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Single-Phase Heat Transfer-|

* Let us now proceed towards establishing methods to
quantify the heat transfer coefficient

* In single-phase turbulent flow, the heat transfer
coefficient can be estimated using the classical Dittus-
Boelter Equation

Nu =0.023 Re"® Pr®+

* The above equation signifies that higher the mass flux,
higher shall be the heat transfer coefficient and hence
higher heat flux for a given wall temperature or lower
temperature for given wall heat flux

» This can be qualitatively represented as shown in the
figure in next slide

e Saturated Boiling A 1 T,
. | Fuid emp. E Annular
* Forced Convective - e e
| v
Heat transfer through oot oly s
= nucleate
fllm Liquid N 51"0 g bailing
./T;clltmp _E é%% moby |
e Mist flow N Tl f| T swoogeavaiing
. A
* Single-phase Vapour O B e
- L liquid o liguid
15:5 4/42

’ Single-Phase Heat Transfer-lI

Effect of mass flux
{x=const))

In (T — Taas)

* We see from the above figure that once nucleate boiling
develops, the heat flux is independent of mass flux for a
given wall temperature

* In other words, Heat transfer coefficient is independent
of mass flux,
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Boiling Incipience-|
* Let us now proceed towards establishing method to
quantify the onset of nucleation

* For a constant heat flux system, we can write
4

Gl 1) Sreen L

* From Energy Balance, we can write

dr, 4'P q'4
V4 B
Pdz =GAc dT, = = =
4 ra At dz  GAc, Gdc,

V4

» Separating the variable and integrating from entrance to
any general point
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Boiling Incipience-ll

/7

q4
:>TB(Z)-TB(0)=GdC z
h~p

* Substituting for Tg(z) from Eq. (2) in Eq. (1), we get

V4

q4
Gd,c,

Sy(2)- Ty 0) = —

=T, (2)=T,(0)+¢'\1/h+4z/Gd,c,)

=T, (z)-T,, =q\I/h+42/Gd,c,)- (T, -T,(0))

sat sat

Ty(z) z 74
q
= [dT, = dz
TB(Q;) B oy Gdhcp
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Boiling Incipience-lll
¢ We had shown the criterion for nucleation was

8oT, v, q”
@, -7.,)= [ =41,
v hy K ’p
* The position where nucleation will begin can be shown

graphically as follows

Ty
| TartATopnu T
T, Note that
L nucleation

T Ty initiates
when bulk is
subcooled

z Znu

* We can obtain a similar condition for constant Ty, case
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Regimes in Subcooled Boiling-I
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"*Slibcooled Boiling-II

* To appreciate the concepts, the
data of Mcadams (1946) is s
shown.
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¢ The near vertical line is the
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fully developed boiling curve

* The line with smaller slope is
the single-phase line

Surfage heat flux, MW/ m?
™

05

Surface heat flux, Btu/hr it3(x10°%)

* The merging curved line is the
partial boiling line

1
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Surface temperature, Ty, *'C

A

In (T - Ta)

* In the region near fully developed SCB, we can expand
and understand the following

* ABEF actual experimental curve
* ABD Single-phase extrapolated
* FEDO fully developed SCB curve extrapolated
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* Often the heat transfer coefficient is taken as the sum of
two contributions, one due to single-phase and one due to
nucleate boiling.

* First let us look at the correlations that are normally used
in fully developed boiling.

* The more common ones are empirical

¢ McAdams Correlation

(T, - Ty, (K ) =22.62(q"( MW /m? >

* Valid for
03m/s<V<Ilmfs, 11 K <AT,,, <83K
2bar<p<6bar, 43 mm<d<12.2 mm

15:311138 and Lottes (1951) Correlation 12/42

(T - T, J(K )= 25(g'( MW /m? )) e
Valid for
11 kg/m?-s < G < 10* kg/m?-s,
7bar<p<172bar, 3.6 mm <d<5.74 mm

Thom et al. (1965) Correlation
Ty -T, )(K)= 22.65(q”( MW /m? ))0'58-17(har)/87

Valid for
51 bar < p < 136 bar

Kandlikar (1998) has a more complex and a recent correlation
Kandlikar, 5 G.(1998). Heat transfer and flow characteristics in partial boiling, fully developed
boiling, and significant void flow regions of subcooled flow boiling. J Hear Transfer, 120,
395401,




1953 Models for Subcooled Boiling-1 1342

* Bowring (1962) proposed a model for the entire range of
partial subcooled boiling as

ro_ ”
Qo1 = Dspr t Dsc
e BCDEEF is actual curve
. . . ingle -phase ! Subcoole
¢ D'is the intersection of SPL Tlae 4 B

curve with fully developed SCB | oo

(Region A)

¢ This heat flux was considered
the heat flux at ONB.

* The fully developed point (E)
was defined such that
q"(E) = 1.4 q"(D) for constant
Ty case (his 1.4 times higher) L

¢

Fully developed
boiling curve
(€q. 517

Surtace heat flux,

'
1 /
Fear ,
T [

! e " ﬁ Fee

Surtace lemperature, Ty

1953 Models for Subcooled Boiling-11 1442
* The points of location of ONB and FDSCB can be

determined as follows
* If single-phase correlation is valid upto the point of ONB,
at ONB we can write

”
q
quB =h;,(Ty.onp - Tp(2)) A Ty.ons _TB(Z))zﬁ @
fo

Also from the FDSCB correlation we can write,

(Tyons T )= C(qZ)NB)" @
Eq. (a)-Eq. (b) impli;,s

q
(Tmt - TB(Z)): };)NB - C(QgNB)”

fo
e Thus, for a constant heat flux case, we can determine
AT, where the ONB will occur

19%% Models for Subcooled Boiling-111">?

* For q’ is constant, the FDSCB point is determined using
the condition that h is 1.4 times, bigger;

(Tw(z)-TB(Z))=LZ}%
¢ Since at FDSCB, |

(Ty(z)-T,)=cld)  [d]
* Eq. (c)-Eq. (d) implies

n
e i)

1533 Models for Subcooled Boiling-1V'¢42

* The empirical method recommends the following

* Till ONB the treatment will be like single phase

¢ Between ONB and FDSCB, the local total heat flux shall
be q,’f,m, = q;/PL + qch , where the second part is obtained by
a suitable FDSCB correlation and the first part is obtained
by q;/PL =h, (T, -Ty(z))

* Beyond FDSCB, heat flux given by FDSCB will be the
total heat flux.

* Because of the sudden change in the form of -
discontinuities will be noticed at both ONB and FDSCB
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* q"sp. shall be computed using the formula given in

* The methodology is straight forward for both heat flux . .
previous slide

specified and wall temperature specified cases. We shall

look at the heat flux specified case * The above value will be subtracted from the applied heat

e The local bulk fluid temperature and wall temperature in flux to get q"rpscs

the single phase regions are obtained by integrating the
energy equation such as the one presented in slides 4-5 * The position where FDSCB will occur can be obtained by
equating the fluid subcooling to that required as required
in Eq. (e) in slide 14.

» Using a suitable FDSCB correlation, we can obtain Ty

» The position of zyyy is obtained by equating the local
subcooling for the bulk fluid to the value required for the

ONB point. * Beyond FDSCB pint, Ty, shall be constant
* From this point onward, the partial SCB method has to be * The variation of wall and bulk coolant temperature for a
applied. The bulk coolant temperature will continue to be case is shown in the next slide

computed by energy balance.

1953 Models for Subcooled Boiling-VII'**? 1953 Bergles-Rohsenow Model 2042

I
Single -phase
 Bergles and Rohsenow aga |
on = i !
(1963) presented an (egond? |
e I
alternate model ; L Fulydesloped ||
1
Tear /A * Heat flux prediction was E |
K done by a composite 3 |
T gr\Lsub- ATy, mode o g L 0 E
T FDSCB E] 1
W, 3 !

| s/, @ \\'\
q” = quL ]+<f/CB<] - IC’>>
Ts e\ YseL .

7 _ 7 ” he Surtace te ‘arr.fw
9o =4qscd Ty ong) s, =h, (T, -T;) e

* ONB was predicted empirically but close to Davis-Anderson

¢ Note that at when q;/CBis very small then q = q;/PL

 When Gscsis very large, then q =dses
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Non-equilibrium effects "%

We have previously seen that wall superheat is required
to nucleate vapour

Davis and Anderson criterion was identified as the
method to identify the location

Depending on the heat flux, nucleation will occur in sub-
cooled state

Although the real quality
shall be more than 0,
equilibrium quality shall
be —ve in the initial stages

As quality builds up, the
real quality and
equilibrium quality merges z
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Correlation for NVG-I

* Stanton Number, St = Nu/(RePr)

gD k p_h __d
k c,uGD Ge, ATGe,

D
¢ Peclet Number, Pe=RePr= St GD = GDc,
k u k
» Saha and Zuber showed that at high Peclet Number,
significant void occurs at constant St, while the same at
lower Peclet occurs at constant Nu

” ”

4 _0.0065 = AT,y =153.8—1—  pes 70000
ATsub—NVG Cp ch

ab =454 = AT, _\vo = 0.0022Q Pe < 70000
A'Tsub—NVG f kf

15:58 Correlation for NVG-Il 2
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1553 Variation of Non-Egbm. Quality*4?

* Having predicted the AT, at NVG, we can compute x at
NVG using
c AT

_p sub—NVG
XNvG =

* This will be negative as wé have assumed equilibrium.
However, real quality will start from O at this point

* The relation between the real quality and equilibrium
quality have been tried in many forms, the most common
is the profile fit model

X.(2)
x(z)=x,(z)— Xe(ZNVG)EXp( —1]
Xe (Z NVG )

* Note that in the above expression X(zyyg) = 0 and x(z)
will become equal to x.(z) as x.(z) increases to a high
value
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¢ For x, > 0 the region is called saturated boiling

* The most popular one for vertical tubes is Chen
Correlation.

e There are several others, such as Shah and Kandlikar.
¢ The last one is a more recent one.
* We shall only discuss Chen Correlation

» Often the concepts are extended into the non-equilibrium
region by using the actual quality

15:53 Chen Correlation-| 26/42

- micr0+ macro

h’micm = hForxterZubers

0.24 0.75 . 045 0497 0.79
Tmt Apsm Cpl pl kl

h forster-Zuber — 0.00122 K hfgo.24lulo.29pgo.24

Pers = W F( X, ) pr’?”

macro

k
h, =0.023Re,”® pr"? j

_G(1-x)d

Re,
H
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Xn=< (I—x) >0.9 <&> . <&> 0.5
x M P

1
F(X, =% For 1/X; < 0.1

F(X,)=2350213+1/X,)7For1/%, > 0.1
S(Re, )=1+2.56X10° Re,"")!

Re, = Re,(F( X, )}'*

155Behaviour of CHF in Flow Boiling-4¥42

* We now move on to get a glimpse of the behaviour of
CHE.

¢ We shall restrict the discussion to circular duct.
Correction factors are available for rod bundles

* CHF will not occur if the wall temperature is below the
saturation point

* Similarly, CHF value will be lower than that required to
get an exit quality of 1.0

¢ While some theoretical models exist, these are not
universal. Most of the correlations are empirical
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* CHEF is primarily dictated by 5 postulated variables, G,
AT, p, D, z (length)

¢ From common sense, the CHF would occur at exit for
constant heat flux case. Hence exit variables should
dictate CHF, i.e., CHF = f (G, h(z), p, D, z) or
CHF =f (G, x(z), p, D, z)

* As energy balance will connect the exit state to the inlet
state, one can use either of the set of variables

* Let us look at the general parametric trends

1553 Effect of Inlet Sub-cooling

* Experiments indicate that b v g

20

30/42

0 L) -

CHF varies linearly with inlet f o Zf’;’? 3’"“;‘; '

sub-cooling

I
* Also at higher mass flux the . / M/,’
CHF is higher s

* However, the same data
replotted as a function of ex1t

//"/ I

(O 9N bt

Bonr » Busn e (x16%

quality reveals gives an L//
. & p 138 bar (2000psia]
altogether different 02 F1om ff;?:,
conclusion ‘
s s ——— "

(Bing), 1 Inlet subcoaling, Mifkg

1953 CHF Plotted with Exit Quality 342

* The CHF varies linearly with
exit quality

e There is a crossover of the
constant G lines at some
positive quality

* Thus, from the graph, the
variation of trends of CHF
with G at low quality is
opposite to that at high quality

15:53 Effect of Length 32/4z
» The effect of length is given by e s bl?“jt mr |
the data shown L /
* Higher lengths have lower CHFE. /
This is expected as the power
increases with length /
i / Atoe 30
* For larger lengths (larger z/D), /r/
the variation of CHF with inlet =" - ’ |
sub-cooling is linear A smerni e i
e T 2fo-3 ‘

e This breaks down for lower
lengths (lower z/D)

» Suggests global effect of the
tube




1953 CHF Plotted with Exit Quality 3342

* An interesting conclusion can be l e
arrived at if the data is replotted o
in terms of exit quality

* The entire data appears to line up N
indicating length has no effect \
(Some scatter is there) ;

* This suggests that the CHF is a Yy
local state phenomenon £ Y

* This point has been debated, but
consensus is yet not there

1853 CHF Correlated with Zgar

* The alternate argument has been
to correlate the CHF to Z,, the
boiling length and argue about
global effects

* Arguments have been made on
the fraction of fluid that is
evaporated before CHF occurs

* The development of flow
patterns seem to influence and
hence strict local/global effect
debate cannot be resolved easily

34/42

15:53 Effect of Diameter 35/42

¢ The influence of diameter of the
tube is as shown

5

¢ Smaller diameters have lower
CHEF for the same inlet sub-
cooling

* Linear relationship between CHF
and sub-cooling is respected by
smaller tubes

* It breaks down with larger tubes

1553 CHF Plotted with Exit Quality

* When plotted with exit quality, et
smaller tube data line up, J \
indicating no diameter effect

* Higher diameter data do not line
up

* Most CHF predictions are
through empirical correlations

¢ We shall see some of them

36/42

RN B L |
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» As stated earlier, several attempts have been made to
correlate CHF through modelling, but most correlations
that are used in computer codes are still the ones that
are empirically derived.

* In the arena of empirical correlations, two types exist:
* Functional Correlations
* Look Up Tables

* The functional correlations exploit the observations of
the experimental trends and arrive at fits

* Look Up Tables just provide experimental data in a
tabular form and interpolate them
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Bowring Correlation

* Bowring’s correlation is one of the most common ones
* The functional form can be arrived at as follows

* From the experimental trends, we can assume that CHF
varies linearly with x.; as

”
Genr = A=B X, .
» Using energy balance, one can write

-, )
m(hexit _hm) = ngFﬂDZ = (hf + xexithfg - hin): e 2 -
G,

_4qEHFZ =X . zm_%
hfg + Ahin - GD exit Gthg h. .

fg

=X

exit
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Bowring Correlation
» Substituting for x; from Eq. (2) in Eq. (1) gives
. 4qt sz Ah,
— A—B CHE® in
qCHF {GDhtg hfg ] .
* Rearranging Eq. (3) gives
Qee| 1+ 4Bz =A+BAhin
GDh,, h, @
A+B Ab,,
* Rearranging Eq. (4) gives Qeyr =% _ .
4Bz
1+
oo

15:53 40/42

Bowring Correlation

* Rearranging Eq. (5) gives

A+B Ahin GDhtgA " GDAhin
o = by __ 4B 4
" 4B (GDh, GDh,,
+z ——+tz
GDh,, { 4B 4B
A4 GDAD,,
4

Ydcur ZW

* Bowring Correlated A’ and C'in terms of G, D and p

10



15:53 . . 41/42
Bowring Correlation
e where
,_ 0.519FGDh,, , 0.077F,GD
14+0.0143F,D"°G 1+0.347F,(G /1356)"

n=2.0-0.00725p

 The units are: " in W/cm?, D and z in m,

G in kg/m?-s, hg, in J/kg, h;, in J/kg, p in bar

* The four empirical constants F,, F,, F; and F, are
functions of relative pressure p=p/69 and are given in
next slide

15:53 42/42

* For p<1 e For P >1
e 5 Exp(20.801—= p)}}+0.917 | F = 503 Exp(0.648(1 - p))
: 1.917
1.309F,

F,= _ A-0448 A
P [ Ep(2.4441— p))] +0300 | Fr =P Exp{0.245( - )}
575 Exp{16.658(1- p)}]+0.667 F, = poo

1.667
F,=F,p"* F,=Fp"®

F, =

* Range of Applicability: 0.15<z<3.7m, 2<D <45 mm
136 < G < 18600 kg/m?-s, 2 < p < 190 bar

11



