Post-Dryout Heat Transfer in Tubes with Uniform
and Circumferentially Nonuniform Heating
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Mgasurements _of wall temperatures under post-dryout conditions with uniformly and
non-uniformly heatéd tubes in the refrigerant R12 are presented. Supplementary to these

measurements a semi-empirical model

spot.

was developed which predicts the temperatures
of the wall and of the superheated vapour and the real o

quality downstream of the dryout

Using the model one has to perform a stepwise numerical integration along the flow

‘path of the droplet-vapour mixture, starting from the dryout spot.
the model is the assumption that droplets are splitted intn smaller

influence of the shear stress in the boundary

with the wall.

Measured and predicted data are compared and give
heated tubes, and a satisfactory one for nonuniform heating.

_The basic idea of
particles under the
layer at the wall and during dry collisiens

good agreement for uniformly
A comparison with data

from the literature measured in water, proves that the model is also valid for this substance.

1. INTRODUCTION

For designing steam generators and for selecting
the material of its tubes the exact knowledge of
the wall temperatures to be expected is of high import-
ance. Once-through steam generators - for example
of the Benson type - have a heat transfer area where
the cooling of the tube walls is produced by a disper-
sed flow with droplets embedded in vapour and with
wall temperatures above wetting conditions. This
situation is called post-dryout heat transfer.

The dryout of the wall is caused by two different
phenomena: Evaporation reduces the thickness of
the liquid film existing before at the wall and also
the entrainment of droplets by the momentum forces
resulting from the vapour flow decreases the amount
of liquid at the wall. Mechanisms of this droplet
formation are described for example by Hewitt 1],
Langner [2] and Mayinger [3].. A large number of
correlations exist to predict’ the onset of dryout,
see for example {11 and [4-9].  In designing the thermo-
hydraulic behaviour of Benson-boilers being operated
at subcritical pressures frequently the dryout correla-
tions by Bertoletti [9] or by Konkov [#] are used.

- In the post-dryout region the heat transport
from the tube wall can be subdivided into the follow-
ing paths: '

a) Convective heat transfer from the tube wall

_to the vapour,

b} heat transfer from the wall to droplets imping-
ing on to the wall by radial movement in
the boundary layer, however, not wetting
the wall {(dry collisions), : :

c) heat transfer from the wall to droplets wetting
the wall for a short time ({wet collisions),

d) heat. transfer by radiation from the -wall to
vapour and droplets. ‘
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The contribution of these heat transfer paths
were studied in detail by IHoeje {10, One of his
important findings was that the heat transport by
wetting droplets becomes negligible small at wall
temperatures 80 K above saturation temperature,
Also the significance of dry collisions is strongly
reduced with increasing vapour quality. So the main
mechanism is the heat transfer from the wall to
the vapour, which is super-heated, and from which
- as a consequence - a thermodynamic non-equilibrium
between vapour and droplets originates. A measure
for this non-equilibrium is the ratio of the real quality

itat and the quality XG,g Which would exist  if

thermodynamic  equilibrium would be present, that
is, if the vapour would notbe superheated or would
‘have given all this superheating to evaporate droplets.

ita‘l: - r
Xcg  Mp,at PFi,s

(1)

In this equation r stands for the latent heat of
vaporization and (hD atD ) is the difference bet-
,fat Fl,s

ween the real enthalpy of the vapour {D) and the
enthalpy of the saturated liquid (F1). Radiation usually
can be neglected with the tube diameters used in
boilers. T ST

In the literature there is a large number of
measurements and correlations presenting the heat
transfer in vertical tubes {11-20]. The correlations
can be subdivided into the following categories:

L. Empirical correlations assuming thermodynamic
equilibrium between the phases,



2. Correlations considering the thermodynamic
non-equilibrium by empiricat factors.

3. Semi-theoretical, non-equilibrium models
calculating the heat iransport stepwise.

A correlation belonging to the second category,
for example, was presented by Groeneveld and Delor-
me |21). Plummer [22] developed a two-step correla-
tion and newer models were presented, for example,
by Ganic and Rohsenow [23 and Chen {24].

2. DELIBERATIONS TO
HEAT TRANSFER
A new model, which upto now is only presented
in the - Ph,D. - thesis of one of the authors [25),
was developed by Schnittger. According to Fig.l
the following energy balance can be established for
a steady state, one-dimensional dispersed flow:

4Q + Mipehpy rar * Mypehye - Wphp op + dB gy (0]
- [Mypohp + d(My hy M= 0 (2
The abbreviations and especially the indices

in this equation and in the following ones are explained
in the nomenclature.

The heat added to the dispersed system .results
from the heat flux density q at the wall.

dQ = 4.m Dj.dL 3}

With the definition M = M . X and by substi-
tuting Equ.(3) in Equ.(Z?one BRSwritd !
codx, : dh
s . tat y . b)
a7 Di - Mges (hD,tat hFl,s) dL ges xtat dbL
Term | Term 2

(4)
In this equation  the first term on the right side

gives the increase of vapour quality due to droplet
evaporation and the energy needed to heat up the
newly produced vapour from the saturation tempera-
ture to the real superheated temperature. In term
2 the enthalpy-rise of the vapour, due to additional
superheating from the wall, is presented.

_ The increase of vapour gquality, which would
occur if thermodynamic equilibrium would exist,
can be calculated from a simple energy "balance:
q.T, Di
dX.  =——— dL {5)
G.g Mges. r

. The change of the real vapour quality is only
depending on the heat additions dQp to the droplets

dQ :

: Tr

dX at = °r ©
es

Re-arranging the Equs. (4}, (5) and (6) we get the differ-

ential equation

PREDICT POST-DRYOUT

Poat.  PG.g . MDitat TFLs R, "
i aL : Moot @ X
(7
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describing the change of vapour enthalpy hD ‘
along the flow path in the tube, starting from RS
spot where the dryout occurs. At this spot we assume
- as starting conditions for the integration - thermo-
dynamic equilibrium between the droplets and the
vapour. However, to start this integration we have
to know the heat transfer between the vapour and
the droplets, and the heat transfer from the wall
to the vapour. For the latter one we can use the
equation by Groeneveld-Delorme:

ap=__ ¢ = _f ooosaes ™ P (Xpar .
T -T... D
w Dytat i g

¢

we can express by re-arr-
differential superheating

g .
D, tat | _ X9 08774 pr 06112
The real vFa|1:0ur quality %

anging Equ. (1) with the

dh of the vapour, starting from the dryout spot
D,tat
Xtat - - r
Xeg ™o * Pp,tar PEL ©
The thermodynamic properties in Equ{8) have to
be selected at the reference temperature T £
_— TW + TE sat
f - 2 (1)

W; have now to discuss the heat transport dQ‘l‘r
before we can integrate Equ.(7): :

The heat transport between the superheated

vapour and the droplets can be treated similarly
to that between a small sphere and a gas flow, how-
ever, with a correction for the saturated vapour
cushion around the liquid droplet.

Such a correction was proposed by Hoffmann
and Ross$ [26] by using the Spalding-number B

I'_b -h
B = tat D,s

r
- (11}
Doing this, one gets for the heat transfer coefficient
at the vapour-droplet interface the equation .

A

A g 0.5 i -
ay, - ﬁ:r:— (2 + 0.459, Re2: . Ped33y (1 4 By 06
r . (12)

with the definition for the droplet-Reynolds-number

Re
Tr DTr " Ep° Wrei

Tp

R =
ST (13)

For small droplets following the vapour flow without
slip we can simplify Equ.(12)

A
D,f

0.
1
T’:DTr ‘2 rs)

The total heat fransported to the droplets in the
tube section dL then reads

) ‘
a (12a)

Tr'

L) - 2 2 -AD { a N «D
- - oLl

dQTr = Crr N DTr (TD,tat Ts) - (i - B)O.S
Tp, tat = T¢) (s



with N representing the number of droplets existing
in this tube section. From the droplet flow N.

& -1 - )
- o
n/6+" Tre8F | (15)

and with the assumption that the droplets' have the
same velocity as the vapour we get N .
C ‘N = g—dL (16)

substituting the vapour velocity in Equ.(lG)Dand intro-
ducing it in Equ.(14) we find

2 2
D, f* D,” . (1-

. 3.2
Qre = . 508 2 Tp,tat™ TS
it P S O (17)

we now need a correlation for the mean droplet
diameter D, at the dryout spot, because the integra-
tion of Equd7) has to start there. Measurements
of oplet diameters are, for example, presented
in - I2]§iand {27]; Using these data, and based on a
dimensionless analysis, the following empirical cor-
relation was developed for the mean droplet diameter
[25] at the dryout spot:

Xiq¢)* 8p* dL

n
D = 6835 . o2 — | (—2Z y 04
~Tr,Do -wDo'pD WDo,'nFl

1-x 0.25 p 0.325 n. 0.1

Do Pp Mgl (18)

In this equation the dimensionless group ofw Do "F 1

represents the ratio between the suriace tension acting
on a droplet departing from the liquid film at the
dryout spot and the shear stress, due to vapour flow
at the same place. The velocity wn, of the vapour

at the. dryout spot can be calculated with the mass
flow rate density m = M;“i.R of the mixture:

m . xDo
Yo = o0 {19)

Principally, we c?uld now start to integrate
Equ.(7} which, however, would comprise the assumption
that the number of droplets along the flow path
through the tube remains constant, unless they dis-
appear due to total evaporation. Comparing results,
calculated this way with measured data, we would
realize that the correlation predicts too high wall
temperatures or too low heat transfer coefficients,
respectively. Therefore, an additional physical pheno-
menon obviously has to be taken into account. One
can think about different possibilities of an incorrect
description of the fluid dynamic behaviour in the
above mentioned calculating procedure. So the mean
droplet’ diameter may not be chosen correctly, or
the assumption that the droplets have the same velo-
city as the vapour may be too conservative. However,
attempts to fit the calculated data to the measured
ones by corrections of that kind would bring the
theoretical and experimental results into line only
within narrow regions, but not over the full length
of the tube where post-dryout heat transfer is present,
and also for a limited set of parameters only.

5o the idea came up that the droplets may under-
go an alteration on its way to the tube. Droplets
travelling near the wall can have dry collisions with
the wall and, due to the steep velocity profile in
the boundary layer, are subjected to a higher shear
stress than in the center of the flow. Both phenomena
may result in a splitting of a droplet into two or
several liquid particles, Larger droplets may lose
its spherical form.

In addition, a droplet in the boundary layer near
the wall is surrounded by a vapour of higher tempera-
ture than in the center of the tube. Even without
wetting, dry collisions produce a higher momentary
evaporation rate than during the transport of the
droplets in the core of the superheated vapour.

Schnittger [25] performed detailed deliberations
on different effects acting ontio the droplets in the
boundary layer near the wall and he came out with
a semi-empirical correlation which takes into account
the increase of the number of droplets and the decre-
ase of the mean droplet diameter, due to droplet
splitting by dry collisions and flow-shear stress. He
gave jhe equation for the change in droplet flow
rate dN versus the differential flow path dL
- » N k D k k

= N 4 Tr) 2 3 1
dN_Kl.N(_N_-)DO o( Dl ,ReD . —6i—a

3
DTr * BT,

—1 J.dL 20)
3
DTr,max'gTr

The maximum droplet diameter
D _ 9 Ve
= 7
r, max = AW2.gn @)

is calculated with the critical Weber-number

Dz 8 'w:el

et 2 TEL 45 2
wekrit o 2l (22)
Integrating Equ.(20} we get
N AL :
lé N( 1+ kq) o, ! De D, ©
D38
e v
D b, T/ 6Dt max8Tr

In a stepwise numerical integration, starting from
the dryout spot, we ‘now can define N, as the droplet
flow rate at the entrance, and N, "as the droplet
flow rate at the outlet of the tubg section dL. We
then can re-write Equ.(23} and get

_(N-03 -7, 1,03 , I¢ 0.3 1L .
N, = { N7 -8.4.10 o )0 (—5;-) i Ren™” .~

2 ND .
.D. .o L i
( 11;;66 Te' 7T Ly ) 0.3

8
D Tr,max'pTr T (2%)
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For the critical Weber-number in Equ.2l) a value
of 7.5was derived from measurements. Combining
Equs.(7), (12a), (14), (15) and (24), we can now perform
a stepwise integration along the flow path through
the tube in the post-dryout region and get the real
vapour quality and the temperature of the superheated
vapour. Returning then to Equ.(8} and by using the
well-known interrelation

Ny
@ =aTy-T) =5~ Tg-T)

we can predict the wall temperature Tw'

(25)

3. EXPERIMENTAL TECHNIQUES

Measurements of heat transfer under post-dryout
conditions were performed with the refrigerant R12
in 6.12 m long tubes of 12.5 and 24.3 mm inner dia-
meter. The principal arrangement of the experimental
apparatus is shown if Fig.2. -

The test section itself the cylindrical tube
- was equipped with several thermocouples measuring
the wall temperature along the flow path. The real
temperature of the superheated vapour in- the test
section was measured with a special thermocouple
arrangement according to Nijhawan [28], which
guaranteed that the welding of the thermocouple
was only exposed to superheated vapour, but not
to liquid droplets. The design of the thermocouple
arrangement is shown in Fig.3.

For uniform heating the tube wall served as
ohmic resistance. With non-uniform heating over
the circumference of the tubes the heat addition
was a little more difficult. As shown in Fig.4, an
arrangement of indirect heating was .chosen. Heating
elements were pressed onto. the upper half of the
outer tube surface by means of an insulating material
and a clamp. Each of the heating elements produced
the same heat flux so that the heat addition was
constant over the half perimeter of the tube within
a certain waviness, The tubes had a wall thickness
of 2,5 and 4.5 mm respectively, depending on the
tube diameter. Therefore, a certain amount of heat
can be tangentially transported by conduction in
the tube wall, flattening the circumferential power
profile. The tangential heat transport is a function
of the thermal conductivity of the tube material
and of the heat transfer coefficient on the cooled
side of the tube. :

4. gg&:ARISON OF MEASURED AND CALCULATED

Measurements were performed with the refri-
gerant RI2 at pressures between 10 and 28 bar,
with mass flow rate densities from 400 to 2400 kg/m?s,
and v;ith the heat flux densities between 1 and 6
W/cm*.  The experimental results are reported in
[25] and [29] in detail. Most of the measurements
were performed with uniformly heated tubes, however
a part of the investigations was also aimed to see
what influence circumferentially non-uniform heating
‘has on the heat transport and whether the opposite
cold wall reduces the temperature of the hot side.

Here, only comparisons between measured and
calculated data shall be given. Boiler manufacturers
are usually not interested in the heat transfer coeffi-
cient itself but more in the maximum wall tempera-
ture to be expected, because its value limits the
design of the steam generating system. Therefore,
wall temperatures will be reported here, instead
of heat transfer coefficients. The latter comprises
also the question of defining the vapour temperature.
For practical use and to avoid unnecessary difficulties,
it is recommended to choose the saturation tempera-
ture of the two-phase mixture - liquid droplets and
vapour - in the well-known formulation q =0 (TW

-VTD,S)' :
4,1 Uniformly heated tubes

The post-dryout heat transfer and, by this, the
wall temperature of steam generator tubes are influen-
ced by the heat flux and the mass flow rate density
of the two-phase mixture, mainly. The tube diameter
plays a minor role. Due to the varying density ratio
between vapour and liquid the radial transportation
of the droplets is depending on the pressure which,
therefore, influences the cooling of the wall, too.
A much stronger effect has the concentration of
droplets in the mixture, however. Low quality, which
means a high droplet concentration, guarantees a
lower grade of thermodynamic non-equilibrium between
the phases than high qualities, because the heat
exchanging area between vapour and liquid and the
thermal capacity of the liquid phase are larger. Low
quality leads to a higher deposition rate of droplets
into the superheated boundary layer near the wall.
In the following, mainly the influences of the quality
x and of the heat flux on the wall temperature
will be discussed and the agreement between calcula-
tion and experiment examined.

The post-dryout heat transfer behaviour is not
only quantitatively but also qualitatively different
at high and at low qualities. At high qualities with
low droplet concentration in the superheated vapour
the wall temperature is continuously increasing behind
the dryocut spot along the flow path of the mixture,
as Fig.5 shows. With Jow qualities, however, the

- heat transfer downstream of the dryout spot can

- temperatures
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due to strong evaporation of
the liquid, as demonstrated in Fig.7. This evaporation
enlarges the specific volume of the mixture and,
by this, the mean velocity is increased, which again
favours the heat transport from the wall. The deposi-
tion rate at low qualities - Fig.? - is much larger
than at high qualities {Fig.5).

even improve again,

Both figures (5 and 7) also convey an impression
how measured and semi-theoretically predicted wall
agree. The semi-theoretical model,
pased on the assumption of droplet-splitting and
dispersion, fits the experimental data especially in
the low quality region, where droplet interaction
with the boundary layer near the wall is dominant.

In both figures the temperatures on the inner
side of the tube - the wall temperature - is plotted
versus the flow path - the length of the tube - with



the heat flux as parameter. As discussed in chapter
3, the real vapour temperature T, was measured
by a thermocouple, which had a ’§S§cial protection
against impinging droplets. The real vapour tempera-
tures, corresponding to the thermo- and fluid dynamic
parameters of Fig.5, are presented in Fig.6.

From the measured vapour temperature one
can calculate - by a simple energy balance - the
real vapour quality, which is also plotted in Fig.6.
Comparisions of these experimentally gained data
- real vapour temperature and, derived from that,
real quality - with predicted ones by the semi-theore-
tical model give satisfactory agreement.

The tube diameter has a negligible small influence
on the heat transfer under post-dryout conditions,
as mentioned before and as a comparison of Figs.7
and 8 demonstrates. .

) The thermo- and fluid dynamic conditions pf
the experiments reported in these figures were similar,
but the tube diameter in Fig.8 is twice of that in
Fig.7. The degree of heai-transfer-enhancement
downstream of the dryout - spot is more and more
marked with decreasing steam quality.

To prove that the model presented in chapter
2 is not only valid for the refrigerants but also for
water, which is the usual working fluid in power
engineering, comparisons were also made with experi-
ments by Kastner [30). The test section used by
Kastner had the same dimensions as that in the RI12
- loop presented here. An example of the agreement

between correlated and measured data [30] is pre-
sented in Fig.9.

Scaling the thermodynamic properties between
R 12 and water with the reduced pressure p/p critical,
. the pressure of 150 bar in the water-data of Fig.9
corresponds to the pressure of 27,9 bar in the Rl%~
data' of Fig.7. Comparing these two figures, one
realizes with water an even more strongly marked
enhancement of the heat transfer downstream of
the dryout spot, which can be explained by the larger
latent heat of vaporisation in water compared to
R12, A more detailed analysis of the semi-empirical
correlation with respect to its validity in water is
presented in [29].

4,2 Circumierentially non-uniformly heated tubes

In a first evaluation of the data measured in
tubes which were only heated from one side, as des-
cribed in chapter 3, it was assumed that the circum-
ferential heat conduction in the material of the tube
wall can be néglected. This means thdt one half
of the tube is uniformly. heated and the opposite
half would be unheated. Under dryout conditions
the temperature of this unheated wall corresponds
roughly to the temperature of the superheated vapour.
Due to the limited number of heating elements -

as described in chapter 3 - the temperature at ‘the

inner surface of the heated side of the tube shows
a certain waviress, as shown in Fig.10.

In the graphs of the following figures this wavi-
ness is smoothed out.
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The course of the wall temperatures on the
heated and the unheated side of the tube is parallel
along the flow path downstream of the dryout spet,
as one can see from Fig.ll.

This parallelism - but not the temperature differ-
ence - is independent from the heat flux. At low
vapour qualities the grade of heat transfer enhance-
ment was much smaller with non-uniform heating
than it was observed with the uniformly heated tubes
before. In this connection, however, it has to be
mentioned that the dryout occurred under non-uniform
heating conditions much later than under uniform
ones at the same thermo- and fluid dynamic condi*ions.
The downstream -~ shifting of the dryout spot - due
to non-uniform heating - can be upto 1 m, as shown
in Fig.12. .

From this figure we also can see that the wall
temperature on the heated side is lower with non-
uniform heating than with the uniform one. This
is caused by a better cooling, which again is a function

of re-distribution of droplets in the vapour.
Finally, an attempt was made to predict the
wall temperature under conditions of non-uniform

heating with the same semi-empirical model - des-
cribed in chapter 2 - as for uniform heating.

Fig.3 gives some information about the agree-
ment or disagreement between measured and caicula-
ted data. The calculation always over-predicts the
wall temperatures of the heated side in this case
which, however, easily can be explained by the fact
that in these calculations the circumierential bheat
conduction in the material of the tube wall was
not yet taken in to account. Therefore, the over-predic-
tion is larger with high heat fluxes. At Jow heat
fluxes the circumferential heat conduction becomes
negligible and then the calculated and measured
data agree well. Therefore, the conclusion may be
allowed that the semi-empirical model can also be
used for non-uniformly heated tubes ; however, it
gives conservative -data for the wall temperature.
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NOMENCLATURE

A area

B Spalding-numbe

cp Specific heat

D diameter

h specific enthalpy

L length

m mass flow rate density
M mass flow rate

N  number of droplets
N flow rate of droplets



Nu Nusselt-number
p pressure

Pr Prandt!-number
q heat flux density
Q  heat flux

Re Reynolds-number

r latent heat of evaporation

t time

T temperature

V  vqlume

w  velocity

We Weber-number

X vapour quality

@ heat transfer coefficient

€ local void fraction

N dynamic viscosity

M heat conductivity

£ density

O surface tension

Indices

D,"” vapour

Do dryout

f film

Fi,' liquid

g Bgas

G.g equilibrium

ges total

i inner

krit critical

max maximum

rel relative

s  saturated

tat real

Tr droplet

w wall
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Fig.8 Wall temperatures in large tubes, R12
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