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Chapter .V

- Heat Transfer and #ilm Boiling

introjuction

-

1t is a matter of common experience that when a red
hot metal is gquenched in wabter, the metal first cools.
slowly, then rapidly and then slowly again. Tﬁis can be
taken as a good illustration of the three possible‘types
of boiling, vizgi- Film boiling, Nucleate boiling and
Natural convection poiling. Film boiling is that type
of boliling which occurs when a vapour film exists
between a heated surface and a bolling liguid. 1n<nucleate
boling, vapour bubbles originate from different parts of
the hesgted surfaces. nabtural convection boiling takes
place when the difference of temperabure between the

heated surface and the liguid is small. in the operationy

&%ijets and rockets, there are Irequent contacte bebween

o

a boiling liguid and a hot surface and this is the
condition for film boiling. In an electrically heated
boiler or an atomic power plant where the heat input is
the controlled veriable, there is always a danger that
the temperature of the heated object may rise abrupbly
if the heat inpub is near the critical heat f‘lux(‘f/ﬁ\) .

This danger becomes much more pronounced if the value of
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the heat inpubt is abvove the maximum heat flux (‘aalm&x

1f the abrupt temperature rige ig sufficiently large,

it may give rise to sudden expansion and weakening of

cerbain parts of the system, sometimes causing breakage.

In view of the above importance of film boiling and
nucleate boiling, we have tried (1) o investigate the
effect of quenching electrically heated wires in
different ligquids and (2) to study the heat transfer Ty
means Of.characteristic boiling curves (incorporating
free convectbion boiling, nucleate boliling and film
boiling) between cylindrical metal wires and boiling

llQUié.S .

Drew and Méiler and others (1937) have studied heat
transfer o boiling liguids by steam condensing method.
Niukiyama (1934) succeeded in obtaining almost corplete
boiling curves by electrically heating thin plabtinun
wires submerged in boiling wabter. Nabural convectbion
boiling and nucleate boiling of water for different
pressures have been studied by Addoms (1954) using thin
plabinum wires. Extensive study of film boiling i made

by Bromley (19850) using various organic liguids.

During our study of heat transfer, we have oObtalned

characteristic boiling curves for a number of liguids
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and the results of our experiments on heat transfer
between cylindrical metal wires and Poiling liguids
have been described in this chapter. The complete
boiling curves (zglots 3y [03 ( ?'/,4) againgt LO? AT )
for the various liguids used have been obtained for ’
different wires, ani the maximum heat flux ani the
criticel temperavure difference have been calculsteds
The heat flux (‘?//A) for unit difference of temperature
between the wire and the surrounding liquid is known
as the heat transfer coefficient K o ‘Lhus A =2

_ A AT
The relation Petween this coefficient /{ and the

temperature difference A7~ has also been studied for
liguids such as waber, carbontetrachloride, turventine
etc., and some typical results have been graphically

illustrated (fig.2z )

Zxperimeubal

The experimental arrsngement consisbed of a simple
wheatstone bridge with ratic arms of 1000 ohus each.
A thin platinum wire which was submerged in the boiling
liguid was included in the third arm of the bridge in
series with an ammeter, while a small rheostat and a
Bureks wire bridge with a sliding contact formed the

fourth arm of the bridge.(Figt)
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Fio. 1
The platinum wire was allowed 46 remain in the boiling

liguid for some time before passing a current throuéh it
80 that it attalned the temperatureabf the Poiling liquid.
The resistance of the wire could then be calculated ab
this temperature if R, , the resistance of the wire.
at 09 and 4 , the temperature coefficient of resisbtance
for the wire are known. a Vvery small current wnich does
not heat the wire appreclably, was then passed through the
wire and a balance was oObtained by adjusting the rheostatb
and by sliding the contact on the sureks wire bridge.

Thie current through the wire was then increased so as to.
raise ite bemperature. This increases the resistahce&_of

the wire, thus disturbing the balance previously obtained.

£
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the contact is now shifbed so as t0 restore the balance,
Knowing the value of the shift and also the resistance

ber unit lengtih of the Hureks wire, the change in
resistance AR of the platinum wire could be calculabed.
The excess of tenperature of the wire above the boiling
point of the liquid could then be determined by means

of the relation
AT = _AR _
Ro &

Begults and digcussione.

N
. X c
the input power ¢ is equal to —3_& where

G is tne‘cur:r'en'b passing through the wire, R is its
resistance and J4 is the mechanical eguivalent of heat.
The hegb flux is given Dy ( @/ A ) wherse 4 is the
surface area 27Wr L  of the wire or length Z and
radivug Y . &xperimental curves showing the variation
of (Q/A} with the excess of temperature A7 as
also the relstion between the heat transter coefficient
(I\ = & ) and A7  for water, carbon-

A AT
tetrachloride, bturpentine etc., using thin wires of

platinum, coprer and tungsten are given in figures =z

to o
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Materials g Flatinum

e

used &
§ Water
iog @/A iog h Iog AT
0.0869 1.5734 0.5135
0.4449 1.5414 0.9035
0.7001 146152 1.0849
0.9001 T.6608 1.2393
1.0594 1.8020 1.2574
141949 1.9066 1.2883
1.,1032 1.2600 1.8432
1.,1018 1.2381 1.8700
1.1254 1.1742 1.9492
1.1526 1.1364 2,0162
1.1670 1.0928 2,0742
1.1952 1.6099 2.1253
1.2087 1.0376 2.1711
1.2859 1.0234 2.2125
1.2485 £.9982 2,9503
12980 2,9508 2.3472
Zable 2.
Materials | Platinum
used &
LTurventine

log q/A ilog h log AT
1.5651 2.7506 0.8145
1.9219 2.8816 1. 0403
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Table 2 {(continued)

Iog g/A log h - log AT
0.1760 ' 2.9963 1.1797
0.3794 2.9882 1.8912
0.5449 1.0434 1.5015
0.6814 1.1448 1.5366
0.7989 §s2440 1.5549
0.9028 13330 1.87256
0.9552 14092 1.5860
1.0780 T1,4920 1.5860
0.9523 T.1792 1.7732
0.9790 1.0298 1.9492
1.0043 29301 2.0742
1.0283 28572 201711
1.0784 2.8281 2.2503
1.1089 247917 23172
. 1.1293 247541 2.3752
1.1491 2.7228 24283
141677 206956 2.4721
102164. 2&0954 205230
1.8763 2.6980 2.5783
1.3414 2.6989 2.6425
1.4075 247008 2.7067
14540 27187 2.73582
Lable &

¥aterials % latinum
used

Iog q¢/A Iog h Iog AT
1.6093 1.2921 0.3172
1.9668 1.0797 0.88%71
0.2219 1.0966 1.1253
0.4229 1.0968 1.3234
0.5869 1.1610 1.4859



Table 3 (onbinued)

Iogb g/A iog h Iog AT
0.7264 1.2189 1.5135
0.8448 ;.2828 1.5620
0.9482 1.3723 1.5759
10407 1.4513 1.5894
0.9861 1.2130 1.7731
0.9914 1.0422 109492
0.9947 2.9205 2.0742
1.0268 28057 2.1711
1.1034 206540 2.4494
1.1587 2.6670 244917
1.2106 2.6829 2.5277
1.2565 247044 25521
1.3052 267209 20843
1.3581 207512 2.6269
1.4075 267445 2.6630
Lable 4
Matberials §| Platinum
used & N
I Carbonbetrachloride

Iog g/A log h Tog AT
1.4566 3.8084 0.6482
1.8263 Z.5833 1.2430
0.0791 32,7809 1.2988
0.2706 1.0132 1:.2574
04290 1.1716 1.2574
0.5628 T1.3054 1.2574
0.6808 1.3892 1.2916
0,7832 1.4916 1.2916
0.8392 1.5476 12916



‘Table 4 {(continued)

log q/4 Iog h log AT
05073 209560 1.5513
0.5818 2.6326 1.9492
06277 2.4566 2.1711
06797 25625 2.3172
0.7126 2.2863 204263
0.7881 242363 2.5581
0.9046 242390 2.6656
0.9953 2.2689 2.7324
1.0883 202849 2.8034
1.1596 2.5164 2.8432
1.2249 £.3%489 2.8760
1.2760 243849 2.8911
13177 2.4222 2.8955
Table 5
Maberials | Gopper
used 2 &
Turpentine
iog o/A log h iog AT
1.9830 .1.0588 0.9242
0.2402 1.0471 1.1931
0.4421 1.0707 1.3714
0.6085 1.1144 14941
07445 1.2182 1.5263
0.6620 1.3175 15445
0.9644 14199 145445



Tablz 5 (continued)

iog q/A iog no iog AT
1.0204 1.4759 1.5445"
0.9274 1.0158 1.5116
0.9401 2:9579 1.9822
0.9798 2.8215 2.1583°
10870 2.7537 22833
1.0810 247008 2.3802
1.1325 26731 2.4594
1.1714 246451 2.5263"
1.1988 2.6145 245848
Table 6
Materisls § Copper
used. ! &

Iog g/A leg h Iog o7
0.0315 1.1199 0.9116
0.2887 1.0825 1.2062
0.4875 1.0820 1.4055
0.6531 I.1866 1.4665
0.7895 1.2790 1.5105
0.9105 1.3517 1.5788
1.0144 104141 1.6003



- Table 6 (continued)

Iog g/A log h iog AT
0.9702 2°9880 1.9822
0.0027 28694 2.1583
1.0917 2.8084 22833
1.0925 2.7183 2.3802
1.1522 2.6928 244594
1.2092 2.6829 2.5263
1.2687 2.6794 2.5843

Table 7
¥aterials | Lungsten
used P &
I Turpentine

Iog g/4A iog h Iog AT
0.0065 1.2907 10,7958
0.2687 12736 0.9761
0.3881 1.2369 1.1512
0.5085 1.2520 1.2505
016134 1.3035 1.5099
0.7104 1.3101 1.2003
0.7978 143407 1.4515
0.8758 1.3810 1.4948
0.9485 1.4132 1.53H5



Teble B (conbinued )

Iog g/A - log‘h _ loé; AT

1.0193 71,4158 1.6035
1.0849 1.4291 1.6558
10664 1.2217 1.7447
1.0808 1.2392 1.8416
1.1095 1.1887 1.9208
1.1505 - 1.1048 2.0457
1,1633 1.0065 2.0968

Table 8

Faterials § Tungsten

used § W&
§ Napbhalene
Ieg o/A og h Iog oT
0,1430 1.2600 0.8830
043037 1.3098 1.9939
0.4400 71.3480 1.0920
0.5876 1.4160 1.1426
- 0.6672 1.3456 - 1.3216
0.7606 1.4032 1.3574
0.8452 14490 1.8955
0.9270 1.4380 1.4890
1.0012 , 1.4487 1.5525
1.0673 1.4933 1.5740

1.0979



Table 8 (continued

Iog ¢/A Iog h Iog AT
1.0979 1.5239 1.5740
1,0624 1.3787 1.6867
1.0975 1.2559 1.8416
1.1374 1.1497 1.9897
1.1608 1.0640 2.0968

Table 9
¥aterialg | Tungsten
used i d
§ Carbontetrachloride
Iog g/A Iog h 1og AT
1.9689 1.0270 0.9419
0.1373 2.9575 1.1800
0.2766 5.9746 1.3040
0.4050 2.9724 1.3426
0.4997 1.1557 13440
0.5913 1.2473 13440
0.6741 1.3501 1.3440
0.7504 1.3956 1.3548
0.8198 1.4650 1.3548
0.8849 1.5282 143627
0.9449 1.5222 145627
07119 1.1714 1.5405
0.7599 1.0152 17447
2.8747 1.9208

0.7985
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Table 9 {continued )

Iog /A Inog h log AT
0.8284 2.7827 - 2.0457
1.1188 25038 26150
1.2831 2.4681 2.8150
1.3165 204105 29060
1.4311 . 2.4223 3.0088
1.4866 244513 - 3.,0353
15138 2.4242 %.0893
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coefficient (h) at the peak value are shown in the

following tablei-

Table 10,

glopeg for

g1

Ligqudd © Wire Nat. Muel,
S ), o, (e
Boil,
saber Platinum 0,91 3.25 15.8 199G 0.800
Turpen~-  Plabimum 1.2 3.6 12.02 39.8%¢  0.302
tine
Naftha=  Platinum 0.77 2.8  11.48 39.8% 0.288
lerle ,
Carbon-  Flatinum 0.6  2.57 6.9 19.95% 0.355
tebra=-
chloride
"Platimm & oL} — _
T E‘J.mgsten & Naphthalens'
9 o o .,
3 osg Is
\5‘07} i i

L . L N L
g 10 2 s K3 ] 20

Log (8T)

Fros . 6



Table {1 .
o) or Q ......
Liquid wire Nat. Nucl.
COVe BOilc (/A)HMK (AT)O‘J‘ ( max
- Boil.
Turpentine  Copper 1.0 4.66 10.96 36.3°C 0.302
(BJP.1569G) :
“w #  Tungsten 0.9 1.6 12.6 45.6°C 0,275
Naphthalene Copper 0.83 2.75 10.72 39.8%¢ 0.263
(B.£.215°C) : - '
“ & upgsten 1.0 1.7 12.59 38.02°G 0.331
Carbontetra- Tungsten 0.71 3.0 8.7 22.99¢ 0.355
chloride
(B.P.779G)
. : — 'm
| tungsten & 'GG‘L‘:&] @pper & Naphthalene
~ 3k ~ o0
+3F ig Ff
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When the heat flux exceeds ( / A )ﬂ“ the system

passes from nucleate bhoiling regime to film Tolling
regime after passing through a transient stabe of
unstable film boiling. This unstable (transient) sbate

e dolledy curve. tn e ZA 2 /o,
is shown by(m In the stabe of stable £ilm Dhoiling
a vapour Tilm is Meuween the wire and the liguid.
This film acts as a barrier in which the hest flow is
due more to conduction than t-o convectblon. The formation
of this barrier (vapour blanket) naturally diminishes
the heat flow from the wire to liguld and hence the
value of heat transfer coefficlent h is also decreased

1o

as indicated by the graph§ in figs, These graphs also N
indicate that if the heat flux is still further increased,
My the value of A goes on decreasing Ffurther. 1t can

be seen from the figures that ...
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(a) The maﬁeriayféf the wire do not seem to affect
‘bhe value Of the maximum heat Tlux ( ?’/ﬁ) 4 5O T1UCH
as the thermal provervies of bthe liquid, especiaily
the latent heat of vaporigation.

{b) Lhe continued decreass in the value of 4£ with
the increase of heat flux in the Tilm bolling regime
seems O he due t0 a slight increase in the thickness

of the vagpour f£ilm.

No theory ot £ilm boiling in the case of wires
impersed in a liguid has been given so far, though
Bromley (1950) who studied the phenomsna, with a graphite
tube immersed in waber and some Organic liquidgs,, has

derived a theoretical expression for the heat transfer

coefficient making the following assumpbions.

(1) A conbinuous vapour blankeb of a small thickness
. ‘A exisbs round the bube.

(28) Vapour rises in Viscous flow by buoyant force.

(3) The liguid vapour i terfaee is gmooth in the

sechion where mosh of the heat 1is transfered.

PN
>
-

Rise of vagoour is retarded by Viscous drag on

S
the tube and on the liquid contribubtion of the
liguid drag is unkown: therefore it is included

in a consbtantd to e debermined by experiment:



(5) The amoumb of heat transfer 9 may be assumed
%0 be equal to Tate of evsporationx (hy,t GTea)
where /xﬁ is the latent heat of vaporigzation
and 7, 1is the excess of temperature over the
surrounding.

(6) Kinetic energy and momentum changes in vapour

' film may be neglected.

(7) The temperature T, of the heating surface may
be assumed to be uniform around the tube.

(8) The combined effect of most errors introd.uced\

' by the above assumptions may be corrected by
evaluabing a factor experimentally.

(9) at the liguid vapour interface the temperature

" of the 1iquid my be assumed to be equal to

the sabursbion btemperature.

Ilet us congider a secblon of a tube at right angles
to its axis, and leb the vapour Dlancket of thickness

'a' exist around the tube as shown in figure

Fiown W =



iet f, be the presgure achbing over the horizontal
surface AB of the tube. Consider an element of horizonbsal

thicknesé dz. Let ‘P and P +0Lq> be the angles
subtended by radii of the tube wibth the verbticle. Then

we geb

f’f{‘o —_ 3&3’-' e e - ee= 0
whers }v = the pressure acbing at a surface ab
a depbth 'g' from 4B, ff_ = dengity of the boiling
liguid and 'g' is the accelera’oiop due to gravity. '

Diffrentiasting (1) we get

dp=fgdy - - )
As can De seen from, the figure
3 = RCeog
omel oy = —Rsin P Lo
Hharp | o%::~?ﬁ_&&2~¢iep - - - -3

¥rom assumption (5) for the surface ZRaL? where
[ is the lengbh of tube ‘
‘ &%:‘:A-j'_jc’tw‘-’~"(4)
where dw = rate of evaporation and
h 3 = latent heat of vaporigzation of liquid and
T~ is the excess of temperature of the tube over the

x . b ~
surrounding -ligéid~—~ -~
e
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Again the amount of beat transfer o, can be
expresseé as
o(qr = /\c RLT, 0‘4? ....... {s)
where Ac is the heat transfer coefficient.
Thus we can write . ,
dg = hRLTdp = Ay - - (&)
The heat transfer through the vapour £ilm, is by
conduction, neglecting radiation, and hence

-k
I‘c. — Ky 7)

e - = -

— . -

where kv is the coefficient of thermal conductivity
of the vapour and ‘'a' is the thickness of the vapour
blanketb.
Now forced acting from the flow in film are
(1) Forces due to hydrostatic pressure due to the
vapour
(2) Y¥orces due to viscogity
(3) Forces due bo hydrostbatistic pressure due to
liguid on the surface of the vapour film.
writing the force bdlance equation wilth assumption 6,
we getb
.._..OL'@,___: g,fva(.}-i- JCJC e & 7,
where o(.-f is the presssure due $0 ViscosiTy.
Now according to the theory of flow between varallel

plates
O(-:{’ _ IZEV Roh:?

- 2
a

S- - (9)



where /u is the coefficient of viscosgity of vapour and
V is the mean velocity of the flow of the vapour. If one
plate e.g. the liguilé vapour interface, moves with
vapour vélooity then,

odf = LY Rolgp . - - - -0

or with assumption (4)

dy = BEY Rde _ _ . __ (1)

& 2
where B 1s a constant.

substitubing these values in equation (8) we get,

I 35 (f-F)
- - - = (2}
a? B pv
. Again the mass of the vapour moved per second is
W = fva‘,LV s
A { §one Py (OB )L pomun)
@ BuwW J ---03)

Substitubting this value in equation (7) we get,

3 & s ]
ky ‘j’ ? b ( fL-6,)L ‘3
R (LY
.IB}: W ]
Using equation${6) and (14), we get afber integrating

for ? between the limits ¢ and 77 and W
between limits o0 and W , ==u=ap

" l
w — 1(3.425/)3/[_ {(kugfv(ﬂ“fv)?fiz;ﬁq
o _B""’ /uv /‘;‘3' .

where the factor 2 1lg inbroduced to get W for bobth sides

he =

of the tube. Also from equation (6)
y

88
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- 27TRL T,
W= ke R (O
Eldminating W from eg_uamons(lisf and (16) we geb,

A ,—:_Cmut‘[kv fv (P.- F)j‘f}j o __‘_,,([7),
DM, 7

where D is the diameber of the tube and where

c F— 0-9536

Ve
Equation (17) gives Bromley's expression for the

heat transfer coefTicient ftc in the case of a cylindrical
hollow tube immersed in a liguid. As Bromley himself
has remarked (Bromley 1950) this theory ig not applicable
to very thin wires { 4 0.1 cm. in diameter). However
we have tried to find out how far the formula fits in

with our observabions and we have therefore plotted
log h. against log { ky f(h-1,)7 Kfi '_Lhe plot

.:D/‘v

ig shown in figure i12-.
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which shows that a linear relati?n exists Ppetween
and the Logarithim Qf‘term withqthe brackets

{ K, p, (PL H,)} Lj_—g)} The slope of the curve

comes out to be nearly unity and the constant B works

out t0 be = 4.9 X 10™°, Thus the value of the index n in
Bromley's formula which was 0.25 according to Bromley's
experiments with graphite tubes, comes out to e nearly
unity in the case of our experiments with thin platinum

{0.,01 cm. diameber) wires.
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