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By Samuel J. Kaufmen and Francis D. Isely

SUMMARY

A prelimlnary heat-transfer investigation was conducted with
water flowing through an electricelly heated Inconel tube wlth an
ingide dlameter of 0.204 Inch and a length-dilameter ratic of 50 for
ranges ¢f Reynolds number up to 100,000 and of entrance pressure up
+to 200 Inches of mercury gaege. Runs were conducted with the tube
in a horizontal position and with the tube In 2 vertlical position
where up and down flows were Individually investigated.

For condlitlons 1ln which no bolling occurred, good correlatlon
of average heat-transfer coefflclients was obtained by use of the
familiar Nusselt relatlon, wherein the physical propertles of the
water were evalusted at an average bulk temperature, Runs made in
the nucleate-boiling region, however, gave higher values of heat-
transfer ccefficient than would be predlcted by the Nusselt relation.

INTRODUCTION

An experimentsl program has been undertiaken at the NACA ILewis
laboratory to obtaln surface-to-fiuld heat-transfer Informstlon cover
a wilide range of I1nside-tube-wall bemperatures and heat-flux demsities.
One phase of the heat-transfer program ls belng conducted wlth water
flowing through an electrically heated Tnconel tube. W1ith constant
power input, a change In the type of bolling of the water may cause
a runaway condltion that results I1n burnout of the tube. Two types
of surface bolling may occur: (&) nncleats, and (b) f£ilm, In
nucleate boiling, which generally starts when the surface tempera-
ture 1 only slightly in excese of the fluid saturation temperature,
bubbles form on the surface and then break away carrylng large amounts
of heat into the maln fluld stream. With nucleate bollling, the heatb-
transfer coefficient may be dppreciably larger than predicted by the
conventional Nusselt type equation. In Film boiling, whick occcurs.
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when the wall temperature 18 increased above the fluid saturation
temperature, the bubbles form faster than they break away and result
in an insuwlating vapor film on the wall; the vapor film ceuses a
decreagse 1in heat transfer,

Rucleate boiling, film boiling, and heating without change of
phase all represent different heat-transfer mechanisms; the heat
transfer Incurred by these mechanisms cannot be predicted by the
game type of equatlon. The transition from nucleate to f£ilm boiling
causes the fluld flow to become unstable and results in simultaneous
surging of the flow and rapid rise in wall temperature, which, if
unchecked, leads to eventual tube burnout. The two resulting prob-
lems are therefore: (a) the prediction of heat-transfer coefficient,
and (b) the determination of the limit of stability.

Runs were mede with flow through the heater tube (insids diam-
eter, 0.204 in.; effective heat-transfer length, 10 in.) in a hori-
zontal position and with flow up and down through the tube in a
vertical position. Rumming conditions include a range of Reynolds
numbers from 2000 to 100,000, heat fluxes up to 11,000 Btu per
minute per square foot, and entrance pressures up to 200 inches of
meroury g2€£9. :

The preliminary Investigation reported herein contains data
for the heated water and the nucleate-boiling region. Averasge heat-
transfer coefficlents are correlated in accordance with the familiar
Nusselt relation., The correlation based on these preliminary results
are subject to further investigation and extenslon of the range of
data.

APPARATUS

A schematic diagram of the slectrilcally heated Inconsl tube
end the associated equipment used In the rums i1s shown in figure 1.

Heater Tube

The heater tube (fig. 2) conslste of an Inconel tube having an
inside diameter of 0.204 inch, a wall thickness of 0.055 inch, and
g total length of 10.75 inches., ZXlectric power is dissipated iIn the
Inconel tube, which acts as a resletance element and is cooled by
the water in forced convectlon. Inconsl conss are welded to each
end of the heater tube to provide electric contact with Inconel
flanges, which are in turn connected by copper bus bars and cables
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to the electrlc power supply. The Inconel cones are ussd in order
to lessen heat losses from the ends of the heater tube by reduocing
the area of the flange in conbtact with the ends of the tube.

The heater tube 1s thermally lnsulated by a covering of insu-
lating material, which ls surrounded by two concentric radistlon
shields with inswlating cement in the spacs between the shields.

Outslde-wall temperatures of the heater tube are measured at
26 locations (two thermocouples located 1800 apart at each of
13 stations) by chromel-alumel thermocouples (flexible glass-
insulated 24-gage wire) and a self-balancing indicating-type poten-
tiometer., The thermocouples were spot-welded to the tube and each
thermocoupls Junction is located In a plans normal to the axls of
the tube.

Water System

Water at a meximum pressure of slightly over 200 inches of
mercury gege is supplied by a 5-gellon-per-minute pump and flows
through a filter, a rotameter, around or through a steam heater,
and into a calming tank before entering the heater tube. -After
passing through the tube, the water flows through a mixing tank,
through a heat excdhanger, and then to the storage tank from which
it 1s recirculated.

Water pressure and flow were controlled by & by-pass valve
arrangement that permits pressures from 10 to 200 inches of mercury
gege at the embtrance to the heater tube. '

The calming and mixing tanks are made of three concentric
cylinders so arranged that the water makes three axial passes
before entering and after leaving the heater tube. Thus, a blanket
of water thermally insulates the tanks to assure accurate tempera-
ture readings. A honeycomb 1n the calming tank stralightens the
Plow of water entering the tube and a set of baffles in the mixing
tank assures thorough mixing of the water leaving the heater tube.

The temperature of the water entering and leaving the bube
is measured by thermocouples placed after the honeycomb In the
calming tank and after the baffles in the mixing tank., The tempera-
ture rise of the water l1s also measured by these same thermocouples
connected to glve a differentlial reading on a very sensitive man-
nally operated potentlometer.
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Static-pressure taps loceted at the entrance and exit of the
heater tube were used to measure  'the entrance pressure, exlt pres-
sure, and pressure d4rop. .

Electrical Systen

Power 1s supplied to the heater tube from a 208-volt 60-oycle
supply line through an sutotransformer and s 20:1 power +itranaformer.
The low~voltage leads of the power transformer are connected to the
heater tube by copper cablea, ag previously described.

The power Iinput to the heater tube is measured by an ammeter
in conJunction with a 240:1 instrument current transformer and a
voltmeter connected. across the heater tube.

The capacity of the electrical equipment 1s 15 kilowatts; the
maximum capaclty used thus far i1s ¢ kilowatte.

PROCEDURE
Callbration of Heat Losses

In order to establieh a heat balance, the heat loss from the
heater tube was obtalned for a range of tube-wall temperatures by
supplying various amounts of power to the hester tube wlth no water
in the tube, After equilibrium condltiong were malntained for
approximately 1/2 hour, the power imput and the tube-wall tempera-
tures were recorded. The power Input for a given average wall tem-
perature with no flow was considered to be the external heat loas
for the same average wall temperature with water flowing in the
tube. '

Heat~Transfer Data

Runs were conducted to cbtaln heat-transfer data for as large
a range of wall temperatures as could be obtalned with stable flow
of the water in the tube, Reynolda mumbers fram about 2000 to
100,000, and water exlt temperatures as high as possible. The
water enmtrance temperaturs for most of the runs was kept at approx-
imately 850 F. The entrance pressure was variled from 10 to
200 inchea of mercury gage, and the power lnmput to the heater tube
wag varled from 1 to 9 killowatts,
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The procedure for most of the runs consisted in setting the
power input and the entrance pressure to the tube at constant pre-
dotermined values. The flow rates were then reduced in steps from
& maximum to an unsteady flow condition. Thus, a serles of about
gix steps was made for each pressure and power input. At each step
after eguilibrium had been obtalned, the power, pressures, tempera-
tures, and the flow rate were recorded. This procedure was repeated
until the entire range of power and entrance pressures had been
covered. The same procedure was used for the vertical tube with
the water flowing in the up and the down direction.

SYMBOLS

The following symbols.are used 1n the calculatblons:

°5 specific heat of water at constant pressure, (Btu/(1b)(°F))
D inside diemeter of heater tube, (f%)

G mass veloclty of water, (1b/(hr)(sg ft))

h heat-transfer coefficlent, (Btu/(hr)(sa £t)(°F))

k thermel conductivity of water, (Btu/(hr)(sq £6)(OF/£%))
K, thermal conductivity of Incomel, (Bvu/(br)(sq £t)(°F/£%))
L effective heast-transfer length of heater tube, (ft)

q rate of heat transfer to water, (Btu/hr)

ry immer radius of heater tube, (F%)

ro outer radlus of heater tube, (f£t)

s heat-transfer area of heater tube, 0.0478 (sq ft)

Ty average bulk total temperature of water, (fl + Tz)/z, (°F)

Pop saturation temperature of water, (°F)
Ty average outside-wall temperature of heater tube, (°F)

T average inside-wall temperature of heater tuhe,‘(°F)
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™ total water temperature at heater-tube entrance, (OF)
T, total water temperature at heater-tube exit, (OF)

W water-flow rate, (1b/hr)

n absolute viscosity of water, (1b/(ft)(hr))

cpu/k Prandtl number
DG/ Reynolds number

hb/d  Nusselt number

METHOD OF CAILCULATIOR

The average outslde-tube-wall temperature T, was obtalned
by plotting curves of temperature agalnst tube length, measuring the
area under the curve, and dividing the area by the tube length. The
plotted values of the temperature for each point was the average of
two thermocouples at the same station.

The average Inside-tube-wall temperature Tg was calculated

from the average outslide-tube-wall temperature end the dimensions

of the tube by the following equation, which can be derived with the
agsumption that heat 1s generated uniformly across the tube wall and
that heat flow is radially inward (reference 1):

2 2
q 2 To o =Ty
Ts = To - 5 [;o 1oger(;§> - ____??___.
- %)

2n Lgn(roz

Substltuting the heater-tube dimensions in the preceding equation
results in .

Ty = Ty - 0.042 q/kpy

A plot of thermal conductlvity of Inconel kg agalnet tempera-
ture is shown in figure 3,

The average bulk total temperature of water Ty was taken as
the mean of the total temperatures at the heater-tube entrance Ty

and exit Tg.

I

i
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Average heat-transfer coefficlent h was calculated Ffrom the
following equation:

_ WOP(TZ - Tl)
- 8(Tg - Tp) .

The physical propertles of water, specific heat at constant
pressure cp, thermal comductivity k, and viscosity up, are plotted

as functions of temperature in figure 4.

RESULTS AND DISCUSSION
Temperature Dlstributlion

The axial distribution of outslde-tube-wall temperasture along
the tube length for the conditlon of no water In the tube is shown
in Plgure 5 for wvarious amounts of electric heat input. The tam-
perature drop at each end of the heater btube, which is due %o con-
duction losses to the end flanges, ls especlally large for the high
tube~wall temperatures.

Representative temperature-~distribution curves with water
Fflowing in the tube are shown in figure 6. The curves shown are
for a constant power input of approximately 7 kilowatts (heat flux,
8330 Btu/(min)(sq ft)), & water entrance pressure of 200 inches of
meroury gage, and a range of water flow from 194 to 795 pounds per
hour (corresponding Reynolds number range fram 14,000 to 37,000).
The curves are flat when water flows through the heater tube; the
temperature drop at the heater-tube entrance 1s probably due to an
excess amount of silver-solder between the cone and the heater
tube, which conducted enough heat to cause the temperature drop
shown,

Heat Balance

The external heat loss from the heater tube, as obtained from

- flgure 5, 1ls plotted agalinst average outside-tube-wall temperature

in figure 7. Heat balances obtalned by calculating the heat trans-
ferred to water Wep(Tz - T1) plus heat loss (fig. 7) and plotted
agalnst electric heat input shows a maximwm deviation .of 15 percent
except where severe bolling was obtalned, For the series of runs
reported herein, a maximum outaide-tube-wall temperaturs of
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approximately 500° F was obtainable with & corresponding heat loss
of less than 30 watts or a meximum loss of 3 percent with 1 kilo-
watt power input.

Correlation gf Heat~Transfer Coefficlentas

Forced-convectlon heat-trangsfer data are generally correlated
by the familiar Nusselt relation (reference 2) where Nusselt number

divided by Prandtl number raised to the 0.4 power (hD/k)/(cpu/k)0-4

is plotted againat Reynolds number DG/u with the physical proper-
tles of the water evaluated at average bulk temperatures.

The results of the entire set of dats taken with the heater
tube in a horilzontal positlion for a constant water entrance tempsra-
ture of approximately 85° F are presented in figure 8. The correla-
" %lon line (solid) 1le drawn through the data and the transition line
(dashed) between laminar and turbulent flow liles in the range of
Reynolds numbers between 3000 and 2000. The data shown are for power
input values of 1 to 9 kilowatts (heat flux, 1190 to 10,710 Btu/(min)
(sq £t)) and entrance pressures of 10 to 200 inches of mercury gage.
All the polnts. that 1lie consilderably above the correlation line were
obtained when the average lnsglde-tube-wall temperature exceeded the
boiling point of the liguid at the operating pressure and were due to
a portion of the water being in the nucleate-boiling regiom.

Removal of all the points for which the wall temperature 1s
greater than the saturation temperature results in a good correla-
tion for heating water with no boiling or change of phase (fig. 9).
The equation for the line that represents the data for Reynolds
numbers above approxlmately 10,000 1s

%’3 ' (DG 0.84
— = 0.0168 T)
()
=

The line recommended by McAdsms (reference 2) 1z included for
compariscn in figure 9, Although the reference line 1is slightly
below the correlation line for the water dats, the agreement is
considered to be satisfactory becausse the spread of data obtained
by other investigators is larger than the difference shown in

flgure 9.
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A1l date obtalned with the heater tubé in a vertilcal position
with the flow up and down are presented in figures 10 and 11,
respectively. The correlation line through both sets of data 1s
the same 1lne that was drawn through the daba cbtained with the
horizontal heater tube,

The results of one set of runs made at a constant power input
of 7 kilowatts (8330 Btu/(min)(sq ft)), a water entrance pressure
of 100 inches of mercury gage, and an entrance temperature of 85° F
with the heater tube 1n & horilzontal position are correlated In the
conventional manner in Pigure 12(a) where Nusselt number divided by
Prandtl nmumber to the (0.4 power 1s plotted agalnst Reynolds number.
The basic correlatlon line for no bolling, obtained from figures 8
and 9, is included. .

As the Reynolds number 1s decoreased from its maximum value to,
about 16,000 by reducing the flow rate, the date fall on the non-
bolllng correlation line. A%t a Reynolds number of 16,000, the data
break away, and wilth further reductlon in Reynolds nmumber, fall
above the line., This effect can be explalned as follows: For
constant power Input, as Reynolds number 1s first decreased fram
1ts maximum value, the heat-transfer coefflclent decreases 1in the
normal manner and, consequently, the difference between the tem-
peratures of the tpbe well and of the fluld must lncrease. The
variatlion of heat-transfer coeffliclent and temperature difference
between wall and fluld with Reynolds mumber 1s shown in figure 12(Db)
for the data of figure 12(a). As the Reynolds number (or flow rate)
is decreased, the temperature rise of the fluid and hence the average
fiuid temperature must increase to malntain constant power iInput to
the tube. The Increases in fluid temperature and In the difference
between wall and fluld temperatures result in an iIncrease in tube-
wall temperature. The variation of averasge wall temperature and
average fluild temperature with Reynolds number 1is 1llustrated in
figure 12{(c). For the data shown, the tube-wall temperature is
equal to the bolling temperature of the water at a Reynolds mumber
of 16,000, At this polnt, the heat-itransfer coefflcient starts to
increase, with a corresponding reduction In the difference between
wall and fluid temperature (fig. 12(b)). This increase in heat-
transfer coeffilcient 1s assoclated with nucleate-type bolling wherein
small bubbles are formed on and break away from the tube surface
carrying large quantitles of heat intc the main fluld stream. These
bubbles of steam also increase the turbulence of the liguid, which
tends further to increase the heat-transfer cocefflcient. The increase
in heat-transfer coefficient in the nucleate-bolling region results
in a rapld increase in the average fluld temperabture and retards the
rate of increase in wall temperature, as shown In flgure 12(c). For



10 - KACA RM ESOG31

further reduction in Reynolds number below the minimum value shown,
the bubbles tend to form faster than they break away from the wall,
resulting in an Insulating vapor film at the wall that decreasses
the heat-transfer cosfficlent and causes the wall temperature to
increase at a rapld rate, leading t¢ eventual instablllty of flow
and poasible tube burncut. The end polnts on the curves of

figure 12 correspond to the 1limlt of stable operation for the
conditions glven. ' '

In flgure 13, two sets of runs are presented for constant
power inputs of 3 and 9 kllowatte. For the 3-kilowatt series (heat
flux, 3570 Btu/(min)(sq £t)) in the Reynolds number range from
80,000 to 10,000, the polnts lie on the correlation line; below
10,000, the points fall above the line. As previously stated, the
breakawaey polnt on sach pressure line occurs when the wall tempera-
ture of the tube 1s equal to the bolling temperature of the water
at’ the operating pressure. The entrance temperature for each of
the four pressures presented ls approximately constant at 85° F;
thug, the higher the pressure, the greater percentage of heat input
that is used .for heating the water to lts bolling condition., For
this constant entrance temperature condlition, higher wall tempera-
tures are posslble as the pressure 1s Increased. Higher wall tem-
peratures result in lower Reynolds mumbers before instablility of
flow occurs, Similar results are shown in figure 13(b) for the
9-kilowatt series (heat flux, 10,710 Biu/(min)(sq ft)).

The effect of pressure on bolling 1s illustrated in figure 14.
The entrance temperasture for each pressure was lncreased by an
amount equal to the change in the bolling temperature of the water
with increased pressure. An entrance temperature of approximately
850 I’ was used for the run with an entrance pressure of 10 1nches
of mercury gage. A reversed trend is shown with iIncreased pressure
from that obtalned in figure 13. If, as In thils case, the differ-
ence between entrance and bolllng temperatures las made nearly equal
for each of the pressures, & decrease 1ln pressure causes a delay In
the start of nucleate bolllng; Incressed pressure, however, glves
higher heat-transfer coefficlents for equal Reynolds numbers in the

nucleate-bolling region.

A satisPactcry method of correlating the data for which nucleate
boiling occurs has not been cbtained; figure 15 shows, however, the
boiling data taken thus far and includes data for both the vertlcal
and horizontal heater tubes. The entrance temperature for all the
runs shown is approximately 85° F. Reynolds number 1s plotted against
excess temperature, defined as the difference between the average
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Ingide-wall temperature and the bolling point of the water. Dats
are shown for entrance pressures of 10, 50, 100, and 200 inches of
mercury gage. Separate curves are gilven for each value of heat
flux. For each constant power Iinput as Reynolds number is decreased,
the excess temperature increases. This excess-temperature increase
Indicates that as the wall temperature les Iincreased the average
liguid temperature is also increased because of the reductlion in
flow rate. The Increase in liquid temperature is sufficient tc gilve
a decrease In temperasture dlfference between the wall and liguid, as
previously shown In figure 12. A dash-dot curve representing the
approximate 1imlt of stable operation is drgwn through the data for
each pressure level. Maximum values of excess temperature of about
70° were obtalnsble in the nucleate-boiling region. As previocusly
stated, unstable flow is obtained in the film-bolling region beyond
these operating limit curves.

Two principal problems encountered in the heat-transfer process
sre: (1) determinmation of a method of predicting the heat-transfer
properties of water after boiling starts, and (2) determination of
the safe operatlng renge in the nucleate-bolling region. Although
no satisfactory correlation of bolling data has been obtalned, 1t is
shown in figure 15 that a gafe sxoess temperature of about 406 F may
be assumed for the range of condlitlions used and wilth a water entrance
temperature of approximately 85° F. A plot for predicting the begin-
ning of nucleate boiling for the sams operationsl limits as presented
in figure 15 1s therefore presented in figure 16. The curves are
based on the basic correlation line cbtalnsed in the Investigatlion and
the calculated values of inside~-tube-wall temperature are plotted
againat mass veloclity for four comstant heat-flux values. Lines repre-
senting the boiling temperature for the four pressures are superimposed
on the wall-temperature curves. The polnt of intersectlon of each
boiling temperature and heat-flux curve is the condition at which
nucleate boiling starts. The portlion of the heat-flux curve below the
intersection represents no bolling; the heat-flux curves above the
Intersectlon are in the nucleate-bolling phase.

Another method of presenting the boiling date is shown In fig-
ure 17. Experimental values of (hD/k)/(ch/k)o'4 were-divided by

corresponding values of 0.0168(DG/1)0-8%4 and plotted against the
excess btemperature Tg - Tpp. Negative values of excess temperature
result in e value of unlty for the ordinate. In figure 17(a), data
are presented for & constant entrance pressure of 100 inches of mer-
cury gage and. a range of power inputs fram 1 to 9 kilowatis. TFor
excess temperatures greater than zero (boilling starts at zero), the
date points lie above a value of 1.0. Values of the ordinate as high
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as 2,1 are obtained before the flow becomes unstable. As the power
input is Increased, higher values of excess temperature are required
for a given incresse In the ordinate. An opersting limit curve is
drawn through the dats to show that Increases in the value of the
ordinate are obtalnable as the power input is reduced before insta-
bility occurs,
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The effect of pressure is shown on a similar plot in fig-
ure. 17(b), where data are presented for s constant power input of
7 kilowatts and a range of entrance pressures, The date show that
the highest excess temperature is obtained with the loweat preassure
and, from figure 17(a), with the highest power input.

SUMMARY OF RESULTS

The results of the heat-transfer investigation conducted with
water flowling in s horilzontal plane and up and down in a vertlcal
plane through an electrically heated Inconel tube wlth an inside
diameter of 0.204 inch and a length-dlameter ratio of 50 over a rangs
of Reynolds numbers fram 2000 to 100,000 showed thaet:

1. Correlation of average heat-transfer coefficients (for non-
bolling conditions) according to the familiar Nusselt relation wherein
physical properties were evaluated at an average bulk temperature was
obtained and was in close agreement with previous Investigations.

2. Data were obtained in the nucleate-boiling region and were
shown for various power Inputs and entrance pressures by the use of
an excess-temperature factor, which is defined as the difference
between the average inside-tube-wall temperature and the bolling
temperature of the liquid at the operating pressure,

3. Rucleate boiling started when the average Ilnside-wall tem-
perature was egual to the bolling temperature of the water. Above
this temperature, higher values of heat-transfer coefficlent were
obtained than those predicted by the correlation equation,

4, Maximum values of excesa temperature of about 700 were
obtailnable in the nucleate-boiling region. Inatability of flow
occurred at higher -values but no date were cbtained for this reglon.

Lewig Flight Propulsion Laboratory,
National Advisory Committee for Aercnautics, -
Cleveland, Ohilo.
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Figure 8. - Representative outside-tube-wall temperature diatributlion for various water
flow rates. Constant power input, 7 kilowattis; 1nlet pressure, 200 inches of mercury

Rags.

TEDOCE WY VDVH

61




180

p
140 S

120

=
o
o

&0 . /

External heat losa, watts

40 7‘3;

\o

2
0 (0/
(
ob=—1"] W
1C0 200 300 400 500 600 700 800 800 1000 1100 1200 1300
Average outside-tube-wall temperature, °F

Figure 7. - Variation of externsl heat loss with average outside-tube-wall temperature,

SBET .

oz

TEDOCHE WY VOVN




599t

300 T T =T T T T T T
Power input Hant flux "
(xw) (Btu/ (min){eq %)) o -
o 1 1,180
B 2 2,380 17
8 & 5 5,570 1R
v 5 5,950 .
¢ 7 8,530
4 9 10,710 v s &
Correlablon § Q
- = = = = Transition
94
1: 10 M oF
o STy
2 g ET o ac
nl v A
(-] ~ m [+
2. ) &
. | 8
- 80 vy
I CL v
.a 'g A _nl?.‘ v »
l a
A A* I o
ala 40 v
el © a L] AAA
] 'g a 2 |a ik
E ko3 —~ L ‘_&f -
ps P ®
. d D/ 4
20 I
n///’ AE}
/ 4
A o
5% Hob ~w
,
10 0P Z
1000 2000 4000 8000 10,000 £0,000 40,000 60,000 100,000

Pilgure 8. - Oorrelation of heat=-transfer poefflalents for horixontal %Hube,
watar evmluatsd at average bulk temperaturs; water sntrance pressure, 10, 50, 100, and 200 inches

of mercury gage.

Reynolds aumber, %?

Phyaical properties of

TEDOCHE WY VOVN

1z



X

dusselt number

300, (— ——— ————T
Power input Heat flux
{xw) (Btu/(min) (sq £t)) :
a 1 ’12,190 ' 3
o ] 380 ¢
200 a 5 3.570 &
v 5 5,950
o 7 8,330 ) V’ &
4 ) 10,710 4 %
Correlation Q Py
————— Transition 4
——-—Raference 2
- 100 - A p
%~ o
%{.n 80 -
2 P
"Il
é 60 I
(N
<
2 -
: 5
40 o
by
=
E .
a0 1

| @z %

1000 2000 4000 6000 10,000 20,000 40,000 60,000 100,000

Reynolds number, %

Fiéure g, = Corpalation of hamt-tranafer ecoafliaients for horlzontal tube with all nuocleate-bolling
points removed fram plot. Physical propertiss of water evaluated at average bulk temperature}
water entrance pressure, 10, 50, 100, and 200 inshes of meroury gage.

e e e

FA4

TEDOGH WM VOVN




ar

Busselt numbar

Prandtl numbepOs%’ (o ;;.)0-4

Se2T

1 4 ]
300 T T T T T T T T ’——
Power input Heat flux
(ke) * (Btu/(min)(sq Tt)) L~
o 1 1,180
200 a g 2,380
A 3 3,570
v [ 5,950
o 7 8,330
4 9 10,710
Carrelation & ¢
B Trensition - ' ° T
100 I
m g_ °° do b
4
¢ v
50 o
a
: ‘f
v A
; i ,,{‘f“
40 - A
af & a ffi
ja a AN
F'y -
b T
9 fn u/?"
26 e A
)
/ /A°
’
yd
L/
/
/ ,/ [} .
- ““,I{‘A"S‘:?;:?
1000 2000 4000 8000 10,000 20,000 40,000 60,000 100,000
D3

Reynolds nusber,

Pigure 10, » Correlation of heat-tranafer acefflglents rfo»

properties of water evalusted at averags bulk temperature;
200 inches of BOrSUry gage,

vertioal tube with flow upPe
water entranne pressura, 10,

Physiaal
$0, 100, and

TEDOCHE WY VOVN



300 T
P
Power Input Heat flux /
200} {iew) {Btw/ (ain) {sq rt)) v4
o 1 1,190
o 2 g,g&)
a 3 T0
v 5 5,950
& 1 8,530
< 9 10,710
C latl ) 2
—— LOTTE on . N 1
wor—_ Tragsition
.
“ &
L) o @ °
al ‘Q-:I: o o
4
LT
<
. . v
8% vy
L @
EE 40
A A A
:: — . a A&A ‘A &A
E“-é 30 A
]
= ‘F.: n o
V4
20 q g
5
// [
.
v4 7
‘f
/ glx
’ W
10 ° [l g AL
1000 2000 4000 €000 10,000 20,000 40,000 60,000 100,000

Reynolds number, %

FPigure 11, = Correlation of heat-trsnafer cosffiolents for vertical tube with flow down. Physlcal
properties of water sveluated at aversge bulk temperature] water entrance pressurs, 10, 50, 100, and
200 inshes of marcury zage.

. e

¥Z

TEDOCHE WE VOVN



1413148

NACA RM E50G3l

A

Nusselt number

300

T 1 1 R
———————— Correlation /g/
T |- Nucleate boliling %
(o]
a~ 200
& i
« o 7
<%
2 100
I sone_
'_‘ ~
T g0
z e
io I 1 1
10,000 20,000 40,000 60,000 100,000

Reynolds number, D_:l

{(a) GCorrelation of heat-transfer

coefficlents with physical propertles
of water evaluated at average bulk
temperature.

Filgure 12..~ Example of horizontal-tube
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wattas and water entrance pressure of
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Heat-transfer coefficient, h, Btu/(hr)(sq £t)(°F)
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