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ABSTRACT

An analytical and experimental study 1s presented for
stable film boiling of a liquid in forced convection inside
a horizontal tube when the entering liquid is subcooled.

Tube wall temperatures were measured for Freon-113
flowing inside an electrically heated stainless stesl tube,
At the same heat transfer rate and flow rate, higher tube
wall temperatures were observed for subcooled liquid flow
than for saturated liquid flow. An analytical model is
presented describing this effect,
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I INTRODUCTION

In recent years, the process of evaporation has been
subjected to careful study. Several distinct regions of boll-
ing exist. The actual process of heat transfer is different
in each region. Thorough discussions of the different regions
of boiling have been presented by Rohsenow (ref. 1) and
Westwater (ref. 2).

When the heating surface 1s at a temperature only slightly
higher than the liquid saturation temperature, the liquid is
superheated by natural convection and the heat transferred
away at the surface by evaporation,

At somewhat higher values of temperature difference
between the heating surface and the liquid, bubbles form at
active nuclei on the heated surface and break away. The
stirring action of the bubbles in the 1liquid results in much
higher heat transfer rates than that due to natural convection.
This nucleate boiling 1s the type encountered in most commer-
cial applications.

In the transition r;gion which occurs at higher temperature
differences, the heat transfer rate drops with increasing
temperature difference, DBerenson (ref. 3) describes transition
boiling as a combination of unstable nucleate and unstable

film boiling.
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Stable film bolling occurs at very large temperature
differences. In film boiling, heat transfer rate again 1in-
crecses with increesing temperature difference. A thin vapor
layer prevents the liquid from wetting the heated surface in
stable film boiling. Radiation is important in film boiling
due to the high temperature differences. Film boiling is the
type of boiling that 1s discussed 1n this report.

Stable film boiling on external geometries has been
observed and treated by several investigators. Bradfield
(ref. 4) and Cess and Sparrow (ref. 5) analyzed laminar forced
convection film boiling. Bromley discussed fllm boiling on a
horizontal rod in natural convection (ref. 6) and in forced
convection (ref. 7), and developed methods for predicting the
heat transfer rates.

on vertical surfaces, Hsu and Westwater (ref, 8) found
the f£ilm boiling coefficients were higher than those predicted
by Bromley's laminar boundary layer analysis and explained the
difference as resulting from turbulence in the boundary layer
(ref. 9).

Graham (ref. 10) and von Glahn (ref. 11) investigated film
boiling of cryogenic fluids inside vertical tubes.

Film boiling in horizontal tubes in forced convection
without 1liquid subcooling was investigated by Kruger (ref. 12).
He developed a method of predicting tube wall temperature

distribution for constant heat transfer rates along the tube.



10.

The purpose of this investigatlon was to study the effect
of liquid subcooling or film boiling in horizontal tubes. This
13 a direct extension of the investigation conducted by Kruger.

In a horizontal tube, the vapor produced travels up the
side of the tube in a thin film and collects at the top of the
tube forming a stratified flow which increases in thickness
as it travels down the tube. The nature of the flow can be
seen in Figure 1,and the flow model as developed by Kruger
is shown in Figures 7 through 9.

The object of the theoretical program was to extend the
snalysis by Kruger to include the effect of subcooling in the
method for calculating tube wall temperatures rfor a given flow
rate and heat transfer rate. Motte and Bromley (ref. 13)
derived a relationship for film boiling of flowing subcooled
liquids. However, 1t was not sufficiently similar to this case
to be applied.

The object of the experimental program was to relate the
tube wall temperature distribution to the heat transfer rate,
flow velocity, and liquid subcooling. Only minor changes in
the apparatus originally designed by Kruger were necessary for
this program,

Both the theoretical and experimental programs reported
here and by Kruger are limited to the case where the mass flow

of vapor is small compared to the total mass flow in the tube.
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IT THEORETICAL PROGRAM

A, Introduction

The object of the theoretical program was to 1lnclude the
effect of subcooling of the liquid in the analysis of film
boiling in‘a horizontal tube as developed by Kruger (ref. 12).
The analysis i1s limited to the case of constant heat transfer
rate along the tube and to the region in which the mass flow
of vapor at the tube outlet is small compared to the total

mass flow,
Visual observation of the flow showed that subcooling
the 1liquid had no effect on the basic stratified flow pattern,
The flow model, shown in Filgures 7 through 9, remains the
same as developed by Kruger, Vapor is formed in a thin film
at the hot tube wall preventing the liquid from wetting the
surface, Under the action of buoyancy forces, the vapor flows
upward along the hot tube wall and collects in a vapor layer
that flows along the top of the tube., The range in which this
stratified flow model applies has not been determined. |
Subcooling reduces the rate of vapor formation, and this
effect must be introduced into the relations developed by
Kruger, The exact nature of the subcooling process must be

defined to determine the magnitude of this effect.,

In order to determine the tube wall temperature distribution

for a given heat transfer rate, flow velocity, and initial
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1liquid gubcooling, five pasic relations are combined. These
relations are for the 1iquid gubcooling heat transfer rate,
neat transfer coefficient across the thin vapor £1lm, the
yapor layer heat transfer coefficient, the ratlo of vapor area
to liquid area at any cross section, and conductlon around the

tube walle

B, Liquid Subcooling Heat Transfer Rate

In order to determine the subcooling heat transfer rate,
the liquid flow must be examined., Since the liquid 1s completely
gurrounded by vapor, the shearing forces on the 1liquid surface
are entirely different than for a liquid flowing trough &
tube.

The vapor effectively jubricates the tube wall 8O that
the 1liquid slips along the tube. In the absencse of opposing
shearing forces, the liquid would essentially have & uniform
velocity profile jn the flow direction. Actually, the vapor
layer at the top of the tube, which moves faster than the 1iquid,
tends to increase the liquid flow rate along the tube, The
vapor £lowing upward along the tube tends to introduce &
secondary flow in the 1iquid. In this secondary flow the
1iquid at the vapor film interface moves upward along the
vapor film and then mlxes in the liquid core.

The relative 1iquid velocity with respect to vapor
velocity at the interface 18 much lower than the absolute
1liquid velocity for both the main flow along the tube and for

the secondary flow at the vapor £41m, For the 1iquid flow
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velocities encountered in the experiment, turbulent flow would
result 1f the liquid did not have a vapor layer around it,
However, with the vapor layer, a laminar liquid flow could
exist.

The controlling subcooling heat transfer mechanism could
be either the maln liquid flow down the tube or the secondary
flow along the vapor film, Both cases were considered. The
criterion to determine the more important mechanism is the
ratio of tube length divided by axial liquid velocity (L/V,)
to the tube dlameter divided by liquid interface velocity
(D/Lyp). This determines the time of boundary layer develop-
ment in the liquid flow,

To evaluate this ratio, the liquild interface velocity must
be determined, One method to determine this 1s from the factor

47’ as defined by Kruger (ref, 12) and discussed in Appendix A.
Kruger experimentally determined a value of 1.k fong?’. As
shown in Appendix A, this corresponds to a value of liquid
interface velocity equal to 1,085 times the avorage vapor
velocity in the film, For the values encountered in the ex-
periment, D/Lyp would be much greater than L/V, indicating

that the secondary flow 1s the important heat transfer mechan-
ism. However, other considerations indicate that this may not
be true, Firsﬁ, the value or/y' might be misleading since it
is experimsntally determined and could include effects not con-
sidered in the theory. Secondly, use of this value of &/  lsads

to values of subcooling heat transfer retes much higher than
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encountered in the experiment. As discussed in more detail
in the section on experimental results, another effect was
encountered in the experiment which indicatea that the primary
flow rather than the secondary flow might be the more important
mechanism, With liquld subcooling, the tube‘wall temperatures
near the tube outlet unexpectedly exceeded the highest tempera-
ture encountered anywhere on the tube for a saturated liquid
flow. As much as 100°F higher tube wall temperatures weras
encountered for S0°F of subcooling.

A simple calculation shows that, for the heat tranafer
rgtes and flow rates encountered in the experiments, a liquid
subcooled SO°F will not rise greatly in temperature., This is
an important consideration. If the secondary flow was the main
subcooling heat transfer mechanism, the resulting heat transfer
coefficient would be approximately constant along the length
of the tube, With the amount of subcooling remaining constant
over the length of the tube, the subcooling heat transfer rate
would be approximately constant. When this effect is combined
with the other relationships, fho tube wall temperature 1is
always lower with subcooling than for the corresponding case
for saturated liquid.

When the primary liquid flow 1s considered as the con-
trolling subcooling heat transfer mechanism, the heat transfer
coefficient decreases along the tube and the subcooling heat

transfer rate also decreases. This effect, when combined with
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the other relationships, can result in the higher tube wall
temperatures observed with subcooling.

Since the liquid jnterface velocity could not be accurately
determined, and since the experiment indicated that the primary
flow might be the controlling subcooling mechanism, the primary
flow 1is considered as controlling in the theory. The effect

of the secondary flow will be neglected.

If a uniform velocity profile 38 assumed for the primary
1iquid flow along the tube, the 1liquid can be considered as

a semi-infinlte solid of uniform temper ature, Tre At the tube
sntrance, it 1is exposed to a constant surface temperature, Tgs
equal to the saturatlion temperature. The liquid bulk tempera-
ture, Tg, will be consldered constant along the tube. The

energy equation for this model is

2ep d -y 7T (1I-1)
gt 2
oy

where Tp, 18 the 1iquid temperature, Y the distance from the
14quid vapor interface inward, and t the time.

For constant fluid properties and for constant surface
temperature, Tg» applied at ¥ = 0 and t = 0, the solution of
equation (II-1) 1s given by (ref. 1l)

—-7-2—-'—2;-‘ zerf -"“"":-—-— (1I-2)
7% “Ez)t

where erf 1is the error functione.

The subcooling heat transfer rate per unit area is given by

i/l,,,‘-'-x,,(ﬁh) z-K (75 7) /—"" 7 (1I-3)
cam—— - - 4 ’— g ] ﬂc ]
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The time 1n equation (1I-3) is the time required for the

ravel from the entrance to a position X along the

1iquid to t

tube. This 18 given by
X
t = comm—
A (TT-4)
1liquid velocity to the position X.

where Vy 1s the average

The liquid velocity Vy, is

v, = "L (11-5)
,

2 A

Since the mass of vapor formed is small compared to the

considered constant., The liquid area

total mass flow, Wf, is

can be wWwritten as

2

=7 [ o, L
A=Z8= [1~5+ 37" 2] (11-6)
where D is the tube diameter and the angloar 18 defined in
Figure Te.

At the tube entrance
= 0% |
W =2 Vo (1I-7)

Combining these equations
\'/
2 (11-8)

V, =
[”%-ﬁs‘%s:n;’(]
and
V, = * Yy dx (II-9)

o
- /
[/ '7;""".:7/ ’”"7'17
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Combining this relation with (1I-3)

2/a,. = X ff -7% /1/ V. ’ x (11-10)
o v (A—L) / Jx :mzﬂ

This heat transfer rate is based on the liquid surface

area glven bY

Jﬁ,_, =D (/—"‘ +~"é"ﬂ ) % (1I-11)

9

Introducing this relation

__.fc /((T'-TQVI'\T' (fEL) //W (,__.1_,,,,,.91(11-12)

7

ag AﬂD i3 the average subcooling heat tranafor rate
pased on the tube aresa, q/Asc

Foraé%‘r- L .40 the combined integrals in equation
(11-12) are always approximatoly equal to 1.0 making this

simplification

ﬁ/ﬂ“, K(T -73 (/acf) , (11-13)

From equation (II-13) the assumption of a constant
liquid bulk temperature, Te, caN be verified. For the range
of the experiment Tp {ncreases a maximum of 10% at the tube
outlet.

Relation (1I-13) can also be written as

J
7/ Ase= .b'-—-f 75-77) (- /.‘i%ﬁ )L/"z// Ve (T1-1L)
E

This 1s the same relation obtained by considering a uniform

velocity profile in the boundary layer over & flat plate.
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The local average value of subcooled heat transfer 1is

( 7 770:9- 7

givon by

and then basing the local value on the liquid surface area
< 7
?/ﬂ;&L S 2 Ase (I1-16)

A Ll A
(/,’7_-;-,”.4'/0)
In considering the secondary flow, equation (II-3) can

be used, but in this case, t equals the distance the liquid
travels upward along the vapor film divided by the average
liquid interface velocity. Since thils effect is not considered

as controlling, the complete derivation 1s not presented.

C. Heat Transfer Coefficient Across the Thin Vapor Film

Subcooling reduces vapor formation, and the equations
developed by Kruger (ref. 12) must be revised to include this
effect. Heat flows into the liquid vapor interface from the
hot tube wall by radiation and convection while heat 1is re-
moved from the interface by convection into the subcooled
liquid. The rate of vapor formation per unit area at the

vapor film interface 1s given by

o8 2 ™JF

where q/Ap 18 the heat transfer rate from the tube wall by
both radiation and convection in the vapor film region, q/ASCL
i1s the subcooling heat transfer locally, and):VF is the averacge
heat content of the vapor in the film above that of saturated
liquid.



Assuming laminar £l

momentum changes, the followin

the geometry ghown in Filgure Te

“ Tor control volume A

P

— =- 2
6 - 2?3 s/h 6

T kb e YA

For control volume B

2P - _ o, ya SIh O - ‘Z‘,.,,-—e-é

rel

SRS T

BT NIRRT

written as (see Appendix A)

Ty =2(87)° v ¥F
oy bt

where as shown by Kruger (refe

A g,z (8)%c

either completely rig

thickness, b, can be obtained.

b= ny [(#/8) 7~ (”/ﬂ):c‘_J
pv (/L-/V) }-VF

Assuming a linear temperature

local boiling neat transfer coeff

h g =%/

ow in the vapor f1lm and ne

These two extremes represent the cases wher

Combining (II-18a), (1I-18b), and (11-19),

SRk

distribution in the vapor, the

19.

glecting

g equations can be written for

(11-18a)

(11-18Db)

The total shearing stress on the vapor,wa, can be

(II-19)

12) and as derived in Appendix

(1I-20)

e the 1liquid 1s

14 or completely frictionless.
the vapor film

(1I-21)

jcient can be written as

(11-22)
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Combining (II-21) and (II-22)

/ /

A £

7 } 2(s/rneo

h"_A KV/ (,d‘ /aV) AVF i ) j (II-23)
O/ (3/pr- f/ﬂ:a,_ )

The average heat transfer coefficient in the boiling

region 1s , 2 A
ﬁtd =7-& )P /8
(o]

B LY ROWAL AV

. (II-2ly)
j defining

: / 77 =K /

4 = Zr-e ,g/ (.fm e) a’é

° (11-25)
i
AL\\ The average coefficient can be written as

é Z- > {Dﬂ (&o ‘,,) /6

; L8 g7 = (11-26)

< Com (#Ar- r/nm)

Kruger obtained 7 by numerical integration and the result

is presented in Figure 10 as a function of“/ﬂﬂ Kruger also

determined experimentally thanf<= l.4e

»f“!:hmkjﬂ
(

The properties are evaluated at the mean film temperature.
Kruger states that thils introduces an error of less than 10%.
Evaluation of the properties at this temperature 1is equally

/
valid with subcooling. The average vapor heat content 7\,”: 1

4 /
Ave= Atz CA (T"""T;) (1I-27)

D. Ratio of Vapor Area to Liquid Area at Any Cross Section

IR MV IEre TR

The ratio of vapor area to liquld area at any cross section

T

can be obtained by applying the momentum equation to the control

volumes shown in Figure 8.

For control volume A

dw
(g'%)y A= Ti Psin- Ty % O5jx (w"" V) Vb (I1-28)

AW
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Tor control volume B

J
\< @5); l)‘_..'Z"wL (‘IT-")Df'ZZO:M#WJT(H’-%)*%C::% (1I-29)

When the mass flow of vapor 1s small compared to the total
mass flow, the above equations can be greatly simplified. With
this assumption, Kruger showed that all the frictional terms
could be neglected, and that only the momen tum change in the
liquid, due to the area change, and the momentum change in the
vapor, due to the additlion of vapor, were Iimportant,

~\\ The vapor velocity, Vy, liquid velocity, Vy, and vapor
area, Ay, can be eliminated from (IT-28) and (II-29) with the

following equations.

— V. = W, (II-30a)
¢ A AL %08
V, = "vb
d =, Ay (II-30b)
Av=Ar-A,
(II-30c)

The pressure gradient in the vapor must equal the pressure
gradient in ths liquid to maintain continulty of pressure
across the horizontal interface. The above equations then

yield

(ﬂr‘”t-)z 9P . _ 3.2 wy Iwyp
3 X = LV (II-31)
The liyuid flow rate can be considered constant as given
by (II-7).
The vapor flow 18
- X
W, = (”[ﬂ "/’:&) o (I1=32}

b

V4
vé
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where the average heat content of the vapor;}.éb, is

N 7~V6’ = 1va'ﬂ.cpvb (rvb "7;) (I1-33)
The average subcooling heat transfer rate, E7Ksc, is given
ty (II-13).
Since wyy 1s a function of x only (II-31) can be inte-

zrated from O to x.

”T)z A A < 2
BT ) -4 A7 ps 40, OZ13(= 2 Wi )
( Ay A, 7 ‘&uﬂ‘ 7 = Wi (II-34)
AL
__\\ A7 can be obtained from (11-6).
A
T: =/~ p oy SIn 2R (I11-35)
defining
~——— X” = /344, Wyb (11-36)

> WL
combining the above relations
X ,=¥/2 (917 -§/8se) X - f(= (11-37)
w

This function 1is shown in Figure 11,

E. Heat Transfer Coefficient for the Vapor Layer

In order to estimate the heat transferred directly to the
vapor layer from the top of the tube, equations for flow in a
round tube ere used. The concept of hydraulic diameter 1s
introduced to account for the different flow geometry.

For the range of the experiments, the vapor Reynolds number
indicates that both laminar and turbulent flows can occur. For

this reason, both types of flow must be considered.
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The hydraulic diameter 1is defined by

D. = L4 cross sectional area
e wetted perimeter (II=38)

For the geometry of Figure 7

Al - 3‘;5/&12.0(}

A+ L 510X

Dg = D (1I-39)

For fully developed laminar flow and constant heat trans-
fer rate (ref. 15)

/,‘vpc (II-140)
_TVI__ = }.36

Then for laminar flow in the vapor layer, the heat transfer

coefficient 1s 2
hyy - 436 Kvb_ AT 5y Sin s (II-41)
= —> AT~ SIPIK -b

For fully developed turbulent flow (ref. 16)
@ . Yo
ﬁ';!.’i'.'_ =.023 /36 Vi'b pe_) (/_”_C_ﬁ) (11-42)
Avb /4'5 A vh 3

Using (II-30b), (II-30¢), (II-32) and (II-6)

Vyb = 4/?7;‘;?’7539)(

e 7 o(2 -~ SIhzek) (I1-43)

Then for turbulent flow in the vapor layer, the heat transfer

coefficient 1s o € . 4
bov 20z Xve_ [U[¥/R-#/Ac 29#&,){»,: RIZL

O \Myp 7y, K 4o ”-sm;’n.m;)
aw

In order to evaluate the film coefficient, the bulk

temperature in the vapor layer must be determined. By using
the condition at the horizontal liquid-vapor interface, an

analysis was performsd to obtain the bulk temperature in the
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vapor layer. Calculations jndicated that the bulk temper ature
was approximately half way between the tube wall temperature
and the saturation temperature for both saturated and subcooled
1iquid flows. Using this approximation zgreatly simplifies the
analysis.

The vapor flow 1s laminar near the tube inlet, At some
point along the tube the flow becomes turbulent. The experil-
ments strongly indicate that the transition from laminar to
turbulent flow occurs at different vapor Reynolds numbers, de-
pending on the amount of subcooling, With a saturated liquid
flow, the experiment indicates the vapor quickly becomes tur-

bulent. With subcooling, the flow appears to remain laminar

TT—at higher vapor Reynolds numbers.

At present, no method has been developed for determining
the transition vapor Reynolds number as a function of subccol-
ing. For this reason, the flow 18 assumed turbulent for

saturated liquid flows and laminar for highly subcooled flows,

No correlation has been determined for intermediate amounts of

subcooling.

F. Conduction in the Tube Wall

By using the model shown in Figure 9, Kruger develcped
an equation for the conduction around the tube., This relation
is necessary because the heat transferred into the vapor film
at the bottom of the tube can be significantly different from
the heat transferred directly to the vapar at the top of the

tube.
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Since the tube 13 electrically heated, the heat generation
per unit volume is essentially constant. The outside of the
tube 18 assumed to be perfectly insulated. Radial temperature
gredients are neglected. The heat transfer coefficients in the
vapor film region and in the vapor layer region are taken as
constant,

For a heat balance on an element of the tube wall, Kruger

obtained

d"’r l,r-& 7,. _b 2 rc‘lﬁ e
Jdo* Kt x;: s m["/”'f/"ug (II-45)

Equatlon (II-45) can be applied separately to the two regions
of the tube,

In region 1

habopn 0.‘_':6.‘:.(77'-‘)

(II-lta)
Ta=7
In region 2
h=tv ) (m-L) 0L T (II-L6b)
T8 =74

The vapor 1is considered transpareat to radiation from

the tube wall. Kruger also assumed that the view factor between
the tube wall and the 1liquid was constant for the values ord‘/zr
encountered in the experiments. He also showed that the radla-
tion could be considered constant and evaluated at She mean

tube wall temperature without Introducing significant error.
These assumptions are sufficient to linearize equation (I1-45).
With these assumptions, the heat transfer by radiation from the

tube wall is
HArno =€5 (T, 7;“9 (I1I-h7)
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Equation (II-45) can be applied separately to each region

as described by (II-46). The boundary conditionsto be used are

l. By symmetry

')i:':-on—t 8=0 (1I-48a)

27 . o.at B=T

do o (IT-48b)
2. For continuity between the two rezions
7 =7 at &= (7-4) (11-48c)
T35 et 0=(r-)
(I1-484)
*‘\ For these boundary conditions, Kruger obtained the follow-

ing equations for the temperature distribution around the tube

7/-" ‘l /

— a cosh a, © lov 0L O (-4 -
52. "bo { cosh a, (771-4) 0£8 f ) LIEshse)
_,) cosh a, (7-6, -A) <
( y c:.cb w:f Lpv(n-H2 0L 7 (11 )0,
whoro
f- /+ 2 Canh a, (T-A) (II-50a)

a"& Ttanh @y of

a, 2
=/ bir” (II-50Db)

Ast

/ — _
[7,'{ (7'/19‘7/'94.99 * ”{] (II-50¢)

The subscripts refer to the section of the tube wall
in which the quantities are to be evaluated. The regions are

defined by equation (II-=}6).
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G, Method of Calculation

The temperature distribution in the tube wall can be
determined from the equations developsd in the theory. Since
the properties of the fluld depend on temperature, it is nec-
essary to use an iterative procedure. By assuming a mean tube
wall temperature, the fluid properties and the radiation from
the tube wall are calculated.

A second difficulty arises because more heat 1s transferred
to the vapor film than to the vapor layer at the top of the
tube., By calculating the anglo"_ and the subcooling heat
transfer rate, the heat transfer cosfficlient for the vapor
layer can be determined., Based on the assumed mean tube wall
temperature, the heat transferred from the tube wall to the
vapor layer can be estimated. The corresponding heat that
must be transferred from the tube wall at the vapor film
region, q/Ap, 1s then calculated. The heat transfer coefficient
for the vapor film can then be determined.

Using the relations for conduction in the tube wall, the
tube wall temperature distribution can be calculated for a
particular location along the tube. The mean tube wall tempera-
ture can then be compared to the assumed value. Since the
equations are fairly insensitive to the assumed mean tempera-
ture, only a few iterations are required.

Using property values supplied by the manufacturer, a
special set of figures was prepared for the groups of propertiss
in the equations. This greatly reduces the time required faor

performing the calculations, It was necessary to extrapolate
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the properties to obtain values at the temperatures encountered
\;&: in the experiment.
Pé The calculation procedure is:

1. Assume a mean tube wall temperaturs Ew

2. Calculate q/Apsp from (IT=L47)

3. Calculate q/Agcy from (II-16) and a/Ag, from (II-13)
- ., Calculate® /7 from (II-37)
k? 5, Calculate hry from (II-41) for a highly subcooled
K liquid flow, or from (II-4}) for a saturated liquid
flow.
7-k\\ 6, Using the assumed value of Ew, estimate the heat
‘ transferred to the vapor and calculate the corres-
. ponding value of q/Ap,
7. Calcuiate h.g from (II-26)
V 8. Calculate aj, bj, and; from (II=-50)
9. Calculate Ty and Tp from (II-}9)
10. Calculate the mean tube wall tempereture, Ew, and

compare it to the assumed value,

Results for these calculations are discussed in Chapter

IV, eand are shown in Figures 12 through 22 for saturated liquid

flows and for highly subcooled liquid flows.

v
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IITI EXPERIMENTAL PROGRAM

A. Introduction

The object of the experimental program was to determine
the relation between tube wall temperature, heat transfer
rate, flow rate, liquid subcooling, and fluid properties for
£11m boiling in a horizontal tube. The investigation was
limited to the region where the mass flow of vapor is small
compared to the total mass flow in the tube.

After making a few minor alterations, the experiments
were performed on the apparatus originally designed by
Kruger (ref. 12). The equipment is designed for cperation
with Preon-113 flowing through an electrically heated tube.
There are two test sections. The first can be used for visual

and photographic observation. A photograph of the stratlfied

‘flow pattern observed with this test sectlon is shown in

Figure 1. The second test section has an electrically heated
stainless steel tube instrumented to measure temperatures at
the top and bottom of the tube. A series of guard heaters

are used on this test section to prevent heat losses to the

atmosphere.

B. Description of Apparatus

The apparatus was designed to be used for both visual and
quanfitative investigations of film boiling. A schematic

diagram showing the main components of the equipment 1s presented
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in Figure 2. More detalled schematics of the visual and
quantitative test gsections are shown in Figures 3 and L.
Photographs of the actual equipment are shown in Figures 5
and 6.

The apparatus consists of two parallel teat sections
with one circulatioﬁ system. The circulation system includes
a pump, preheater, condenser, degzaaser, liquid reservolir,
pressure and flow control valves, and rotameters for measuring
the liquid flow rate.

The preheater has two heat exchangers made from 20 feet
of % inch copper tubing coiled in a tank, Temperature 1is
controlled by varying the flow of hot and cold water into the
tank., A similar heat exchanger is used for the condenser,

A degasser tank was added to the system to 1nsure that

no air was dissolved in the Freon-113. This was simply a brass

tank surrounded with a water jacket. The tank had sufficient
surface area so that air would rise to the top of the tank

‘ where it could be bled away. Hot water was circulated through
j the tank to drive the air out of the solution. Alr is less

dense than Freon-113 vapor, and rises to the top of the tank.

Since the circulation system was sealed, the degasser could

; be used as a second condenser after all the alr had been driven
@ out of the flow.

1 Two rotameters were connected in parallel to measure the
fluid flow. The rotameters were of different capacity to allow

more accurate flow measurements,
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A pressure gauge 1s connected to the gsystem to measure
the pressure at the test section inlet. A thermocouple was
placed at the preheater outlet to measure the fluld temperature
at the test section entrance. Another thermocouple was placed
at the condenser outlet to insure that all the vapor was belng
condensed,

An electrically conducting glass tube with an inside dla-
meter of .418 inches was used for the visual test section,

The tube 1s coated with a semitransparent, electrically con-
ducting material. An ammeter was used to measure the current
passing through the tube. The tube was heated from a 220 volt
power supply.

A stainless steel tube, .403 inch inside diameter and 15
inches lonz, was used for the quantitative test section. This
test section has a high current d.c. power supply which gives
the wide range of controlled power input necessary for the tests.
In addition to insulation, there is an electrically powered
guard heater ring around the tube to minimize heat losaes to
the atmosphere. The guard heater ring is at a diameter of
2.5 inches around the tube. The space between the tube and
guard heater ring is filled with an insulation of known thermal
conductivity.

Thermocouples are located at the top and bottom of the
tube at six positions along the tube. There are six guard
heaters in the guard heater ring and two end guard heaters.

Each has independent controls so that the electrical heat input
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to each can be adjusted separately. There 18 a thermocouple
in each guard heater so that the losses to the atmosphere

can be measured and adjusted. The thermocouples in the guard
heater ring are located half way between the top and bottom
tube wall thermocouples. The heat losses are minimized by
maintaining these guard heaters at a temperature half way
between the top and bottom tube wall temper atures.

A continuous recording Honeywell Potentliometer was in-
stalled. There are 16 channels on the recorder. By using a
switching circuit, the recorder was operated with 32 channels.
This reduced the time to record all the data for one run to
thirty seconds. It originally required five minutes to record

the data for one run with a simple potentiometer.

C. Measurements and Accuracy

All temperature measurements were made with chromel-alumel
thermocouples. Thermocouples were installed directly in the
flow to measure the temperature of the fluid before it enters
the test section and as it leaves the condenser,

The thermocouples in the guard heaters were insulated with
ceramic tubing to separate them from the guard heater wires.
The thermocouples on the tube were tied over thin mica sheets
to prevent any electric contact with the tube. Kruger (ref. 12)
showed that, for the heat tranafer rate encountered in the ex-
periment, the maximum difference between the inner and outer

surfaces of the tube would not exceed 3°F,.
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The average heat transfer rate per unit surface area of
the tube was determined from the following relation for the
powser input.

P __/___ v a
(3'/”‘ = As (/7?'2' T (III-1)
where Ag 1s the surface area on the inside of the tube,/olthe
resistivity of the tube, L the length of the tube, A, the crosas
sectional area of the tube, and I the current flowing in the
tube.

Values for resistivity of stalnless steel were obtalned
from a materials handbook as a function of temperature., For
the temperature variations along the tube, encountered in the
experiments, the heat transfer rate would vary only a few
percent, For this reason, the hsat transfer rate was calculated
for the value of resistivity at the average tube wall tempera-
ture.

The current was measured from the voltage drop across a
shunt in the power line. The shunt resistance had been call-
brated by the National Bureau of Standards to within 0.1%.

The current had a tendency to wander over a period of time.
This effect was minimized by installing the recorder to reduce
the time required to record all the data for a run,

The voltage drop across the tube was measured by using a
resistance bridge. This was used only as a chéck on the value
determined for the heat transfer rate.

The guard heaters were maintained at a temperature between

the temperatures measured at the top and bottom of the tube wall.
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A temperature difference of 100°F between the tube wall and
the guard heater ring represents only a 1% heat loss. Since
the guard heaters were easlly maintained within 100°F of the
tube wall temperature, the heat losses are negligible. The
end guard heaters were used to minimize losses along the
electrical leads.

Gaskets 1/8 inch thick were used tc separate the electril-
cally heated section from the inlet and outlet lines. These
gaskets were also necessary to reduce heat conduction axlally
along the tube,

Kruger found that the maximum error in the rotameter
readings was less than 5% for the range of these tests.

The recorder and associated switching aystem could cause
some error in the temperature end current readings. Tests were
made to determine this error, but no error could be detected
within the limits of the recorder scale. At lower recarder
readings, where the percentage error for a reading is larger
due to the number of scale divisions, the readings were checked

with the potentiometer for added accuracye.

D, Experimental Technique

Due to limitations in the equipment, 1t was necessary to
use a certain amount of care in operating the apparatus. 1In
order to prevent damage to the test section, a limit of 1000°F
was placed on the maximum allowable tewperature. For this
reason, the test section was heated to the minimum temperature

at which stable film boiling could be maintained before the




- —————

35.
fluid was started through the test section. For Freon-113
this 1s approximately S500°F. If the tube was heated while
the fluld was flowing, there is a danger of exceeding 1000°F
as the boiling process changes from the stable nucleate
boiling region to the stable film bolling region.

Before the 1liquid flow is started, the test section 1a
heated by turning on the guard heaters, The valves on the
quantitative test section are closed and the valve opened on
the visual test section. The system 1s then filled with
Freon-113 and sealed. The flow 1s started and bypassed through
the visual test section.

While the main test section is being heated to S00°F,
there are other operations to perform. The preheater and
condensers are put into operation. The preheater 1is used to
heat the liquid to the saturation temperature to drive the air
out of the solution. The degasser is also heated and the air
is bled away. This procedure is maintained until all the ailr
has been removed from the syastem,

The main power supply is turned on periodically in order
to heat the tube at a faster rate., When the proper temperatures
have been reached iIn the test section and the guard heaters
balanced, the main power is turned on and set at the level for
the first test, The valves are quickly opened to start the
liquid flow in the test section before any overheating can
result, The complete starting process takes approximately

three hours,



36.

When the run has been started, the preheater and condenser
temperatures are adjusted to the proper level. The flow rate
and power level are also set to the desired values. When the
guard heaters have been balanced and the tubs temperatures
have reached equilibrium, the data can be recorded. All the
date for a run csn be recorded in thirty seconds. Approximately
twenty minutes are required to reach equilibrium. The experl-
mental conditions can then be changed and the second run started.
Another twenty minutes are required to reach equilibrium again.

In operating the visual test section, the flow 1s bypassed
through the quantitative test section. The proper temperature
level to establish film boiling in the visual section is obtain-
ed by a trial and error process. Only a few minutes are re-
quired to heat the visual test section to the propsr temperature
since the 220 volt power supply 1s used.

If the flow 1s started before the proper temperature level
is reached, the film boiling will change over to nucleate
boiling and immediately cool the tube, In the visual test
section, it was observed that there 1s a sharp interface be-
tween the nucleate and film boiling regions., This interface
can be seen in Figure 1. The interface gradually moves down-
stream if the heat losses are high. This effect can also be
observed in the main test section, when the tube wall tempera-
tures are tco low. When the interface travels downstream
beyond a thermocouple location, the temperature drops rapidly

back to a value typical of the nucleate region.
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E. Data Recorded

All oxperimonts were conducted with Freon=113 a8 the test
fluid. The pressure in the test section 18 essentlally con=
stant for 8 given rune The pressures recorded 1n the test
gection ranged from 3 to 7.5 psig. for the entire test series.
This corresponds to liquid gaturation temperatures of 125°F
to 141°F.

The subcooling ranged from £°F to 52°F for the tests.

The heat transfer rates per unit area ranged from 12,200
atu/hr-£t2 to 19,600 ptu/ar-£to.

The runs were made for two values of the 1liquid velocity
at the entrance to the test gection. These were 1.23 ft/sec.
and 1.85 ft/sec.

The temperature of the 1iquid at the condenser outlet
was recorded to be certain that all the vapor nad been condensed.

Guard heater temper atures were recordede. These wWere always
balanced at 8 value between the top and bottom tube wall temperéa=
tures.

Temperatures at the top and bottom of the tube wall were
measured ab gix positions along the length of the tube. These
points were: X = 0.083 ft.y X 7 0.271 ftey X = 0.50 ftey
x = 0,75 fte, X = 0.978 ft., and x = 1.17 ft., Because of the
high end losses near the outlet of the neated section, only
the first five values are reportede.

The important data 1is recorded 1in the Table of Exporimental

Results. These results are also shown 1n Figures 12 through 224
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IV RESULTS AND CGNCLUSIONS

A, Discussion

The results of the experimental investigation are shown
in Figures 12 through 22. Calculations from the analysis are
also shown for saturated liquid flows and for highly subcoocled
liquid flows. In these figures the temperature difference is
plotted as a function of the distance from the tube inlet.

The temperature difference 1s tube wall temperature minus fluid
saturation temperature.

Three basic differences were observed in the tube wall
temperature distribution when the liquid was subcooled. They
are:

1. Near the tube inlet, lower tube wall temperatures

were observed with a subcooled liquid flow than
those measured for a comparable saturated liquid
flow,.

2. Near the tube outlet, higher tube wall temperatures
were observed with a subcooled liquid flow than
those measured at any location along the tube for a
comparable saturated liquid flow.

3. The difference between top and bottom tube wall
temperature increased significantly with a sub-
cooled 1liquid flow,

All these effects are shown in Figuraes 12, 13 and 1. In these
figures the heat transfer rate and flow rate are constant and

the amount of subcooling is the variable.



39.

Figures 15 and 16 show that as the subcooling is increased,
the maximum tube wall temperature continues to rise. The
average tube temperatures are shown in these figures for
different amounts of subcocling. The heat transfer rate and
flow rate are agaln the same for all runs,

A better correlation of the data 1s obtalned by holding
the subcooling and flow rate constant while the heat transfer
rate 1s varied. Figures 17 through 22 show that this type of
correlation does not exhibit the temperature profile crossover
effect 1llustrated in Figures 12 through 16, For clarity,
the mean tube wall temperature 1s used in these figures.

When the temperature profile crossover effect was first
observed, some changes were made in the apparatus. First, a
degasser was added to make certain that the results were not
affected by air dissolved in the Freon-113. A pressure control
was added so that the test section pressure could be held
constant for both saturated and subcooled liquid flows. These
changes had no effect on the ohserved temperature profile
crossover,

The heat transfer rates were also carefully observed to
be certain that there were no significant differences hetween
saturated and subcooled runs. Runs were made where the liquid
was gradually subcoocled and the changing temperature profiles
were continuously observed during this process.

Observation in the visual test section showed that no
basic change occurred in the stratified flow as a result of

subcooling,.
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An explanation of the effect can be obtalned from the
three basic differences observed with subcooling. First,
higher tube wall temperatures indilcate that the overall average
heat transfer coefficient near the outlet of the tube 1s lower
when the 1liquid 1s subcooled. The overall average heat trans-
fer coefficient would include radiation, convection into the
vapor layer and convection into the vapor film.

At the inlet, the film covers most of the tube, and
convection into the vapor film 1s the most important method of
heat transfer, With subcooling the observed tube wall tempera-
tures were lower near the tube inlet., Since subcooling re-
duces the vapor in the film, the film heat transfer coefficient
would be expected to increase. This would result in a lower
tube wall temperature with subcooling. Therefore, the cross-
over effect does not appear to be the result of any unusual
effects taking place in the vapor film,

There 1s no reason to believe the heat transferred from
the wall by radiation would be significently affected by sub-
cooling the 1liquid flow. The only other method of heat transfer
is convection into the vapor laysr.

The effect of the heat transferred into the vapor increases
along the tube., This is due to the larger flow area occupied
by the vapor. Since the increase in tube wall temperatures
for subcooled flows occurs downstream from the inlet, it seems
reasonable to suspect that the heat transferred to the vapor

layer is reduced by subcooling.
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The increased difference between top and bottom tube
wall temperatures means that the ratio of heat transferred
to the vapor layer to haat transferred to the vapor film
must be increasing with subcooling. Since the film heat
transfer coefficient would be higher with subcooling, thls
effect would be expected. However, the difference was much
larger than that observed in the saturated case. Thls also
indicates that subcooling reduces the heat transferred to the
Vapor.

Since the temperatures at the outlet of the tube with
subcooled flow greatly exceed the maximum temperature anywhere
on a tube with saturated flow, the effect of subcooling on the
heat transferred to the vapor layer must be very great. To
account for this effect requires more than a small reduction

in the vapor layer heat transfer coefficient.

When the vapor layer starts to grow near the tube lnlet,
the boundary layers developing at the tube wall and at the
horizontal interface are probably laminar., However, as the
vapor Reynolds number increases due to vapor formation, the
boundary layers could become turbulent.

The rate of vapor formation 1s greater when the liquild
flow 1s saturated., This means the disturbancea in the vapor
layer are greater than would occur with a subcooled liquid
flow. Greater disturbances in the boundary layer can cause
a transition to turbulent flow at lower vapor Reynolds numbers.
Under these conditions, the vapor layer would become turbulent

at much lower vapor Reynolds numbers.
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Subcooling could result in condensation at the horizontal
liquid-vapor interface. The boundary layer could remain
stable to very high vapor Reynolds numbers under these con-
ditions.

Heat transfer coefficients in the vapor layer would be
many times higher for turbulent flow than for laminar flow at
the same Reynolds number., This effect 1s large enough to
account for the much higher tube wall temperatures observed
with subcooled flow.

In order to predict the tube wall temperature distribution,
it would be necessary to develop a criterion to determine the
heat transfer coefficient in the region of transition from
laminar to turbulent flow. Such a relation must include the
offect of subcooling on transition, No method has been devel-
oped as yet to predict this transition.

Since a criterion was not developed to predict transition,
only the limiting cases can be determined from the theory.
With saturated liquid flow, the transition would take place
close to the tube inlet. It was assumed that the vapor layer
was turbulent for a saturated liquid flow,

With high subcooling, 50°F for these experiments, the
vapor layer was assumed to remain laminar over the entire
length of the tube.

It was necessary to assume a bulk temperature in the vapor

layer to make these calculations. An analysis was made to
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determine a value for the bulk temperature by considering
the conditions at the iInterface. This analysis showed that
the bulk temperature was approximately half way betwsen the
tube wall temperature and saturation temperature for both
subcooled and saturated liquid flow. This value was used in
the calculations,

The bulk temperature effect, although in the right
direction, was not large enough to cause the increased tempera-
tures with subcooling. Since the predomirant effect appears
to be the transition from laminar to turbulent flow, the
effect of changes in the bulk temperature in the vapor layer
were neglected. To determine temperature distribution for
intermediate amounts of subcooling, this effect might have to
be included in the analysis,

The model chosen for subcooling was discussed completely
in the theoretical section. The effects of other assumptions
in the theory were discussed in detail by Kruger (ref., 12).

The results of the analysis made with these assumptions
are shown in Figures 12 through 22, For the limiting cases,
the analysis shows good agreement with the experiment,

The calculations compare favorably with experimental
results with respect to:

l, Temperature level,

2. Temperature distribution around the tube,

3. Rate of change of temperature along the tube, and

4o Relative level of temperatures along the tube for

subcooled flows with respect to saturated flows.



B, Summary of Results and Conclusions

1. Experimental results are presented for film boiling
with subcooling of the liquid flow for Freon-113 flowing
inside a horizontal tube.

2. A theoretical model was developed which explains the
effects observed with subcooled liquld flow. Calculations are
presented for saturated and highly subcooled liquid flows
which appear to represent, with a certain degree of accuracy,
the results observed in the experiments, The analysis cannot
accurately predict the effects of intermediate values of
subcooling,

3, Both the theory and experimental investigatlons werse
limited to the region in which the mass flow of vapor is
small compared to the total mass flow.

4. The region in which the theoretical model appllies
was not determined.

5, Visual observation confirmed many of the basic
assumptions made in the flow model.

6. Near the tube inlet subcooling the liquid decreases
the tube wall temperature, while 1t increases the tube wall

temperature downstream,



NCMENCLATURE

English Symbols

A
84, by
b

C

N ~ T Mm

o] vw & X

(q/A)
(a/A)

H 9

< <

Area
Non-dimensional parameters
Thickness of the vapor film
Constant

Specific heat at constant pressure
Diameter

Equivalent dlameter

Friction factor

Acceleration of gravity

Heat transfer coefficient

Electric current

Thermal conductivity

Thermal conductivity of the steel tube
Length of the tube

Pressure

Heat transfer rate

Heat transfer rate per unit area
Mean heat transfer rate per unit area
Radius

Temperature

Thiclmess of the tube wall
Velocity

Velocity of the liquid at the test section inlet



w = Mass flow rate

x = Distance from the tube inlet

Xm = Non-dimensional tube length-flow rate factor

v = Distance from interface to the tube wall in the vapor
film

Creek Symbols

/!

m
-

>

Interface angle shown in Flgure 7

Experimentally determined coefficient related to
velocity at liquid vapor interface in film region
Averaging factor for the local boiling heat transfer
coefficient

Emissivity of the tube surface

Angle from the bottom of the tube shown in Figure 7

Latent heat of the liquid

/’
X = Average heat content of the vapor
A4 = Viscosity
( = Non=-dimensional number
~ = Density
’
#?” = Electrical resistivity
Jg = Stefan-Boltsman constant
Subscripts
B = Refers to a temperature in tube wall conduction equations
c = Convection

co

Convection in the absence of radiation



TN

LB
LV

RAD

Vb
VF

Yoo

Temperature of liquid at tube inlet
Horizontal liquid-vapor interface
Liquid

Local conditions in the bolling rezion
Local conditions in the vapor region
Radial

Radiation

Saturation temperature

Refers to surface area

Refers to subcooling

Total

Vapor

Refers to vapor layer at top of tube
Refers to vapor film region
Conditions at the tube wall
Evaluated in the region

Evaluated in the region
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APPENDIX A
Velcocity Profile in the Vapor Film

A parabolic velocity profile was assumed in the vapor

film, The general form of the equation 1s

\'4
F‘—c fc -;-C (_) (A-1)

where v 1s the average vapor velocilty in the film, y is the
distance from the iInterface to thes tube wall, and b 1s the
film thickness,
The veloclity, V, at the tube wall must be zero.
V=0 .at y=p5 (4-2)
The average velocity must satisfy the condition
L %d(L) =, (4-3)
A third condition can be obtained for the total shearing

stresses on tne vapor
T = dV) ~ (dv
W /@V [ d‘/)yza d-——-‘l )‘I=b] (A-L)

The constants in equation (A-1l) can be determined from
the boundary condition given by (A-2), (A-3), and (A-L4). The

equation that results is

\'4

==2(-9 )_ bTwr y y \4 (A=5)
b 77 { b (b) )

The 1limits on the shearing stress can be determined. If

the 1liquid at the interface 1s rigid, then

)7_0 ( )’ 5 (A~6)
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and the maximum shearing stress 1is

n'-,-max = 124,V (A=T7)
If the 1liquid is considered frictionless at the inter-
(dv) =0
dqy /4=0 (A=8)
and the minimum shearing stress 1is
Twr = 3’”2/" (2-9)
The coefficientp“is defined as
3 = Cwrb (A=-10)
SN Z 22

The 1limits o§<?'are
%5’4135 6 (A=11)
Kruger (ref. 12) determined that the best experimental

correlation is obtained wheg<?’= 1.4,

Substituting (A-10) into (A-5) yields

. 2
- =2(,_bi)_:?L,€/3{/..y.Z_ +3/Z‘!—) ) (A-12)

The veiocity at the liquid-vapor interface is
Vzf2-1 073)Vv (4-13)
(2-4,077)V
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TABLE OF EXPERIMENTAL RESULTS

The double subscripts in the following table indicate the
location of the tube wall temperature measurements 1in the
following manner,

A. The first subscript refers to the position of the thermo-

couple along the tube as shown below,

Subscript X - ft.
1 0.083
2 0.27
3 0.50
L 0.75
5 0.98

B. The second subscript refers to the position of the thermo-
couple around the tube as shown below,
b - Bottom of tube wall
t - Top of tube wall
m - Arithmetic mean of top and bottom tube wall

temper 1ture



TABLE OF EXPERIMENTAL RESULTS

Run No. 1 2 3 L

V, - ft./sec, 1.85 1.85 1.85 1.85
I - amps. 253 al7 27 253
(q/A)- Btu./hr.rt.° 13680 13100 13150 13800
P - psig. 6.5 5.5 5.5 5.5
Tg - °F 139 136 136 136
T, - °F 126 119 117 117
(Tg-Tp) = °F 13 17 19 19
(T1p-Tg) - °F 458 457 472 475
(T14=Tg) - °F 510 526 526 530
(T1p=Tg) - °F L8y  L92 499 503
(T2p-Tg) = °F 540 530 547 547
(To4=Tg) - OF 596 608 608 612
(Top=Tg) = °F 568 569 578 580
(T3p-Tg) - °F 544 539 556 560
(T34=Tg) = °F 600 618 618 622
(T3,-Tg) = °F 572 579 587 591
(Typ-Tg) = °F 540 539 556 560
(Ty¢=-Tg) - °F 598 622 622 629
(T)ym=Tg) - ° 569 581 589 595

F

F Suh S49 565 573
(Tgy-Tg) = °F 598 631 631 639

F 571 590 598 606

1.85
253
13820
5.5
136
116
20
479
532
506
552
612
582
565
62l
595
565
633
599
577
641
609
(Con't)

jo~

1.85
256
14150
.0
131
103
28
55
505
L80
531
591
561
567
634
601
578
657
618
587
668
628
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TABLE OF EXPERIMENTAL RESULTS

2un Xo. z 8 9 1 1 12

V, - ft./sec. 1.85 1.85 1.85 1.85 1.85 1.85
I - amps. 265 271 274 268 265 268
(;72)- Btu./hr-ft-2 15420 16200 16620 15900 15400 15900
P - psig. 6.5 6.0 6.0 6.0 6.0 5.0
Ty - °F 139 137 137 137 137 134
T, - °F l22 117 117 117 117 104
(Tg-Tg) = °F 17 20 20 20 20 30
(T1p-Tg) = °F 519 536 551 546 512 532
(T14=Tg) - °F 579 594 611 604 572 592
(T1p=Tg) = °F Sy9 565 581 575 Sh2 562
(Top=Tg) = F 600 611 626 617 585 593
(T54=Tg) = °F 660 670 687 679 645 656
(Top-Tg) = °F 630 641 657 648 615 625
(T3p=Tg) = °F 605 617 630 623 594 622
(T34-T4) = °F 6L, 679 691 685 653 69l
(T3p=T,) = °F 635 648 661 654 624 658
(T}, p-T,) = °F 605 617 630 623 598 639
(T),=Tg) = °F 66ly 687 700 691 666 720
(Tym-Tg) = °F 635 652 665 657 632 680
(Tgy=Tg) = F 605 625 641 632 611 650
(Tgy-Tg) = °F 66, 691 704 700 679 732
(Tgy=Tg) = °F 635 658 673 666 645 691

(Con't)




TABLE OF EXPERIMENTAL RESULTS

Run No. 13 1 15 1. 17 18
Vo - ft./sec, 1.85 1.85 1.85 1.85 1.85 1.85
I - amps, 265 265 277 280 283 277
(372)- Btu./hr.ft.2 15500 15,420 17270 17820 18150 17300
P - psig. 4.5 3.5 6.0 5.0 5.0 5.0
Ty = °F 133 130 137 13k 134 13k
T¢ - °F 102 8y, 112 102 98 100
(Tg-Tg) = °F 31 L6 25 32 36 3h
(T1,-Tg) = °F 516 485 598 605 597 S84
(T14-Tg) = °F STk 536 657 665 656 68
(T1y-Tg) - °F 545 511 628 635 627 616
(Tpy-Tg) - °F 585 566 662 656 650 643
(Toe=Tg) = °F 6hly 635 725 720 716 707
(Top=Tg) = °F 615 601 694 688 683 675
(T3p=T,) = °F 623 609 666 686 688 682
(T34-Tg) = °F 696 681 729 760  76L 758
(Ty,=T) = °F 660 645 698 723 726 720
(T),p=Tg) - °F 636 626 666 701 701 695
(T),4-Tg) = °F 720 711 743 791 791 787
(Tym=Tg) = °F 678 669 705 46  Th6 T4l
(Tgy-Tg) - °F bty 643 683 715 713 711
(T5g-Tg) = °F 729 732 755 800 805 796
Ton=Tg) = °F 687 688 719 758 759 754

(Con't)




TABLE OF EXPERIM=NTAL RESULTS

Run No, 19 20 21 22
Vo - ft./sec. 1.8 1.85 1.85 1.8%5
I - amps. 277 295 295 250

S 2
(a/A) - Btu./hr.ft. 17070 19780 19600 13220

P - psig. 3,0 7.5 7.5 6.0
T, - °F 127 U1 11 137
Te - °F 77 121 121 123
(Tg-Tp) - °F 50 20 20 1l
(T)p-Ty) - °F 509 619 603  L60
(Ty4-Tg) - °F 552 679 658 512
(Typ=Tg) - F 531 649 631 U486
(Top-Tg) = °F 608 698 687  S1Y
(To-Tg) - °F 680 764 753 576
(Top=Tg) - °F ehly 731 720 545
(T3,-Tg) - °F 659 692 675 506
(T34-T) - °F 739 W6 725 564
(T3p=T4) - °F 699 719 700 535
(T)p=Tg) = °F 68L 687 666 512
(T -Tg) = °F 773 746 721 568
(Tiym=T,) - °F 729 717 694 5Lo
(Top=Tg) = °F 706 683 658 521
(Tgy-T,) - °F 798 Th2 713 572
(Tgy-Tg) = °F 752 713 686 547

23

1.85
262
14880
6.5
138
123
15
503
563
533
563
627
595
563
627
- 595
576
635
606
582
6440
611

(Con't)

56

24

1.85
265
15290
6.5
138
123
15
507
567
537
567
635
601
567
635
601
580
644
612
588
6L 6
617
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TABLE OF EXFPERIM=ENTAL RESULTS

Run Yo, 25 2 21 28 29 30
V, - ft./sec. 1.5 1.85 1.85 1.85 1.85 1.85
I - amps. 265 271 265 271 241 289
(a/A)- Etu-/hr-ft-z 15210 16020 15250 16210 12220 18800
P - psig. 6.5 6.5 6.5 6.5 3.0 3.0
T, - OF 138 138 138 138 125 125
7, - °F 108 104 102 123 110 73
(Tg-Tp) = °F 30 3y 36 15 15 52

F Lss 473 LLé 539 L33 529
F 528 528 503 597 L85 593
(T1m-Tg) = F 492 501 475 568 459 56l
F 520 533 524 595 503 6l
F 593 610 593 661 556 716
(Tpp=Tg) = °F 557 572 559 628 530 680

(T3p-Tg) = F 554 576 563 608 511 682
(Ty,-T,) = °F 635 656 6 673 586 758
(T3y=Tg) = °F 595 616 604 641 534 720
(T),p-Tg) - °F 588 610 597 622 515 712
(T, ,~T ) = °F 669 690 682 690 571 800
(T)yp=T4) - °F 629 650 64O 656 543 756
(Tey,-T,) - °F 610 631 618 637 535 746
(Tgy=Tg) = F 694 716 707 703 593 839
(Tgy=Tg) - °F 652 674 663 670 56 793

(Con't)
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TAELE OF EXPERIMENTAL RESULTS

Run Yo, N 32 0B
v, - ft./sec. 1.85 1.23 1.23

I - amps. 289 283 283

(a/A)- Etu./hr.ft.° 19050 18000 17660
P - psig. 3.0 5.5 5.5
T, - Op 125 136 136
Ty - °F 102 130 90
(Tg-T¢) - °F 23 6 L6
(T1p-Tg) - °F 593 586 L6l
(T1¢-Tg) = °F 657 637 509
(T1m=Tg) - °F 625 612 L8s
(Top-Tg) = °F 686 68, 556
(T,4-Tg) = °F 750 751 635
(Top-Tg) - °F 718 718 596
(T3p-Tg) = °F 720 692 603
(T34-Tg) - °F 784 751 686
(T3q=Tg) = F 752 722 645
(T, p-Tg) = °F 741 671 650
(T),=Tg) = op 822 730 W7
(Tym-Tg) = °F 782 701 699
(Tgy=Ty) = °F 767 646 701
(Tgy=Tg) = °F 8L7 701 803

F

807 67k 752
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Figure 1 - Film boiling of Freon-113 in a
horisontal tube with Vo = 1,85 ft/sec.
The flov is from left to right.
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Figure 6 ~ Quantitative test section and parts
of the control and circulation systems.
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-
Top and Bottom Tube Wall Temperatures
- = 1,85 ft/sec
q/A = 15420 Btu/hr-rtl
Experiment
- 'O - Top = (Tg-Tp) = L6°F —
O - Bottom = ('r,,-'r ) = L6°F
a -'Top-(T-T)=1°F
A - Bottom - ('r,-'rr) 17°F
~ Theory o =
A = Top - (T4-T¢) = SO°F
B - Bottom - ('r -T,.) = S0°F
. C .- Top - (T, -T)§o°F -
D - Bottom - ('r,-'rf) 0°F
] | | | 1

0.2 0.4 0.6 0.8 1.0
Distance from inlet end - X/L

PIG. 12 TEMPERATURE DISTRIBUTION WITE X/L



Temperature differonce - (Twall-Tsat) - °p
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0

Top and Bottom Tube Wall Temperatures

V, = 1.85 ft/sec

. Q/A = 17170 Btu/hr-£t
Experiment
Q- Top = (Tg=Tr) = 50°F
— ‘ 8- Bottom - (Tg-Tg) = SO°F
. - Top = (Tg=-Tr) = 25°OF o
Q - Bottom - (Tg=T¢) = 25°F
Theory _
A - Top - (T,-T,) = SOOF
B - Bottom - (Tg=Tp) = SO°F
C « Top = (Tg=-Te) = OOF
D - Bottom - (T4=Tg) = OOF

. 1 ] 1 1 1

0.2 o.L 0.6 0.8 1.0
Distance from inlet end - X/L

PIG. 13 TEMPERATURE DISTRIBUTION WITH X/L



?emperaturo differonce - (Twall-Tsat) - Op

68.

900 |
800 | —-—
700 | -1
600 —
500 —
400 Top and Bottom Tube Wall Temperatures
Vo = 1.23 ft/sec ]
Exporimont
300 Broken Line - ? = 17660 Btu/hr-ftZ =
T,-Tr) = }6°F _
Sol1d Line ?/A = 18000 Btu/hr-rta
200 [~ Ta-Tr) = -
100 ™ -
I | l |
0 0.2 0.4 0.6 0.8 1.0

Distance from inlet end - X/L
FIG. 1} TEMPERATURE DISTRIBUTION WITH X/L
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Q'w»>

Mean Tube Wall Temperatures
Vo = 1.85 ft/sec
q/A epproximately 15250
Exporinont

0

A - 3/A = 15250 Btu/br-ft°
?T'-Tf) =" 360F

B - ?/1 = 15210 Btu/hr-rt2
Tg=Tg) = 30°F

2
C = g/A = 15290 Btu/hr-ft
?4 -Tf) = 1 OF

| | | | I

-

0.2 0.4 0.6 0.8 1.0
Distance from inlet end - X/L

PIG. 1S TEMPERATURE DISTRIBUTION WITH X/L
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Mean Tube Wall Temperatures

Vo = 1.85 rt/sec

a/R approximately 15420 Bl:u/tu'--t't:2

Broken Line - Theory

— A - ?73 = 15420 Btu/nr-fté

T4-Tg) = SOOF

Cc - ?71 = 16,20 Btu/hr-rt
- (T4-Tg) = O°F

So0l14d Line - Experiment

B - ?71 = 15,20 Btu/ar-ft°
Ty=Tg) = L6OF

D - ?71 = 15400 Btu/bhr-ft2
Tg=Tg) = 20°F

— E - ?71 = 15420 Btu/br-rt2
T

0.2 o.L4 0.6 0.8 1.0
Distance from inlet end - X/L

PIG.16 TEMPERATURE DISTRIBUTION WITH X/L
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900

800

700

600 |

1.

l
\
HuHimQ@EHooOw»

Mean Tube Wall Temperatures

Vo = 1.85 rt/sec

oo
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100 3 13220

0

| | | | |

0.2 0.4 0.6 0.8 1.0
Distance from inlet end = X/L

PIG.17 TEMPERATURE DISTRIBUTION WITH X/L
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PIG. 18 TEMPERATURE DISTRIBUTION WITH X/L
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13
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yoo — (Tg-T¢) espproximately 25°F -1
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PIG. 19 TEMPERATURE DISTRIBUTION WITH X/L
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PIG. 20 TEMPERATURE DISTRIBUTION WITE X/L

Distance from inlet end - X/L
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Vo, = 1.85 :t/soo
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300 — ?T,_Tf) = 32°F .
B -g/A= 15900 Btu/br-rt2
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D - q/A = 15420 Btu/br-£t>
100 ?4‘-Tr)52 h6°Fu/ =
| | | | |
0 042 0.4 0.6 0.8 1.0

Mean Tube Wall Temperatures
V, = 1.85 ft/sec
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Broken Line -~ Theory
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'-Tf ) = SOOF
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TS
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. 8o0lid Line - Experiment
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PIG.22 TEMPERATURE DISTRIBUTION WITH x/L



