktins, Sibbitt, and Solberg recently published a paper
which summarizes the viscosity data available for saturatcd water and
steam. Figure 12-5 shows a plot of the data of Shugayev9 s Hawkins

10,11 . 8 - L2 . .
s Sigwart  , and Timrot™ for saturated water. Values for

et al
; - s . 8
compressed water are shown on Figure 12~8, utilizing the data of Sigwart

~1 4



OLNL 156-12

as presented by Dorseyl.

Data for viscosity of water vapor are shown on Figure 12-7. It is
apparent from Figure 12~7 and Figure 12~5 that there 1s a considerable
discrepancy in the viscosity data reported near the criftical temperature
for both liguid water and water vapor. Since the data of Sig:vart8 and

Timrot12

agree for the saturated liquid, confidence is placed in Timort's
datal?for the saturated vapors The other data shown in Figure 12-7 for the

saturated vapor were presented by Hawlcing, Solberg, and Potterl4,

Dorsey1 and Keenan and Keyeslspresent data for heat capacity of
liquid water and water vapor. TFigure 12-8 is a plot of the heat capacity
of liquid water as prepared by Ne I's Lansing* from data in the references
noted above, Figure 12~2 is a plot of heat capacity of water vapor as

taken from Kennan and Keyese

Prandtl number, 4, was calculated for liguid water as a function
k

of temperature, and the values arzs plotted on Figure 12-10, For high
temperatures, approximate values of Prandtl number are shown on Figure
12-11 . Approximate Prandtl numbers for water vapor are shown on Figure

12-12.

ACKHOLEDGMTUT «
NeFs Lansing* ond W, Le Sibbitt** made many contributions to this
scction of the reporbt. Ge Johnsbtone*x performed a part of the
calculations for Prandtl numbere Other acknowledgnents which apply
te the entire report may be found in Part I.

*0Oak Ridge HNational Laboratory, Oak Ridge, Tenncssee
*¥Department of licchanicel Engineering, Purdue University,
Lafayette, Indianas
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PART 13

PHYSICAL PROPERTIES OF LIQUID METALS

Heat transfer to liquid metals by combined cenduction and forced

convection is discussed in Part 4 of this report. Included in tnis
+
part are plots of the physical properties of sodium-potassium alloy and

mercurys The data are believed to be the best available at the present

time, but the data for sodium-potassium alloy are likely to be revised in
oy

the near futﬁre.

. Physical Propertics of Sodium-Potassium alloy {44 weight % Na)

Data for the following fipures were taken from Ewing, Werner, King

. 1 .
and Tidball. Thelr references are as follows:

Viscosity - HRL-0=3105 (April 1947)
Density =~ HRL-P-3010
Heat Capacity = NRL-C-3152 (July 1947)

Thermal conductivity- NRL-C-3152 (July 1947)

l. Ewing, C. T., Werner, Re C., King, E. C., Tidball, R. 4.,
Quarterly Prorress Report o, & on the ieasurement of the Physical
and Chemical Properties of Sodium-Potassium Alloy; WRL Report Noe
C~3243, Naval Research Latoratory, February 255 19483

T
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PHYSICAL PROPERTIES OF LIQUID WETALS

The Physical Properties of Mercury

The data shown on the following figure were taken {rom a thesis

by Musser and Page.2 Their references for the data were a paper by

Hall5 and the I.G.T%

2. Musser, R. J,, Page, W. Re., Heat Transfer to Mercury, i« S
Thesis, Hassachusetts Institute of Technology, 1947.

3. Hall, W, C., Physical Review 53, 1004 (1938)

4, International Critical Tatles, iicGraw-Hill, New York, 1933.

M
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PART 14

PHYSICAL PROPERTIES OF GASES

The section {a) of this part of the report is devoted tc physical
properties of gaseous uranium hexafluoride. The properties should be
used with little confidence at high temperatures, for large extrapolations
have been employeda

Section (b) includes data for carbon dioxide, carbon monoxide, air,

oxygen, nitrogen, and hydrogen.

(a) Physical Properties of Gaseous Uranium Hexafluoride

(These Daba also appear in the Appendix of Heat Transfer from
Hex, by We Be Harrisond

Remarks on Extrapdlation of Physical Properties of Hex

A~753 states that gaseous hex may be considered as a nerfect gas
between temperature of 18° and 90° C. and pressures of 1.6 and 520 mm.
This facilitates calculations for density and lends confidence to the
extrapolation of physical properties for higher tempe.atures. The
effect of pressure has been neglected in exbrapolating all physical

properties except densitys

14
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ha
=

T 0

Thermal Conductivity = k

From Figure 1l4~1, it may be seen that the thermal conductivity data
available cover a relatively small range of termperatures, making an
accurate extrapolation difficult. Im addition to the data plotted, -466

gives the following equation:

k = (9% «5) Cy - cal/sccecms “Co

M
VY = CP/bv

molcoeular weight (352.1) in grams

=
n

L = viscosity in poises (zm./cmesocs)
. . O
cv = heat capacity at constant volume in cal./@m.~mol. Ce

0
Cp = Oy + R where R = la99 cal./ém.-mol. Ce

This equation predicts that k =2 3.7 x 10-3 Btu/hr.ft.z (OF./ft.) at

32° F, and X =T5.15 x .m"'5 Btu/hr.ft.z (OF./rt.) at 212 Fa Theso

values arc in fair agreement with thc dabta shown but appear to be increasing
too rapidly with temperatures Devendence on viscosity and heat capacity
evaluations make this equaticn wndesirable since these properties must

also bc extrapolated,

-
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It was decided to usc the Sutherland type of equationz for extrapoloting
the thermal conductivity and viscosity. Although LRG-64 suggests a
Sutherland constant of 182 for use with Rankine temperatures (101 for use
with Kelvin temperatures), a value of 350 was found to give better agroo-
mont with the datas If one selects & valuo of k = 3.65 x 1070 Btu/nreft’
(°F./fte) at 32°F., Figure 14-3 shows the factor by which this must be
multiplicd to estimate the thermal conductivity ot any temperaturcs The

thermal conductivity equation has the following form:

1
& 1 350

Ko = 365 x 1070 [a9 sol { T \Le5 2 5
T . ) | Btu/ar.£t7 (OF./ft.)

\\ \

. . .0
where T is temperaturc in R.

Viscosity = u

As shown in Figure 14«2, data for viscosity are fairly consistents

The following table shows a comparison of several equations for calculating

the viscosity of hex:



TABLE 14-1
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PACE -5~

e e v e e e

t b X X
. * . . e v O .o N

Source Equation A4 in poises /M(55 F) /0(32 o) ,«(392 o) 4ﬂ592 OF)
LRG-64 4 (02200 °C) = 1.67(1 $0.0026t)x107% 1.67x107 £.04x107 2454107 e.15x10""
. ; O A ' =4 -4 i -2 Ak . -2

A-763 A (0-200 °C) = (1.67 040044t )x10 1.67x10 4,04x10 2.55%x10 6.17x10

1{-466 44 (0-200 °C) = 2,10x10~070+ 7% 10675107 4.04x107 % 2.56x10 6.17x10
o (35165 9C) = 2eatx107670¢7T2 1.87x107% 4.52x1077 2.08x107% 6.92x107%

. .

U \ o - - —é "2

) Pand (150-260°C) = 1478x107670827 1484x10 : 4,45%10 2 2430x10 7.,02x10

* o o . . X,
= c, T = "K; # 1in poises; A4 in lb./ft.hr.
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If one assumes v =z 3e55%10° 1b./Tt.hr. at 32 OF. and & constant of 350,
the Sutherland cquation takes the following formi
Sp T 3.05x107 [ag2 ¥ 350\} [/ 1 )I'S 1b. /Pt anrs
\T LR B
Using Figurc 14-3 to obtain the facbor by which as(32 OF) must be
multiplied to estimete viscosity at any temperaturc, onc finds that,t«(SSZoF)

- 6425 1b./ftehre

Heat Capacity = ¢

Figure 14-4 shows the heat capacity data which wore locateds For
extrapolating thesc date to higher temperabturcs, it was decided to use the

equation found in 1=£65,

' . 5 -2 o
C, = 52443 T 0,007936 T - 5,2008x10° T cole/gre-mole Ce
T in ‘K.
or
=5 3 o
¢, = 040921 4 1.252x10 T - 2495%x10 Btu/lbe Fe
T2
T i?’l OT‘.

Figurc 14=5 is a plot of heat capacity for an extended temperaturc rangc.

Density = A

In accord with the asswrption that hex is an ideal gas (A=753 the density
I 2 > 3

of hex at 10 atm. pressurc was caloulated and plotted as shown in Figurc 14-6.

/,:'::’ = mnass : 35201 lb. = 4‘.825 1‘b.”
vo lune 3 7 F
350 fte x 1 atme x T °R '
10 atm. 452 9%

<
Prandtl Number - E S , Pr
Reynolds Number - DV A2 , Re

- S



T

HEREES)

bl
]
4!

T

T

ie

2

11

3T

v

1

Ly

4

R

it

17

14

JLS

RENE

FIGURE

t

4




awing § €7

Va4

M M:

;I'.

ey

T

Iy

-

FIGURE 14—5

P4

T

Ll

0.10 o o.2 0.13 0.4 o.I5 0.16 0.17

0.09

4000

2500}

L1 qm_

N

1000

0.08

3



;j“
{.]

SRR

SR O W

.

.

117 <L_ 1

B N
|

™
gL
i

18 1N
LA

Draxiog £ 4210

-

T

13

T

T

T

1

-1

BOAIRES

it 0

FIGURE 14— 6

o o

i

3

o

6000
S000}
2500

1

[

A i j
R

=11~

I

mREN

T

-

2000

1500

1000
500



L ORNL 156-14

In order to facilitatc cstimation of heat trensfcr by hex in forced
conveetion, a plot of Pr calculated from the extrapolated propertics is
showm on Figurc 14-7. For usc in calculations involving Re, f3/644 is

plotted on Figure 14«8,

Emissivity - ¢

In CNL-39,. infrared absorption data werce uscd to estimate emissivity
(F ) of hex « The valucs arc considercd to be very rough, but they may
serve as estimatcs until better dete arc availables A plot of estimated
maximum emissivity is shown on Figurc 14-9.

(b) Physical Properties of Air, Hydrogen, Nitrogen, Oxygen, Carbon

Dioxide, and Carbon Monoxide.

The data shown on the following figures were taken from a
publication by Tribus and Boelters. The propertics plotted are heat
capacity, thermal conductivity, viscosity and Prandtl number, and they
are independent of prossure between 5 mme of mercury and 2
atmosphercse

Riewe and Rom.pec4 prescented application of the diffusion theory in
taking into account the effoct of kinetic, dissociation and ionization
energy transport for caleculation of thermal conductivity of gases at

high temperaturce

—— — — — —

=12
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In a rocent publioation5 , o scrics of articles was presented on

properties of gases as indicated below:

Molccular constant - Ge Herzberg

Thermodynamic propertics = Fe De Rossini

Vapor pressurc, specific volume- PVI data- Fe Gratch, Fo Gs Keyes
Diclcctric constant, rofractivity~ Je Ge Miller

Joulo~-. Thomson ¢ffccts- He Lo Johnston, David 'hite

Viscosity, Thermal conductivity= G. A. Hawkins
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REFERENCES FOR PHYSICAL PROPERTIES

The references noted in this section arc in addition to those given
in Parts 2 and 3 on graphite blocks and magnesium oxide pellets, and in
Parts 12, 13, and 14 on wateor, sodium-potassiun alloy, mercury, gaseous
uranium hexafluoride and several other gasese HNo effort has been made to
critically evaluate the data in following reports, but the references are
included as a by-product of the search for heat transfer datas The
properties which attracted attention to these reports are thermal conductw-
ivity and specific heat for solids, and these tiwo properties along with
viscosity and density for liguidse One paper on emissivity of uranium is
alsc noteds

Uranium and Uranium compounds

Agron, P. A., Taylor, fLs Hey The Thermal Conductivity of Uranium
Hexafluoride, MDDC~1747, February 18, 1948

Ferguson, U, J., Ronds, Jre Re D., Specific Heat, Entropy, and
Enthalpy, A=3356,

Greogory, Ne We, Thermal fnalysis Studies on UIg and UBrz I, BC-13,
August 13, 1946

|‘III||IIIII!E

-1



pm— oL 156-15

Johnson, He, Bibliogrophy on Physical Properties of Hex, A-1297,
July 18, 1944

Kratz, He R., Racth, Ce¢ He, The Thermal Conductivity of Uranium,
CP-~2315, Decomber 18, 1944

Plott, R Fa, Racth, C, H., Detormination of the Thormal Conductivity
ond Dengity of Tubealloy and Some of its Compounds, CP~=228 (274,
August 24, 1942

Priest, He Fa, Thermal Conductivity of C-816, A-2142, October 11, 1544

Raeth, C, H., Thermal Conductivity of Eight Specimens of X-Metal and
X-letal Alloys, Tlemo to Re Fe Plott, N-1956(CP-G), March 9, 1945

Schleogel, Re, Conductivity Mecasurerents, Memo to Ohlinger, N-1880 (CT)
MUC-RS =&, January 20, 1945 '

Wahlin, He Be, Emissivity and Temperature Scalc for Vacuum Heated
Uranium, CT=-2149, September 12, 1944

Thorium~
ot S el

Arms, Hy Sa, Hudson, Re Pe, Thermal Conductivity of Thorium "Carbonate"
Pellets, MlPce-190, November 9, 1945

Kratz, He, Thermal Conductivity of Thorium, N-1483, August 15, 1544

Stecarns, Js Cs, Report for Month Ending August 28, 1944-Part I, CP-2060,
August 28, 1944

Graghite—

Lane, Jo 4A,, Thermal Conductivity of Graphite in the Pile, CE-1217,
January 17, 1944
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Leaf, Bs, Novick, As, Megsurcments of Specific Heat of Graphite:
Determination of Energy Stored During Fast Necutron Bombardment,
CC-3086, July 2, 1945

Van Dyken, Le Re, Neubert, T.dJ s, The Thermal Conductivity of Graphite,
CC-1667, May 8, 1944

Miscellaneous~-

Bentley, Robert, Brown, George, Schlegel, Richard, Physical Constants
of Proposed Coolants, (Bi, Pb, Bi-Pb alloy, Li, Hg, K, K-Na alloys,
Na, Th, Diphenyl, Dowtherm, fluorocarbons, hex (UFS), Sulfur, Airg
He, water vapors.), CP=3061, Junc 27, 1945

Menke, Jo Re, Sodium-Rubidium dlloys, CNL=5, January 8, 1948

Raeth, C, He, The Thermal Conductivity of Some Project Materials,
(beryllium, thorium, graphite), CP-2332, Deccember 7, 1944

Russell, He i{s, Decm, He, Doctermination of the Thermal Conductivity
of Na-K Alloy ot Blevated Tcmperatures, MDDC-342, Scptember 27, 1946

Rudge, 4e Je, Sarsfield, N. Fe, Hooney, Re Be, Chomical and Physical
Propertics of the Fluorccarbons, BR-31¢,0ctober 18, 1943

3ibbitt, e Le, An Evaluation of Zirconium as a Structural Material
for High Temperaturc Thormal Piles, ORNL~ll, January 9, 1948

Snyder, Te M., Kamm, Re Ls, icasurcment of Some Physical Properties
of Technologically Important Substances {graphite, BeO, UzOg, U0z,
uranium, lampblack), C=9€

Watson, W, W., Kratz, Hs Rs, Report for Month Ending June 23, 1944-
Part I (beryllium), CP-1811, July 4, 1944

Woolley, He We, Brickwedde, Fe Ge, Heat Transfer Coefficient for
Hydrogen Flowing through a Tubc at Low Tcmperaturcs, 4-381,
December 3, 1942
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PART 16

COMPARISON OF COOLANTS

It is frequently desirable to compare coolants in order to determine
which coolants show the most promise with regard to a given basis.
Off the project, Parsons and Gaffncyi presented a method for relating

2 published a

heat transfer coefficients and pumping power, and Stocver
book containing many graphs which facilitate making quick comparisons of
coefficients for a number of fluids in oach of several spccified heat
transfer systems.

=z
524 1nd Davis® presented considerations

In two project reports, Burton
for comparing fluids on the basis of abscrption of thermal neutrons per
unit of heat capacitys

Re M. Boarts examined scoveral coolants with heat transfer cocfficient
per unit velocity as a basis, and the results of his comparison are
included in section (a) of this part of the recport.

Presented in scoction (b), the method of Re N» Lyon for evaluating pile

coolants is based on advanitage factors involvin umpin OWer, Crosse
&

section for thermal neutrons and permissible tomporature range.

“1-4
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(a) HEAT TRANSFER I¥ TUBES OR SIMILAR CHANNELS

Comparison of Heat Transfer Coecfficient for Fluids in Forced
Convection Under Similar Conditions

By Re M. Boarts™

Assumptions- Heat is transferred by forcod convection without boiling
and calculations werc made with Dittus and Boelter Equations

Fluid is flowing in pipes or similer channels.

Values = shown for comparison only- are slide rule computations and
should not be uscd for design calculations. In evaluating a fluid as a
heat transfer agent, the speeific heat is important becausc it in-
dicates the quantity of hcat that can be recmoved per unit weight of
fluid heated onc degrcos

FOR TABLE -

Column A - Fluid considered.
Column B - Temporature of fluid, °C.
Column C - Spcecific heoat, approxe, in calorics per

gram for one degrec Centigrade.

Colum D - Hoat Transfor Cocfficient x 10° in metric
units for unit mass velocity G expressed
as wnit metric weight of fluid floging in
unit area chamels Shovn as I x 107 in Column 4,
Table I, Report CP-3061°. For other flows and
channels, multiply by GC’S/'DO’2 .

O

*Chomical Enginecring Department,
University of Tcmnesscec, Knoxville, Tennessee
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Colum E = Ratio of unit mass velocity coefficient of
Column D 4o the same value for water at 50°C
(122° F)s This is a comparison with wator per
unit WEIGHT in the samc channcls

Column F ~ This is Column D corrected for density, ﬁDO's R
to convert to a heat transfer cocfficicnt per
wiit metric linear VELOCITY in a unit channcle.
Shown as HY x 10° in Report CP=-3061° . Nots, how=
ever, that gas velocity 1s normally from
100-600 fect per sccond whereas liquid water
velocity is normally 3~ 12 feot per seconds
Project liquid velocitics are much highere Gas
volues sre shown for onc and ten atmospheres
pressurcesae

Column G = Ratio of cocfficient for fluid at wunit linear
VELOCITY (Column F) to value for wator at 50° Ce
(122°F)s MNote again that gas velocities would
normally be some 50 timcs greoater,
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TABLE 16-I
A B C D E F G Remorks

‘Bismuth 300° +0365 447 1.24 340 7e9

Bismuth 600° «0365 53 1.40 342 8otk

Lead 350 »0328 3¢5 0.92 243 6ol

Load 700 .0328 340 0.79 1.9 540

Mercury 50 »0329 B3 0.87 246 6e8

Mercury 150 20329 4al 1408 3e2 Bed

Mercury 350 »0329 5¢3 1440 4.l 1048

Sodium 100 04326 41,0 10,80 249 "10.2

Sodium 200 04326 4840 12463 445 11.8

Sodium 350 - 5440 14420 4.8 1246

Dowtherm 150 0450 1.0 Ca26 0.10 0.26

Dowtherm 370 0468 145 0439 0.12 0432

Diphenyl 70 04414 0.7 0018 0,07 0.18

Diphenyl 100 04425 048 0e21 0,08 0.21

Water 30 140 3e2 0485 0432 0e84

Water 50 1.0 348 1.00 0438 1,00 Basis
- Water 80 1.0 447 le24 0447 le24



TABLE 16~I (Con't)

ORNWL 156-16

A B C D E I G Romarks

Water 100 1.0 Sed led2 O.54 le42

Water Vapor 100 Ce48 1.8 047 «0047 0.01 1 Atmos. Pressure
Water Vapor 106 048 1.8 0e47 «0296 0.08 10 Atmose. Pressure
Water Vapor 300 0,48 2l 0eb5 L0039 001 1 Atmos. Pressure
Water Vapor 300 0448 2el 0e55 ;0244 0,08 10 Atmose Pressure
Water Vapor 500 0 449 2e6 0e4€E8 « 0038 0401 1 Atmoé. Pressure
Water Vapor 500 0,49 Z2e6 Q.68 0238 0,08 10 Atmoss. Pressure
Air 100 Ca240 1le3 0a34 «0040 0.01 1 Abtmos. Pressure
Air 100 De243 1e3 0234 0255 0407 10 Atmos. Pressure
Air 300 0e243 led 0437 «0035 0.01 1 Atmes. Pressure
Air 300 0e243 led Ced7 «0221 0606 10 Atmose Pressure
Air 540 0.245 147 Oe4d 0028 0.01 1 Atmose Pressure
Alr 540 04245 i.? 0445 20178 0,05 10 Atmose Pressure
Helium 0 l.24 645 i.?O .00865 04,02 1 Atmos. Pressurc
Helium 0 le24 Ge5 1,70 .0408 0s11 10 Atmos. Prossure
Helium 200 1.24 70 1.84 <0045 0,01 1 Atmos. Pressure
Helium 200 1.24 7.0 1le84 .0283 0,07 10 Atmose Pressure
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TABLE 16-I (Con't)
A B C D E F G Remarks
Helium 600 l-.24 76 200 +0030 0«01 1 Atmos. Pressurc
Helium 600 1.24 746 200 +0190 0.05 10 Atmose Pressure
Helium 1000 124 840 2410 #0024 0401 1 Atmose Pressure
Helium 1000 1.24 8.0 2410 20147 0404 10 4Ltmose Pressure

sun-
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(b) A Comparison of Coolants: By Re. Ne Lyon*

(Taken from Clinton Laboratories Pile Technologz;Lecturo 47)

Assume :
(1) A pile of given power, Wi

(2) Given overall dimensions (this is permissible with most ligquid
coolants)

(3) Given cquivalent diameter of channcls, D
(4) Givon roactivity available for coolante(Necgloot such effccts as
different neutron sbsorption by different channcl walls and

neutron blocking or moderating by differont materialse)

(5) Constant pressure drop in velocity heads. (Or the pressurc drop
in psi is proportioml to the velocity heade VR )

2g

(6) Constant pump cfficiencys
Power = wvolume x pressure drop
or Po AV, V2

g
or Pog & VS (Eqe 16401)
using the nomenclature in Part 18 of this report
Aa M

Eeoop

Substituting for 4 in Equation 16401,
P M v3 (Eqe 16402)

o

Two cases may be considereds Onc casc is that in which the
temporature rise of the liquid is a determining factore This is the
casc in most natural uranium graphite modoratcd piles, where consider-
able surface area’'is availablec comparcd with the cross sectional area
of the long narrow channclse

*Oak Ridge National Laboratory, Oak Ridge, Tennessce

L]
-7_
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The othor case is that in which the temperature drop from the
channcl wall to the balk of the coolant is the determining factore
This will usually be the casc in enriched piles with heavy water for
a modorator, bccausc of the very high heat fluxes involved in
relatively short channcls,

In the first casc - where bulk temperaturc risc of coolant
is important:

VA cp
or substituting for 4 and cancclling out s

ATL:W‘_{d"‘
M ¢

Solving for V and cubing,

vz W _¢q)
A3 .3 M3
TL e M

Substituting in Bquation 16402,

P W (£0)2
A T3 oS uP

L
or, if Lz (4T )% 3 M2
Kea (Eqs 16.03)
3
P oo ”Lr (Eqe 16404)

Notc that in L, ¢ is cubed whilc M and &0 arc squarcd, This is to be
compared with the isocaloric cross section in which they all occur to the

Same pOWGIe

— o Gy o— o

B
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In the sccond case, when the temperature drop from the wall

to the liquid is important,

VANLY W (Eq. 16405)

F

v/
0.6 0.8 0.8 X
DO.Z u064
and
a a _& o M
D DP g o

Substituting for h and a in Equation 16,05,

A 0.2 0«4
TF a W D M . Dot o
krr'oS VO.S pO.8 00!4 M

D1e2 uo.h p0.2 £

&TF a W
kooé VO.8 00.4;

M

or, solving for V3

- 3475

2.25 . \

Substituting in Equation 16.02,

+5e75 . 0. . .
Pg W pe5 p75 PRET (4 ¢ ) 278
cleS  Be25 275 TF):3.75

S—

9=
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.25 2.7 .75
or 1 F s _ct% KBy 5(ATE\3 (3q. 16.06)
0.75 175 2075
e A )
5, 17 ; p-5 (Lg. 16.07)

In Table 16-11 are listed values for L and F for six liquid coolants.
The values for the physical properties are taken principally from Bentley,
Brown and Schlegel5. Values of certain properties of sodium and
sodium-potassium are taken from the quarterly progress reports on sodium~

votassium alloy issued by NRL6’7.

Values for density and viscositv of
liquid lithium are guesses based on the density of solid lithium and the
viscosities of sodium and potassium.

Cross sections of most of the materials are taken from the Project
Handbook. The value for lithium seven is a conservative average of the
estimate 0.03 to 0.001 attributed by Young to Way.

L}.TL and ATy are the difference between the melting point and
600° C except in the case of water where the range found practicable on
the project is given,

L and F are advantage fzctors based only on pumping power, cross

section for thermal neutrons and permissikle temperature range.

«10-
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Neutron blocking, neutron moderation, hendling difficultics duc to cheomica
or nuclear activity, or duc to frcezing, and corrosion problems other than

those of watcr have not been included in this evaluation.

5—.—.———-—-!

w1l
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TABLE 16-IT
Mat 11 M £ k ~ c A ATF + AT L F
barnes  cals/cme °C. scCe gm./cm§ cal./gm. °C.  GC'poise  °C

Hp0 18 0.62 0,001 1 1 0.5 50  1,05x10° 3.3x10%
Pb 207  0.18 0,045 1045 0,033 240 300 1.2x10° 146x1019
| NeK 50 wt® 31 1.74 0.066 0.80 0425 0.1 600  1.1x10° 3.1x1017
_ 10 13

Na 23 0445 0419 0.86 0.33 0.26 500  1.2x10 2.9x10
3 ~ 11 14

Bi 209 0,064 0,038 9.8 0.037 1.25 300 3.2x10 2.3x10
I 14 15

PLig 7 0.01 0.06 0.5 1.7 0.2 400 1.5x10 248x10

-
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PART 17
CALCULATION AIDS

The following section consists of a Table of Equivalents and

graphical aids for temperature conversion and heat transfer calculations,

~lef
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TABLE 17-I

TABLE QF EQUIVALENTS

Complied by We B, Harrison and Res Ne Lyon

CRNL 156-17

* 1 Kw. = 1000 watts = 1000 joules/sec. =

1040 ergs/sen.

TIME -~ & (Based on 24 hour day, 30 day month, 12 month year)

second minute hour day week month year

1

60 1

3
346 x 10 60 1
8.64 x 10% 1.44 x 10° 24 1
. 5 4
64056 = 10 1.01 x 10 168 7 1
aQ 5 4 o
2459 % 10 4432 7 10 720 30 4429 1
7 g 2z

3411 x 10 5.18 x 10 8464 x 10 360 51e4 12 1

POYER - Q/@ or g

Hpe IWe ft.lb/sec. Pcu/sec. Btu/hr. cal./sec. mev./sec.
-

1 047457 550 0e393 2547 178426  4.65 x 10%°
.

1,341 1 73746 0.527 3415 239 6.24 x 10°°

1.818 x 107" 14356 x 107° 1 7415 x 207 4,63 04324 8.46 x 10%%

2,546 14899 14006 1 6480 4536 1.18 x 1036

3.93 x 1074 2.93 x 1074 04216 1454 x 1074 1 0.070 1.82 x 1012

5,61 x 1073 4,18 x 1079 3,088 2,21 x 107° 14429 1 2.61 x 1018

-16 - LS -
2415 x 10 1.60 x 10716 1,18 x 10713 8.44 x 10717  5.47 x10°1% 3,83x1071% 3
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Table of Eguivalents
(Table 17-1 Con't)

ENERGY - Q

ORNL 156-17

Xwe hre Peu Btu ftes 1be cale neve.
1 1896 2415 2e6€ X 106 5460 x 105 2e24 X 1019
-4 X 16
- ‘ 15
2603 % 10 4 00,5556 1 7786l 202 6458 x 10 o
2 =7 -4 3 - 12
S¢77 x 10 7e12 x 10 1429 x 1079 1 0.524 8446 x 10
lel6 x 10‘6 2e2l x ]_O"3 2497 x 10"5 34,088 1 2,61 x 1010
~20 - Ry _
4045 % 1077 8.44 x 1077 1,52 % 10716 1,18 x 10749 2,83 x 107H4 1
THERMAL CONDUCTIVITY- k
cals Btu Btu ‘watts Peu

secacme” (°C/cma)

hre ft.° (°F/ft.)

hra ft-—f °© F/inl)

cme® { ©C/cm.)

hre £t ( OF/fts)

1
4413 x 1079
3.45 x 1075

04239

Tedd x 10-5

24149

1
0.,0833

57«8

1.8

2203

12
1

€694

2le6

44183
040173

1,440 x 107°

1

3,12 x 107

13444

0«5H5586

0.0464

32412
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Table of Equivalents

(Table 17-1 “Con't)

HEAT ¥LUX - g/A

]

' hy 2
W&'t'bS/ln. Wat-ts/cm'z cal 0/S€‘Cocmo2 B’cu/hr.ft.z Pcu/hr.ftz
1 04155 040371 492 27% 42
6452 1 0e230 3173 1763
26499 4,183 1 13272 7574
-3 -4 -5 .
2403 x 10 3415 x 10 7,53 % 10 1 0.5556
- - -l
3466 x 107 5,67 x 107 1436 x 107 1.8 1

B~
! HEAT TRANSFER COEFFICIENT- h or U

Watts/cm.z o¢

cal./sec. cme? OC - _’B—t_\_;/hr.ft'az °F Pou/hrefte® OF
1 04239 1763 979
44183 1 7373 4096
5.67 x 107% 1236 x 107% 1 045556
1,02 x 107° 2.44 x 107 1;8 1




-G

Table of Equivalents
(Table 17-I1 Con't)

VELOCITY -V

JRWL 156-17

ome/S€Ce ft./sec. ft.ﬁr. miles/hre

1 0.0328 11861 040224

30448 1 3600 046818

8447 x 1070 2,78 x 107 1 1,89 x 1074

44,470 14467 5280 1

LENGTH - L or D AREA = A

Clle ine fte CTig 2 ine? £t.2 S
i

1 043957 040228 1 0155 1408 x 107°

2e54 1 0.0833 64D 1 6494 x 107

30448 12 1 229 144 1

MASS FLOW RATE -~ w MASS VELOCITY - G

gm./sec. lb./hr. gm./seo. cm.z lb./hr .ft.z

1 7937 1 7373

04126 1 1.36 x 107% 1



Table of Zquivalents ORNL 156~17
(Table 17-I Con't)

MASS - M
- DENSITY - /°

1b. £llle ;D;m./cm.5 1b./£t;3 >

1 453459 1 62etd

2,205 x 1070 1 04016 1
_ TEMPERATURE - T* HEAT CAPACITY=- o

°r or °r °¢ or %K 1 cal./gm. o¢ = 1 Btu/lb. op
1 Le8 1
T

1 0e5556

VISCOSITY-= /% or ¥ x

.poisé*'** 1be (mass)/ftehre 1be (mass)/ftesecs

or
gm-./cm.sec. or or
or
2 2 1 - / 2
dyne sec./cm. poundal hr./ft. poundal secs/fte
1 242 0.,0672
-3 =L

4,13 x 10 1 278 x 10

14487 3600 1

*For temperature conversions- (See Figure 17-1)

To = 5/9 (Tp - 32) Ty = To ¥ 273

C F K c
F - 9/5 (1¢) ¥ 32 TR = T * 460

** Kinematic viscosity, 'l/: A1 and is measured in L2 /(9, such as ft.z /sec.
*#* 1 centipoise = 0,01 poise ‘= viscosity of water at €846 °F (2043 °C)
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Simplified Calculation of Heat Transfer Coefficlent for Heat'ng Water

Since heating water is a widely used heat transfer operation, it is
thought that a method of simplifying the caleulation for this case would
be useful. The Dittus-Boelter type of equation (see Part 5) is used and

written in the following form:

Ty Oe8
h = ‘ij v , Where

1.0e2
o)

L 2o LI . . . L
h is in Btu/hr.ft. Fe; V is velocity in £5./s5e¢c.; and, D is diameter
. . . . ™
in inchese Figure 17-1 is a plot of.! .versus temperature.

Properties of water are given in Part 12

Useful Graphs

For facilitating temperabturc conversions and theraising of dimension=~

less groups to various powers, the following graphs have been included:

Figure Title

172 Centrigrade~Faghrenheit Temperature Conver-
slons,

Ca8

17-3 Re vss Re

17-4 Pr vse Pr® (for n = 043, 1/3, Cu4, 0.8,
2/3, 0e7)
1 1 0.8

17=5 V' vse (V )

1746 D' vse (D')0%2

Prandtl numbers for several coolants may be found in Parts 12, 13, and 14

of this reports

-8
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PART 18

NOMENC LATURE

Cavpital letters

4 heat transfer area, £4.2
A flow area of cooling channels, ft 2 (Part 16)

D diameter, ft. (D', in.)
D, equivalent hydraulic diamester, ft. (Dg', in.)
F advantage factor when film temperaturs dron controls

G mass velocity = VP , 1b./hr. £1.,2

J mechanical equivalent of heat = 778 ft. lb./Btu
L length, ft.
L advantaze factor when temderature rise of coolant controls

M molecular weight

nressure, lb./in.2

oumping power raguired to circulate coolant (Part 16)

hr., £4.% Op,
3tu

P

P

R thermal reaistance,

T absolute temverature, °R.
U

v

overall heat transfer coefficient, Btg
hr. £t.° °F,
linear velocity, ft./hr. (V', ft./scc.)

W oower ocutout
X parameter in corrslation of boiling data by Insingsr and

Bliss = S — x 1019

s 4
e

bep¥n’ g
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Capital letters (GCon't.)

Y nparameter in correlation of boiling data by Insingsr and
0.5
3liss = hPyey " « 1510
C oS vis 3 \0.5
g Cka v J o

;

Lower case letters

a total heat transfer surfacec area (Part 16)

¢ heat cavacity, Btu/lb. °F,

g gravitational constant, 4,17 x 108 ft./hr.2

h heat transfer coeffici:nt, Btw/hr. £t.° °F.
,

j dimensionless paraseter; usually Z2- (
as defined by Colburn G

3

"

>/
ek |
k /!

Q

k thermal conductivity, Bty
hr. £t.* (°p,/ft.)

q heat rate, Btu/hr,
r radius, ft,
t temperature, °F.

w mass flow rate, 1b./hr.

Greek letters

¢ absorptivity
a denotes prooortionality

o €1
€ i

/9 volumetric coefficient of exiansion

o cp/cV

small increment

4 difference, i.c. &t

L,

-2-



Greek letters (Con't,)

€
¢
A
A

'

A

19

r)k%@

Subscripts

crit

max

1

NN

>~ W

eddy diffusivity
emissivity

latent heat of vaporization,,Btu/lb..

denotes function

ORKNL 156-18

average difference in heat contsnt of vapor and liquid

viscosity, 1b./ft. ar.
density, 1b./ft.>

surface tension, 1b./ft.

atom capture cross-section for thermal neutrons (Part 16)

sum of atom capture cross-sections in a molecule (Part 16)

free convection effect
Nu/Prl*4 ReO+®
denotes function

n(,1)%*%/(v1)%"

eritical condition
maximum
small diameter of annulus

large diameter of annulus
case described by Latzko

case described by Latzko
case described by Latzko
arithmetic mean

bulk property

critical condition

convection

sy
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Subscripts (Con't,)

f film property

i interface

i inside wall

0 outside wall

p constant pressure
r radiation

r reduced ()

s solid surface

v constant volume
w wall

X unknown source

C cold stream

F case limited by film temperature drop

H hot stream

H heat

L liquid

L logaritrmic mean

L case limited by temperature change in coolant
M  momentum

V vapor

Dimensionless groups

Grashof Gr D> P TINY 2
Nusselt Nu hD
k
Peclet Pe Re+Pr = DV/iey = DG Cp
k i3
Prandtl Pr ChH
k
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Dimensionless grouds (Con't.)

Reynolds Re 2G _ DVp
U-‘ L

Stanton St BRI <
cG cVp





