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ABSTRACT

The influence o f the w etting s ta te  o f a heated surface on heat tra n s fe r and 
pressure loss in  an evaporator tube was investiga ted fo r  a parameter range 
occurring in  fo s s i l- f ir e d  steam generators. Included in  the analysis are 
quan tities  which determine the w etting  s ta te  in  steady and tra n s ie n t flow.

The experimental work consists o f the fo llow ing :

occurrence o f c r i t ic a l  heat f lu x  (CHF) and post-CHF heat tra n s fe r in  a 
v e rtic a l upflow evaporator tube

influence of pressure and enthalpy trans ien ts  on heat tra n s fe r in  the 
unwetted region

influence of pipe o r ie n ta tio n  on heat tra n s fe r

-  ̂ two phase flow  pressure loss in  wetted and unwetted region.

Based on these experiments a method o f p red ic tin g  CHF fo r  a v e r t ic a l upflow 
evaporator tube was developed. The heat tra n s fe r in  the unwetted region was 
newly formulated taking in to  account thermal nonequilibrium  between the water 
and steam phases. Wall temperature excursions during pressure and enthalpy 
trans ien ts  are in te rp re ted  w ith the help o f the b o ilin g  curve and the Leiden- 
fro s t  phenomenon. A method is  developed by means o f which i t  is  possible to  
determine the influence of the pipe o rie n ta tio n  on the loca tion  o f the b o ilin g  
c r is is  as well as on the heat tra n s fe r in  the unwetted region. The influence 
of the w etting state o f the heated surface on the two phase flow  pressure loss 
is  in te rpre ted  as "Wall e ffe c t"  and is  ca lcu la ted using a s im p lif ie d  computer 
model.
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1 INTRODUCTION AND OBJECTIVE

In many technical apparatuses a f lu id  evaporates through the supply o f heat.
I f  the evaporation takes place in  a f lu id  ca rry ing  pipe and i f  the f lu id  is  
completely converted in to  steam, the heated surface l ie s  p a r t ia l ly  in  the 
wetted and p a r t ia l ly  in  the unwetted regions. A ty p ic a l example o f th is  are 
the evaporator tubes o f a fo s s i l - f ir e d  steam generator. The wetted region is  
characterized by high heat tra n s fe r c o e ffic ie n ts  w hile in  the unwetted region 
(post-dryout region) the heat tra n s fe r is  usually  g re a tly  reduced. The 
b o ilin g  c r is is  constitu tes the boundary between both regions.

In view o f the design o f the evaporator heating surfaces o f fo s s i l - f ir e d  steam
generators the heat tra n s fe r in  the unwetted region is  o f prime in te re s t, 
since the herein occurring m ateria l temperatures in fluence the service l i f e  o f 
the evaporator tubes. The heat tra n s fe r in  the unwetted region depends 
g rea tly  on the thermal non-equilibrium  between the steam flow  and the water 
drop le ts. Therefore, th is  e ffe c t has to be included in  these studies.

Also the loca tion  o f the b o ilin g  c r is is  influences the maximum heating surface 
temperatures in  the unwetted region. Should the b o ilin g  c r is is  occur already 
a t low steam q u a lit ie s , the steam v e lo c ity  and, thus, the coo ling through 
steam convection is  s t i l l  low and as a re s u lt the heating surface temperatures 
are higher than those th a t occur a t high steam q u a lit ie s . The pressure and 
enthalpy trans ien ts  th a t occur near the c r i t ic a l  pressure can displace the
loca tion  o f the b o ilin g  c r is is  to  lower steam q u a lit ie s , thus leading to  a
considerable increase o f the heating surface temperatures in  the unwetted 
region.

The o rie n ta tio n  o f the tube influences the d is tr ib u t io n  o f the phases over the 
flow  cross-section and thus also the occurrence o f c r i t ic a l  b o ilin g  states as 
well as the heat tra n s fe r in  the unwetted region. Since the in fluence o f the 
o rie n ta tio n  o f the tube on the heat tra n s fe r depends on many parameters (e .g ., 
pressure, mass flow  dens ity , tube diameter) extensive inves tiga tio ns  have to 
be conducted in  th is  respect.

For the flow -re la te d  design o f evaporator tubes i t  is  o f in te re s t to  which 
extent the pressure loss o f the two-phase flow  is  influenced by the occurrence 
o f the b o ilin g  c r is is .  Since heat tra n s fe r ca lcu la tions  are frequen tly  based 
on the pressure loss, by comparison between ca lcu la tio n  and measurement i t  can 
be determined i f  heat tra n s fe r models are based on the a c tu a lly  occurring 
pressure losses. The form ulation o f the heat tra n s fe r in  the unwetted region 
can be v e r if ie d  in  th is  manner.

I t  is  the aim of th is  study to  inves tiga te  the in fluence o f the w etting state 
o f a heated surface on the heat tra n s fe r and the pressure loss in  an 
evaporator tube. An essentia l p a rt o f th is  task is  the determ ination and 
analysis o f the re levant q u a n titie s  which determine the w etting  sta te  o f a 
heated surface.



2 TEST EQUIPMENT AND PROGRAM

2.1 Experimental Loop

A high-pressure loop (Figures 2-1 and 2-2) was ava ilab le  fo r  the te s ts . Due 
to  the wide operating range o f the te s t r ig  i t  was possib le to  simulate the 
conditions e x is tin g  in  fo s s i l- f ir e d  evaporators under f u l l  and p a r t ia l load.

Pressure up to  330 bar
Flow ra te  up to  15 mVh
Heating capacity up to  1000 kW
Tube Length up to  6.1 m

The in s ta lla t io n  was operated in  once-through mode w ith  low flow  rates (up to 
2 m^/h. The demineralized and degassed water was the re in  ca rried  w ith  a p iston 
pump through the preheater and the te s t tube, and w holly or p a r t ia l ly  evaporated 
in  the process. I t  was condensed and subcooled in  the spray condenser and 
f in a l ly  carried  to  the dra in  v ia  a pressure-reducing valve. The p iston pump 
was equipped w ith  s ix  p istons and a surge tank on the o u tle t side. Thus, i t  
was possible to  l im i t  the flow  rate o s c illa t io n s  to  a value of less than 0.5%.

In the case o f high flow  ra tes, the tes ts  were conducted in  re c irc u la tio n  
operation by means o f a ce n trifu g a l pump.

The te s t tubes were h o riz o n ta lly  and v e r t ic a l ly  in s ta lle d . The heating was 
by d ire c t cu rren t, both a x ia lly  and c irc u m fe re n tia lly  uniform, whereby the 
tube wall served as d is s ip a tiv e  resistance.

A de ta iled  descrip tion  o f the experimental in s ta lla t io n  is  contained in  / I / . *

2.2 Instrum entation o f the Objects o f Measurements

The measurements o f heat tra n s fe r and pressure loss were conducted on three 
measuring sections w ith  tube dimensions o f 17.15 x 2.31 mm, 18 x 2 mm and
33.4 X 4.55 mm. The instrum entation of the measuring sections are shown in  
Figures 2-3 and 2-4. The temperature measuring po in ts were in s ta lle d  along an 
upper, a la te ra l and a lower surface lin e  on the outside o f the tubes. Only 
thermocouples o f one surface lin e  were connected to  the data logger in  the case 
o f experiments w ith  a v e r t ic a l measuring section. Thermocouples w ith  insu la ted 
measuring points had to  be used because o f the d ire c t heating o f the tubes.
For the ana lys is, the measured outside-w all temperatures were converted to  the 
tube ins ide -w a ll values.

A mixing chamber was in s ta lle d  at the o u tle t o f the te s t section. I t  had the 
task to evaporate water drop le ts which could s t i l l  e x is t in  the superheated 
f lu id .  Thus, energy balances can be performed, conta in ing the preheater and 
te s t section. F lu id  thermocouples were in s ta lle d  a t the in le t ,  and o u t le t ,  o f 
the te s t section as well as downstream o f the mixing chamber. The determ ination 
of the s ta t ic  pressure was made a fte r  a steadying stage a t the pipe in le t  and 
downstream o f the mixing chamber.

^E d ito r 's  note: Reference c ita tio n s  in  th is  repo rt are designated by slashes
bounding the number l is te d  in  the B ibliography.
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Furthermore, the pressure loss was measured over 3 tube sections.

The supplied power - and therefrom the heat f lu x  - was determined by a voltage 
and current measurement. For th is  purpose, to ta l voltage and p a r t ia l voltage 
taps were in s ta lle d  w ith in  the te s t tube.

2.3 Processing o f the Measured Data

A d ig ita l data logger w ith 64, and 96, channels was used fo r  the recording of 
the measured data. Software was ava ilab le  which scanned a l l  measuring s ta tions 
once a second and recorded them on a magnetic tape. In order to  e lim inate  tem­
porary o s c illa t io n s , the measured valued o f one te s t po in t were recorded fo r 
approximately 150 seconds.

The stored data were fu rth e r processed using both the data logger as well as 
the KWU main frame computer.

2.4 Test Program

The te s t program comprises the determ ination of the c r i t ic a l  b o ilin g  conditions, 
o f the heat tra n s fe r in  the post-dryout region and o f the pressure loss in  the 
two-phase region. Furthermore, the influence o f the pipe o r ie n ta tio n  on heat 
tra n s fe r and pressure loss was also studies. F in a lly , the in fluence o f pressure- 
and enthalpy drops on the heat tra n s fe r in  the post-dryout region was determined.

The parameter range o f the experimental investiga tions overlaps the operating 
range of fo s s i l- f ir e d  steam generators under p a r t ia l-  and f u l l  load operations.
The main influence parameters were varied as fo llow s:

System pressure 50 to 250 bar
Mass v e lo c ity  300 to  2500 kg/m^s
Heat f lu x  up to 600 kW/m̂

Mass ve lo c it ie s  o f 1000 and 2000 kg/m^s were used fo r  the inve s tiga tions  on the
influence o f pressure- and enthalpy drops on the heat tra n s fe r in  the post-
dryout region.



3 STEADY FLOW IN A VERTICAL UPFLOW TUBE

3.1 Flow Patterns and Heat Transfer Regions

The d is tr ib u t io n  o f the steam and water phase over the flow  cross-section is  
symmetrical in  a v e r t ic a l upflow evaporator tube. Figure 3-1 shows the possible 
flow patterns in  a v e r t ic a l evaporator tube, whereby w ith  increasing steam 
q u a lity  a l l  shown flow  configura tions are not always transversed. With the 
help o f flow  pa ttern  charts /2 ,3 ,4 / i t  is  possible to  determine the flow  pa t­
tern which occurs a t a given parameter combination. However, not too high ex­
pectations should be placed in  the accuracy o f these charts.

c
o
u
OI

o
Bubbly

I  1
i ^  ■

f l O
ft s 9

r  1

1 iB__ ■ e
Annular Drop

Flow

Void fraction

Figure 3-1 Flow patterns in  a v e r t ic a l upflow tube

Figure 3-2 shows the typ ica l flow  patterns and heat tra n s fe r regions in  a 
v e r t ic a l upflow evaporator tube;

The f lu id  is  subcooled a t the tube in le t .  Single-phase flow  w ith  convective 
heat tra n s fe r takes place. I f  the w all temperature s l ig h t ly  exceeds the 
sa tu ra tion  temperature o f the f lu id  subcooled b o ilin g  sets in  a t the w a ll. 
Most o f the steam bubbles condense w ith in  the f lu id .  The wall temperature 
remains almost constant w ith  increasing enthalpy.

Once the mean f lu id  temperature reaches the sa tu ra tion  temperature, the steam 
q u a lity  increases corresponding to  the fu r th e r enthalpy increase. The very 
good heat tra n s fe r remains almost constant.
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Annular flow  sets in  once a ce rta in  steam q u a lity , which depends on the chosen 
parameters, is  reached. Therein, the f lu id  flows p a r t ia l ly  as f i lm  along the 
wall and p a r t ia l ly  in  the form o f d rop le ts in  the flow  core.

With high flow  v e lo c it ie s  the heat tra n s fe r improves somewhat compared w ith  
the conditions under nucleate b o ilin g .

With a fu r th e r enthalpy increase a s ta te  is  reached ( c r i t ic a l  b o ilin g  s ta te ) 
a t which the w etting o f the heating surface can no longer be maintained. A 
b o ilin g  c r is is  sets in  because the f lu id  loses i t s  contact w ith  the w a ll. The 
b o ilin g  c r is is  in  a steam generator is  usually caused by dryout o f the heating 
surface. Therein, the heat tra n s fe r is  reduced most o f the times and the wall 
temperature increases correspondingly in  the next region (post-d ryout reg ion).
I f  a l l  f lu id  drople ts are evaporated, the region w ith  a single-phase convective 
steam flow  fo llow s.

From Figure 3-2 i t  can be gathered th a t, a t the beginning and a t the end o f the 
evaporation zone, the water and steam phases are not in  thermal equ ilib rium .
While voids a t sa tu ra tion  temperature e x is t in  subcooled f lu id  during subcooled 
b o ilin g , in  the post-dryout region there are water drop le ts a t sa tu ra tion  tem­
perature present in  a superheated steam flow.

3.2 C r it ic a l B o ilin g  States

3.2.1 Forms o f B o iling  C ris is  in  an Evaporator Tube

The loca tion  a t which the b o ilin g  c r is is  occurs separates the wetted and the 
unwetted regions in  an evaporator tube.

The occurrence of the b o ilin g  c r is is  is  e s s e n tia lly  determined by the parameters 
fo r  heat f lu x  density , mass flow  dens ity , steam mass q u a lity , pressure, and 
hydrau lic  diameter. In connection w ith  the occurrence o f the b o ilin g  c r is is  
there is  o f in te re s t e ith e r the steam q u a lity  ( c r i t ic a l  steam q u a lity )  or the 
heat f lu x  ( c r i t ic a l  heat f lu x ) ,  a t which c r i t ic a l  b o ilin g  states occur. IN the 
case o f upward flow  in  v e r t ic a l tubes, according to  /5 / ,  the c r i t ic a l  heat f lu x  
can be represented as function  o f the c r i t ic a l  steam q u a lity  by three character­
is t ic  curve segments (F igure 3-3):

Zone 1:

The void fra c tio n  in  the flow  is  low, i . e . ,  water is  the continuous phase. At 
the loca tion  of the b o ilin g  c r is is  is  formed a steam f i lm  on the tube w a ll, 
which separates the water from the heating surface ( f i lm  b o ilin g ) . In the l i t e r ­
ature th is  process is  also ca lled  b o ilin g  c r is is  o f the f i r s t  k ind, respective ly  
"Departure from Nucleate B o ilin g  (DNB)." The extent o f the c r i t ic a l  heat f lu x  
depends on the steam q u a lity  o f the flow . An increase o f the heat f lu x  o f the 
flow  displaces the onset o f the f i lm  b o ilin g  to  lower steam q u a lit ie s .

Zone 2:

Steam becomes the continuous phase w ith  increasing steam q u a lity  in  the flow .
At the loca tion  o f the b o ilin g  c r is is  the s t i l l  e x is tin g  water f i lm  breaks o f f  
from the tube w a ll, or i t  d ries  out. In  the l i te ra tu re  th is  process is  also 
ca lled  b o ilin g  c r is is  o f the second kind, or "d ryo u t."  Here the c r i t ic a l  heat 
f lu x  decreases considerably w ith  increasing steam q u a lity .

10



Zone 3:

With a fu rth e r decrease o f the heat f lu x  a movement o f the loca tion  o f the 
b o ilin g  c r is is  moves towards higher steam q u a lit ie s  is  observed. Obviously, 
water droplets can thereby increas ing ly  deposit on the tube w a ll, a reason why 
th is  process is  ca lled  "Deposition Controlled Burnout." As well as in  Zone 2, 
the occurrence o f the b o ilin g  c r is is  is  herein connected w ith  a dryout o f the 
heating surface.

The processes which lead to c r i t ic a l  b o ilin g  states in  the ind iv idua l steam 
q u a lity  zones are, to  a great extent, s t i l l  beyond the p o s s ib il i ty  o f an anal­
y t ic a l ca lcu la tio n , so tha t p ra c tica l equations fo r  a ra ther extensive range o f 
parameters are o f em pirical nature.

Critical heat flux
Zone 1: Film boiling (DNB)

2‘ Heating surface dryout 
(dryout)

3: Deposition controlled 
burnout

0 1

3.2.2

Steam quality

Figure 3-3 Typical path o f the c r i t ic a l  heat f lu x

Process fo r  the Determination o f C r it ic a l B o ilin g  States in  the E ntire  
Steam Q uality  Range

The h ith e rto  e x is tin g  equations fo r  the determ ination o f the c r i t ic a l  heat f lu x  
always determine only portions o f the c r i t ic a l  b o ilin g  sta tes. Of a process 
fo r  the determination o f the c r i t ic a l  heat f lu x  in  the e n tire  steam q u a lity  
range i t  is  required however, th a t the equations chosen fo r  a l l  allowable param­
eter combinations lead to  a constant path along the lim its  o f v a l id ity .  This 
aim was atta ined w ith  the fo llow ing  method:

I f  one s ta rts  from Figure 3-3, which shows the c r i t ic a l  heat f lu x  as a function  
o f the local steam q u a lity , one can see th a t w ith  increasing steam q u a lity  the
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c r i t ic a l  heat f lu x  in  the f i lm  b o ilin g  region decreases less than in  the dryout 
region. I f  fo r  each region there is  chosen a su ita b le  equation, the in te rsec­
tio n  o f the two curves, determined w ith  the two equations, represents the l im i t  
between the two mechanisms o f the b o ilin g  c r is is .  Mathematically, the choice 
o f region can be made by a comparison o f the c r i t ic a l  heat fluxes ca lcu la ted 
according to  the two equations fo r  a determined steam q u a lity , in  considering as 
v a lid  the lower value.

For the f i lm  b o ilin g  region (Zone 1 in  Figure 3-3) there were chosen the tabu la r 
values o f V.E. DOROSHCHUK /6 ,7 / .  According to  KEMNER /8 / ,  these values proved 
to  be superior to other co rre la tio ns  in  the case o f high heat fluxes , as they 
occur in  nuclear fue l assembles. However, due to  the easier use -  even w ith  a 
s lig h t  loss o f accuracy - there was used the em pirical equation developed by 
DOROSHCHUK from the tab les:

q^^ = 103 . [10.3 - 17.5(p/p^) + 8 (p /p ^ )2 ].(8  • 1 0 -3 /d )° '^  • e '^ ‘ ^ * • (3 -1)

( m / 1 0 0 0 ) ^ ® ' ^

I t  has the fo llow ing  region o f v a l id ity :

29 ^ p ^ 196 bar 

500 ^ m S 5000 kg/m^s 

0 ^ 75 K

4-10-3 S d ^ 16-10-3 m

In equation (3-1) x is  the steam q u a lity . I t  is  defined as the proportion  o f 
steam mass flow  in  the to ta l mass flow.

Based on a study by FECHNER 79/ which covers the parameters o f the fo s s i l - f ir e d  
steam generators, the XON'KOV 710/ equation was used fo r  the region o f the dry­
out o f the heating surfaces (Zones 2 and 3 in  Figure 3-3):

Pressure region p(bars) 

q^^ = 1.8447-10»x-3m"^-^^^(d-1000)‘ °-^®e°-^^^^ - p 4.9 -  29.4

q^^ = 2.0048-10iOx-«m‘ ^ -^ ® ^ (d -1 0 0 0 )"° -^ V °-°^ °^  - p 29.4 - 98 (3-2)

q,^  ̂ = 1.1853-10i2i-8m"2-664(^.^QQQ^-0.56g-0.00636  ̂ ^  gg _ ^gg

I t  has the fo llow ing  region o f v a l id i ty :
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q < 1200 kW/m2

200 ^ m ^ 5000 kg/m^s

4-10-3 ^ g 32-10-3 m

The Figures 3-4 to  3-6 show ty p ic a l courses o f the c r i t ic a l  heat f lu x  as func­
t io n  o f the steam q u a lity , a rrived  a t a combining o f equations (3 -1) and (3 -2). 
From these figu res i t  can be gathered th a t the KON'KOV equation also covers the 
"Deposition Controlled Burnout" region due to  i t s  form o f construction .

Since the KON'KOV equation is  used w ith  the DOROSHCHUK equation up to  the in te r ­
section, in  respect to  the heat f lu x  there occurs in  p a rt an exceeding o f the 
v a l id i ty  region given by KON'KOV. This procedure is  necessary, however, in 
order to  prevent "gaps" in  the desired parameter region.

3.2.3 Model V e r if ic a tio n

The determ ination o f the c r i t ic a l  heat f lu x  according to  the chosen procedure 
was checked by means o f 3044 te s t po in ts ( /5 /  and / I I  to  22 /). Of these, 1663 
te s t po in ts were assigned to  the f i lm  b o ilin g , which was ca lcu la ted by equation 
(3-1) w ith  a mean value o f 0.99 and a standard devia tion  o f 0.16. The mean 
value was formed there in  by the quo tien t o f ca lcu la ted and measured c r i t ic a l  
heat f lu x :

M = - ^  I  7 - 2  (3-3)

The standard devia tion re fe rs also to  the quotien t o f ca lcu la ted and measured 
c r i t ic a l  heat f lu x .

For the remaining 1381 te s t p o in ts , in  view o f the choice o f region described 
in  chapter 3 .2 .2 , dryout o f the heating surface was assumed, which was calcu­
lated by equation (3-2) w ith  a mean devia tion  o f -0.04 and a standard devia tion  
o f 0.10. Due to  the considerable decrease o f the c r i t ic a l  heat f lu x  in  th is  
region, the comparison was made by means o f the measured and ca lcu la ted c r i t ic a l  
steam q u a lity , whereby the mean devia tion  was defined as fo llow s:

This e rro r c r ite r io n  ensures a constant weighted devia tion  in  the e n tire  steam 
q u a lity  region. Herein, the standard devia tion  re fe rs to  the d iffe rence  o f 
ca lcu la ted and measured c r i t ic a l  steam q u a lity . Table 3.1 shows a l i s t  o f 
the te s t parameters o f the various authors as well as o f the accuracy o f equa­
tions  (3 -1) and (3 -2 ). From the te s t  ca lcu la tion  i t  can also be gathered tha t 
equation (3 -1) can be applied beyond the given region o f v a l id i ty  fo r  the tube 
bore o f 16 mm. Up to a tube bore o f 24 mm there was not observed a v it ia te d  
re s u lt accuracy. The equation (3 -2) can also be used beyond the given region 
of v a l id i ty  fo r  the heat f lu x .
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Tube bore ------ 10 mm
 20 mm

Mass velocity: 500 ka/m^c

Pressure: 200 bar

Figure  3 -4  C r i t ic a l  heat
Tlux as a fu n c ti

Critical steam quality

on o f  th e  c r i t i c a l  steam q u a lity
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Tube bore -10 mm Mass velocity: 2500 kg/m^s
—20 mm2500

2000 -

OI
JZ

fD

LJ

1500-
150

1000 -

Pressure: 
200 bar

500

- 0,2
Critical steam quality

Figure 3-6 C r it ic a l heat f lu x  as function  o f the c r i t ic a l  steam q u a lity
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Table 3.1 Result accuracies o f equations (3-1) and (3-2)

Calc. acc. to  eq (3-1) Calc. acc. to  eq. (3-2) Test parameter

Au­
thor Number

Mean
Value

Standard
devia­
tio n Number

Mean
devia­
tio n

Standard
devia­
tio n

Pressure
(bar)

Mass
v e lo c ity
(kg/m^s)

Tube
bore
(mm)

Heat
flu x
(W/m^lO--*)

11 263 1.03 0.14 27 0.07 0.08 38 - 138 528 - 4855 4.6 - 23.6 59 - 621

12 75 1.03 0.11 13 0.01 0.07 30 - 90 501 - 4410 5.6 - 25.0 150 - 545

13 89 0.93 0.08 4 0.02 0.13 77 - 137 552 - 2805 10.0 30 - 548

14 965 0.99 0.16 354 0.05 0.14 29 - 138 500 - 4977 4.6 - 23.6 59 - 997

15 136 1.05 0.13 195 0.05 0.07 29 - 92 517 - 4795 10.0 93 - 344

5 - - - 162 0.07 0.05 67 - 73 506 - 2036 13.0 28 - 87

16 - - - 21 0.08 0.06 40 - 71 664 - 1383 15.0 71 - 113

17 - - - 83 0.09 0.07 160 - 180 650 - 2700 12.8 15 -  80

18 42 0.99 0.24 61 0.05 0.08 49 - 176 600 - 4800 10.4 70 - 186

19 4 1.11 0.14 55 0.03 0.05 50 - 150 501 - 2293 24.7 30 - 126

20 - - - 43 0.02 0.13 49 -  174 510 - 2539 14.0 9 - 61

21 - - - 61 0.06 0.05 68 - 70 994 - 2013 10.0 20 -  81

22 90 0.91 0.21 302 0.02 0.07 39 - 195 501 - 4828 5.1 - 24.7 23 - 250



By way o f example, in  Figure 3-7 there are compared fo r  each o f the authors the
measured c r i t ic a l  heat f lu x  and the one ca lcu la ted w ith  the aid o f equation (3 -1)
as well as the measured c r i t ic a l  steam q u a lity  and the one ca lcu la ted w ith  the 
aid o f equation (3 -2).

Due to  the high re s u lt accuracy i t  is  possible to  apply the chosen procedure
fo r  the determ ination o f the c r i t i c a l  b o ilin g  states in  a large pressure-, mass 
v e lo c ity  and diameter range. In  the evaluation o f the occurring errors i t  has 
to  be considered th a t even re p ro d u c ib ility  tes ts  721/ may have an average devia­
tio n  o f approximately 6%.

3.3 Heat Transfer in  the Post-Dryout Region

3.3.1 The Heat Transfer Mechanism

According to  ILOEJE 723/, the fo llo w in g  mechanisms are possib le a fte r  reaching 
the b o ilin g  c r is is ;

1. Convective heat tra n s fe r from the heating surface to  the steam, which thus 
becomes superheated.

2. Heat tra n s fe r from the heating surface to  the water d rop le ts , whereby a 
d iffe rence  is  made between the d ire c t form o f heat tra n s fe r, by w etting 
o f the drople ts on the w a ll,  and the in d ire c t form, by heat absorption in  
the superheated boundary layer.

3. Heat tra n s fe r by ra d ia tio n  from the heating surface to  steam and drop le ts.

I t  is  only in  the case o f very high wall temperatures th a t the ra d ia tio n  con­
tr ib u te s  considerably to  the heat tra n s fe r. According to  ILOEJE 7237, also the 
heat tra n s fe r between heating surface and f lu id  decreases very much w ith  an 
increasing d iffe rence between heat surface and sa tu ra tion  temperatures, so th a t, 
according to  MAYINGER 7247, th is  fra c tio n  has to  be considered only during 
tra n s ie n t b o ilin g .

Thus, po in ts 2 and 3 can be neglected fo r  the parameter range o f the fo s s i l - f i r e d  
steam generators compared w ith  po in t 1. E sse n tia lly , heat tra n s fe r takes place 
in  two stages:

F ir s t ,  the heat from the heating surface is  tra ns fe rred  to  the steam by convec­
t iv e  heat tra n s fe r. Thereby, the steam is  superheated and is  no longer in  th e r­
mal equ ilib rium  w ith  the entrained water d rop le ts . In a second phase, the heat 
is  transported by the superheated steam to  the water d rop le ts . The higher the 
temperature d iffe rence  between steam and water d rop le ts , the more heat is  trans­
fe rred  from the steam to  the d rop le ts , which evaporate thereby.

This two-stages model, developed by BENNET and HEWITT 7257 in  1967, is  the basis
o f many heat tra n s fe r models in  the post-dryout region.

For the heat tra n s fe r between steam and drop le ts there are two extreme cases:

1. No heat tra n s fe r between steam and water d rop le ts , i . e . ,  the water fra c tio n
in  the flow  remains constant s ta r t in g  from the loca tion  o f the b o ilin g  
c r is is .  The supplied heat is  exc lus ive ly  used fo r  the superheating o f the
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Measured
7500

kW/m2

critical heat flux

5000

2500

Accuracy of reproduction 
of equation 3-1 acc. to / I I /

25 00

Measured critical steam quality

50 00  kW /m 2 75 00  

Calculated critical heat flux
1.0

0.75

0,5 -

0.25

Accuracy of reproduction 
of equation 3-2 acc. to /20/

/

/

/

/

/
/
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X / X
x ’*' //
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X/<:

/
/  X

X /
/X  X

, ^XX 
x / x  V X/ -̂ X
X  X

0.25 0.5 0.75 1.00

Calculated critical steam quality

Figure 3-7 Comparison between ca lcu la ted and measured c r i t ic a l  
b o ilin g  states
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steam, whereby the steam temperature and the temperature o f the heating 
surfaces increase co n tin u a lly  (c f .  Figure 3-8a).

2. An ideal heat tra n s fe r takes place between steam and water d rop le ts , i . e . ,  
a superheating o f the steam does not occur. The supplied heat is  exclu­
s ive ly  used fo r  the evaporation o f the water drop le ts . The steam q u a lity  
increases also a fte r  the loca tion  o f the b o ilin g  c r is is  same as before 
whereby, because o f increasing steam v e lo c ity , the cooling increases and 
the temperature o f the heating surface drops again (c f .  Figure 3-8b).

While case 1 occurs w ith  low pressure and low mass v e lo c ity , case 2 is  present 
w ith  high pressure and high mass v e lo c ity . From Figure 3-9 the manner can be 
gathered in  which the heat tra n s fe r mechanism changes w ith  increasing pressure 
from case 1 to  case 2.

3.3 .2 Method o f C alcula tion from the L ite ra tu re

The methods o f ca lcu la tio n  fo r  the determ ination o f the heat tra n s fe r a fte r  
the dryout o f the heating surface, gathered from the l i te ra tu re ,  can be 
grouped in to  two categories:

01

mI—01
a .
E
01
I—

X

01

ro
C-
OJ
□ .
Eoi

I—

X
Steam quality Steam quality

a) Maximum degree of 
non-equilibrium

b) Complete thermal 
equilibrium

Figure 3-8 Influence of the thermal non-equilibrium  on the course o f the 
steam and heating surface temperatures
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Wall temperature Wall temperature

Pressure: 50 bar

Tube length

Pressure: 200 bar

Tube length

Wall temperature 

1 Pressure: 100 bar 

• • • • • •

Tube length

Figure 3-9 Typical wall temperature courses in  dependence o f pressure

1. Empirical equations

These are m odifications of single-phase heat tra n s fe r equations, which take 
in to  account the two-phase flow  through special d e fin it io n s  o f a "two- 
phase" Reynolds number and steam -quality dependent fac to rs .

2. Models, which consider the thermal non-equilibrium  between steam and water 
drople ts.

Although em pirical equations are easy to  use, they have only a lim ite d  accuracy. 
Figure 3-10 shows a typ ica l comparison between measured values and known empir­
ica l equations from the l ite ra tu re .  From the fig u re  i t  can also be gathered
tha t the connection w ith  the single-phase steam flow  region is  not
uniform, since w ith  neglect o f the thermal non-equilibrium  one would have to  
reckon w ith  wall temperatures th a t correspond approximately to  the values o f 
the DOUGALL/ROHSENOW equation /26 /.
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Wall temperature

560 

°C 

480

400

320

Pressure: 
101.9 bar

Mass velocity: 
677 kg/m^s

Heat flux: 
kW/m^

• • • •

•oo

.a.
0.72 0.76 0.80 0 .84

Calculated values taken
from literature

O  D oug a ll/R ohse now  1261 
A  B ishop 1211 
X Heinem ann 1281 
0  M iro po lsk iy  129/
^ G ro e n e v e ld  / 3 0 /  •

0 .88  0 .92 0 .96  1.00

— ► Steam quality )<bai

Measured values

Figure 3-10 Comparison between ca lcu la ted and measured w all 
temperatures

Models which take in to  account the thermal non-equilibrium  between the phases 
allow  a greater accuracy in  the c a lcu la tio n  o f the heating surface temperatures. 
They can also be d ivided in to  two main groups:

1. Models which have an em pirical statement fo r  the actual steam q u a lity  in  
the flow . The actual steam q u a lity  is  the re in  expressed as function  o f 
the balance-determined steam q u a lity  and some other parameters. Hereto 
belong the PLUMMER /3 1 / and GROENEVELD and DELORME /3 2 / models.

2. Models which determine the thermal non-equilibrium  and therefrom the actual 
steam q u a lity , based on re la tion sh ip s  between heating surface and steam 
flow  fo r  the heat tra n s fe r as w ell as fo r  the heat tra n s fe r between phases. 
The empiricism s h if ts  herein to  the determ ination o f the heat tra n s fe r 
between steam and water d rop le ts and o f the representative d rop le t 
diameter. The models S A H A  /3 3 / and KOIZUMI 734/ belong to  th is  category.

Due to  th e ir  higher modelling degree, the models o f the second category can 
determine b e tte r than those o f the f i r s t  one the heat tra n s fe r in  the post- 
dryout region. However, the determ ination o f the representative d ro p le t diam­
e te r presents some d i f f ic u l t ie s ,  since th is  value does not only depend on the 
system parameters but also th a t i t  changes, e .g ., due to  d rop le t d is in te g ra tio n  
along the evaporation path. SCHNITTGER 735/ developed a model fo r  th is .
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3.3.3 Development o f a Calcula tion Model fo r  the Heat Transfer in  the Post- 
Dryout Region

3.3 .3 .1  The Heat Transfer in  a Developed Thermal Non-Equilibrium

The water and steam fra c tio ns  of the two-phase flow  have s t i l l  the same tempera­
ture a t the loca tion  o f the b o ilin g  c r is is .  Downstream, the steam can become 
superheated while the water drople ts remain a t sa tu ra tion  temperature. A th e r­
mal non-equilibrium  develops between the phases. The development o f the thermal 
non-equilibrium  w i l l  be terminated a fte r  a ce rta in  tube length; i . e . ,  there a 
developed thermal non-equilibrium  is  present. Due to  the higher v e lo c ity  o f 
the two-phase flow  and thus of the increased turbulence, w ith  increasing steam 
q u a lity  there can occur a reduction o f the thermal non-equilibrium  caused, .e.g., 
by the d rop le t d is in te g ra tio n . At th a t tim e, the heat tra n s fe r increases to  a 
greater extent than corresponding to  the increase o f convection by the increas­
ing mixture ve lo c ity . However, the highest heating surface temperatures occur 
when the thermal non-equilibrium  has ju s t  developed. I f  i t  is  possible to  c a l­
culate them w ith  s u ff ic ie n t accuracy, the deviations before and a fte r  th is  zone 
are o f secondary importance fo r  the design o f the evaporator heating surfaces. 
This type of consideration leads to  a considerable s im p lif ic a tio n  o f the calcu­
la tio n  o f the heat tra n s fe r in  an evaporator tube. Therein one s ta r ts  from the 
premise, th a t fo r  each parameter combination there ex is ts  a value fo r  the devel­
oped thermal non-equilibrium , through which the course o f the heating surface 
temperature is  determined.

The extent o f the developed thermal non-equilibrium  can be determined from a heat 
balance (Figure 3-11). The steam enthalpy would not change along the flow  path.
so tha t i t  is  possible to enter h^^ = h'D2- The supplied heat is  exc lus ive ly  used
fo r  the evaporation and superheating o f the newly o r ig in a tin g  steam.

Inlet enthalpy 
flux

Heat flux 
input

Outlet enthalpy 
flux

L U

1 ^ «

9  ®  9  

®  .

•  • (m^-AtTi(j) ■ h'

. w V W x x w  \ \ \ \ ^

Water droplets

Figure 3-11 Determination o f the thermal non-equilibrium  w ith  
help o f a energy balance
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Under th is  premise, the superheating o f the steam is :

Ah. 4-Cjj-q

^ ^ ^ (a * F )x r  '  ^
(3-5)

Herein, only the product (a • F)y^ from the heat tra n s fe r c o e ff ic ie n t between
water drop le ts and steam and the surface o f the evaporating water drop le ts is  
unknown. Therein, the water d rop le ts surface is  in  respect to  a surface u n it 
o f the heated tube w a ll.

In the l i te ra tu re  there are frequen tly  used the heat tra n s fe r equations fo r  
spheres in  flows fo r  the heat tra n s fe r between drop le ts and steam fo r  the 
determ ination o f the value o f (a ♦ F ) j^  (SAHA /3 3 / and KOIZUMI /3 4 /) .  The
Nusselt number re la t iv e  to  the d rop le t diameter is  the re in  ca lcu la ted by

NuTr = 2 + a • Re^^ • Pr^

wherein d if fe re n t values are entered fo r  the constants a, b and c.

This procedure requires knowledge about the representative d rop le t diameter and 
the re la t iv e  v e lo c ity  between drop le ts and steam along the evaporation path of 
the d rop le ts . I f ,  as already mentioned, one s ta rts  from the premise th a t fo r  
each combination o f system parameters there e x is ts  a value fo r  the developed 
thermal non-equilib rium , through which the course o f the heating surface tem­
perature along the flow  path can be approximately determined, there can be omit­
ted a de ta iled  modelling o f the heat tra n s fe r between drop le ts and steam. For
each parameter combination a value fo r  (a • F ) j^ , can then be assigned which is
assumed independently o f the loca l steam q u a lity  and thus constant along the 
flow  path.

From the te s t values, whose parameter range was given in  Chapter 2, an em pirical 
equation fo r  the heat tra n s fe r c o e ff ic ie n t and the heat-exchanging surface 
between steam and water phase could be determined:

/ _ 1.473 • 1 0 - •  (m /A)^-^^ fo r  m/A g 1767 • 10^
‘ '’ a r  “  3.078 • 10-24 • (m/A)4 fo r  m/A > 1767 • 10^

Herein, m is  the mass v e lo c ity  and A the Laplace constant.

From a heat balance the actual steam q u a lity  can be determined:

h - h'
X (3-8)

Real ^^v * ^®u

Here, h is  the enthalpy o f the flow , which depends on heating and mass flow  and 
is  determined w ith  the a id o f a heat balance.
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In case th a t no superheating o f the steam e x is ts , i . e . ,  the water drople ts and 
the steam are in  thermal eq u ilib riu m , equation (3 -8 ) becomes the d e f in it io n  
equation fo r  the steam q u a lity  according to  the balance;

i  = (3 -9)
Ah„

For the d e f in it io n  o f the thermal non-equilibrium  there is  frequen tly  used the
non-equilibrium  fa c to r u) which represents the ra t io  o f the actual steam q u a lity  
to  th a t o f the balance:

^Real
J) =   (3-10)

^B il

With equations (3 -5 ), (3 -8 ), (3 -9 ), and (3-10) one obtains:

J) = 2 / { y i  + (4-Cpq)/[Ah^(a-F).p^] + l )  (3-11)

In Figures 3-12 to 3-13 there are entered the thermal non-equilibrium  fac to rs ,
ca lcu la ted according to  equation (3 -11 ), fo r  pressures between 50 and 210 bars,
mass v e lo c it ie s  between 500 and 3500 kg/m^s and heat fluxes up to  1000 kW/m .̂

The connection between the thermal non-equilibrium  fa c to r and steam superheating 
can be gathered from Figure 3-14.

Figures 3-12 to  3-14 can serve fo r  the rough determ ination o f the steam super­
heating w ith  developed thermal non-equilibrium .

For the determ ination o f the w all temperature there is  s t i l l  need fo r  the heat 
tra n s fe r c o e ff ic ie n t between the steam flow  and the tube w a ll. For th is  the 
GNIELINSKI /3 6 / equation proven fo r  simple-phase flow  is  used:

(1 /8 ) • (Re - 1000) • Pr 
NU = -----------------------------------------------  (3-12)

1 + 1 2 .7  V178 • (Pr^^^ - 1)

where

i  =  (1.82 • log io  Re - 1.64)-2 (3-13)

The Reynolds number is  formed herein w ith  the mean v e lo c ity  o f the two-phase 
flow . I f  one postulates th a t in  the post-dryout region the phase s l ip  can be 
neglected, one obtains as Reynolds number o f the two-phase flow :

(3-14)
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Figure 3-12 Determination o f the thermal non-equilibrium  fa c to r

The Reynolds number determined w ith  equation (3-14) is  id e n tic a l w ith  the Rey­
nolds number given in  Chapter 6, equation (3 -18), fo r  the determ ination o f the 
pressure loss w ith  unwetted w a ll. For the determ ination o f the pressure loss 
and also fo r  the determ ination o f the heat tra n s fe r in  the post-dryout region 
i t  is  assumed, th a t the p roperties o f the steam determine the momentum and heat 
exchange w ith  the heating surface.

As reference temperature fo r  the c h a ra c te r is tic  values in  equation (3-12) 
there has to  be used the mean boundary layer temperature, which is  obtained 
from the a rithm e tica l mean o f the steam and w all temperatures.
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Figure 3-13 Determination o f the thermal non-equilibrium  fa c to r

F in a lly , one obtains the wall temperature from the sum o f the sa tu ra tion  
temperature the superheating temperature o f the steam and the wall
excess temperature q/oiQ o f the steam flow:

(3-15)

3 .3 .3 .2  The Heat Transfer a t the Region Boundaries

The post-dryout region in  an evaporator tube is  bounded on the side w ith  low 
enthalpy by the wetted pa rt o f the evaporator w ith  nucleate b o ilin g  or
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convective b o ilin g  and on the side w ith  higher enthalpy by the region o f the 
one-phase steam flow .

Up to the loca tion  o f the b o ilin g  c r is is  the flow  is  p ra c t ic a lly  in
thermal eq u ilib rium , i . e . ,  water and steam have the same temperature. A fte r 
the loca tion  o f the b o ilin g  c r is is ,  the tube wall is  unwetted and is  e sse n tia lly  
cooled by the steam which thereby heats up. Since the entrained water drople ts 
remain a t sa tu ra tion  temperature, the temperature d iffe rence  between the water 
and steam phase increases u n t il a t the loca tion  o f the minimum heat tra n s fe r 
(x ) the thermal non-equilibrium  is  f u l ly  developed (F igure 3-15). With a 

min

fu rth e r enthalpy increase the w all temperature decreases again because o f the 
be tte r steam cooling due to  an increasing steam v e lo c ity .

Temperature

Wall temperature

 Steam temperature

Aa,

Saturation temperature

Steam quality

X cr

Figure 3-15 Development o f the thermal non-equilibrium

The fo llow ing  method is  suggested fo r  the ca lcu la tio n  o f the loca tion  o f the 
minimum heat tra ns fe r:

From the loca tion  o f the b o ilin g  c r is is  to  the loca tion  o f the minimum heat 
tra n s fe r i t  is  assumed, th a t the e n tire  supplied heat is  used fo r  the 
heating-up o f the steam orig ina ted  u n t i l  then.

Thus, from the energy balance the value (x ) ,  can be determined a t which
min

the steam a tta in s  the superheating temperature which corresponds to  the 
developed thermal non-equilibrium :
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<„ = + ---------
"min Ah.

(3-16)

In  Figure 3-16 the thus calcu la ted d iffe rence  o f the steam mass q u a lity  
between the loca tion  o f the minimum heat tra n s fe r and th a t o f the b o ilin g  
c r is is  was compared. Calcula tion and measurement show, th a t w ith  increasing 
mass v e lo c ity  th is  value decreases, w hile  i t  is  the opposite w ith  the 
in fluence o f the heat f lu x .

By way o f comparison, in  Fig. 3-16 there was p lo tte d  a curve from HEIN e t a l. 
/2 2 /, which is  based on a s ta t is t ic a l eva luation o f the measurement re su lts .

The described ca lcu la tio n  model fo r  the determ ination o f the w all temperatures 
has to  be modified a t the tra n s it io n  to  the simple-phase steam flow . From the 
tes ts  i t  can be gathered, th a t s ta r t in g  from a determined, pressure-dependent 
steam q u a lity  the w all temperatures do not continue to  decrease w ith  increasing 
steam q u a lity . This is  caused by the decreasing surface o f the entrained water 
d rop le ts , since the two-phase flow  becomes increas ing ly  " d r ie r . "  This has the 
re s u lt,  th a t the steam temperature increases and thus compensates the e ffe c t o f 
the be 'tter heat tra n s fe r, which is  brought about by the higher steam v e lo c ity .
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Figure 3-16 D ifference o f the steam q u a lity  between the loca tion  o f the 
minimum heat tra n s fe r and th a t o f the b o ilin g  c r is is
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This e ffe c t is  simulated in  the ca lcu la tio n  model in  such a manner, th a t s ta r t ­
ing from a determined steam q u a lity  (xL-jn,). the w all temperatures are maintained
constant u n t i l  a l l  water droplets have evaporated, i . e . ,  u n t i l  the s ing le  phase 
steam flow  sta te  is  a tta ined. The boundary steam q u a lity  is  a function  o f the 
pressure;

)<Lim = 0.7 + 0.002-p (3-17)

I f  one assumes th a t steam and water drop le ts in  the post7dryout region flow  
approximately w ith  the same v e lo c ity , the steam q u a lity  x. . corresponds to  a 
void fra c tio n  which lie s  always above 0.99.

The mathematical s im ulation o f the tra n s it io n  to  steam flow  can be gathered 
from the figu res in  Chapter 3 .3 .3 .3 .

3 .3 .3 .3  Model V e r if ic a tio n

The model was v e r if ie d  w ith  the a id  o f 368 comparison ca lcu la tions  w ith  heat 
tra n s fe r tes ts  o f HERKENRATH 737/ and te s ts  on the BENSON te s t r ig .  Figures 
3-17 to  3-20 show typ ica l comparisons between ca lcu la tio n  and measurement w ith  
v e rtic a l flow . In the upper halves o f the figu res  are represented w all tem­
peratures w ith  low mass v e lo c it ie s  in  the bottom p a rt o f the w all temperature 
w ith  high mass v e lo c it ie s .

With horizonta l flow , the heat tra n s fe r in  the post-dryout region can be well 
simulated i f  there is  no influence o f the tube o rie n ta tio n  on the heat tra n s fe r 
(e .g .; in  Fig. 3-21). The conditions which lead to  an in fluence by the tube 
o rie n ta tio n  on the heat tra n s fe r can be determined according to  Chapter 5. The 
loca tion  o f the b o ilin g  c r is is  was determined w ith  the procedure given in  
Chapter 3.2.

Figures 3-17 and 3-21 show th a t also the development o f the thermal non-equi­
lib riu m  from the loca tion  o f the b o ilin g  c r is is  to  the loca tion  w ith  the lowest 
heat tra n s fe r c o e ff ic ie n t is  simulated w ith  s u f f ic ie n t  accuracy by the model.
The greatest deviations between ca lcu la tio n  and measurement are caused by the 
errors in  the determ ination o f the loca tion  o f the b o ilin g  c r is is  and are there­
fore independent o f the used ca lcu la tio n  model fo r  the heat tra n s fe r in  the 
post-dryout region. This type o f comparison was chosen since i t  i l lu s t ra te s  
th a t a ca lcu la tio n  model fo r  the heat tra n s fe r in  the post-dryout region can be 
only as good as the model w ith  which the c r i t ic a l  b o ilin g  s ta te  is  determined.

In order to  have an overview o f the accuracy to  be obtained w ith  the ca lcu la ­
tio n  mode. Figure 3-22 shows the d iffe rences between the measured and calcu­
lated maximum wall temperatures in  the post-dryout region. As abscissa the 
quotien t from mass v e lo c ity  and the Laplace constant was chosen since th is  
magnitude is  ch a ra c te ris tic  fo r  the heat tra n s fe r between water and steam phase 
in  the used ca lcu la tion  model (c f .  equation 3 -7). With th is  i t  is  possib le to  
v e r ify  the em pirical re la tion sh ip  fo r  the heat tra n s fe r between steam and water 
phase in  a large pressure and mass v e lo c ity  region.

From Figure 3-22 i t  can be gathered th a t the studied diameter range from 70 to  
24 mm was well simulated by the model. Greater deviations between ca lcu la tio n  
and measurement have to  be almost exc lus ive ly  a ttr ib u te d  to  te s ts  which f i lm
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Test No.: 1029Tube bore: 0.0125 m
Mass velocity: 1017.1 kg/m^s 
Pressure : 51.0 bar
Heat flux: 488 kW/tn*
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Figure 3-17 Calculated and measured w all temperature course w ith
v e r t ic a l flow
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Tube bore: 0.0125 m
Mass velocity: 997.0 kg/m^s 

99.2 bar 
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Test No.: 1037

Pressure : 
Heat flux'-

Measured values 
Calculated values 
Fluid temperature

—CL J 5 —-

Steam quality

o-s

1 7 2 0 . 0 0  1 8 0 0 . 0 0  1 8 8 0 . 0 0  1 9 6 0 . 0 0  2 0 4 0 . 0 0  2 1 2 0 - 0 0  2 2 0 0 - 0 0  2 2 8 0 - 0 0  2 3 6 0 . 0 0  2 4 4 0 . 0 0  2 5 2 0 . 0 0  2 6 0 0 . 0 0

Enthalpy (kJ/kg)

Test No.: 10L0Tube bore: 0.0125 ro
Mass velocity: 2543.2 kg/m^s 
Pressure : 102.0 bar
Heat flux: 589 kW/ro*

Measured values 
Calculated values 
Fluid temperature

O

U.3
OIO.e<u

Q _Q .-
m

steam quality

0 . 4 o.s

1 7 6 0 . 0 0  1 6 0 0 . 0 0  1 8 4 0 . 0 0  1 8 8 0 . 0 0  1 9 2 0 . 0 0  1 9 6 0 . 0 0  2 0 0 0 . 0 0  2 0 4 0 . 0 0  2 0 8 0 . 0 0  2 1 2 0 . 0 0  2 1 6 0 . 0 0  2 2 0 0 - 0 0

Enthalpy (kJ/kgl

Figure 3-18 Calculated and measured wall temperature course w ith
v e r tic a l flow
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Tube bore- 0.0125 ffi
Mass velocity- 1000.7 kg/m^s 
Pressure • 149.9 bar
Heat flux'- <*96 kW/m*

Tesf No.: 1045

□ Measured values
— Calculated values
— Fluid temperature
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Figure 3-19 Calculated and measured w all temperature course w ith
v e r t ic a l flow
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Test No.: 1053Tube bore: 0.0125 ra
Mass velocity 1002.3 kg/m^s 
Pressure : 199.6 bar
Heat flux: 486 kW/m^
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Figure 3-20 Calculated and measured w all temperature course
w ith  v e r t ic a l flow
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Mass velocity: 2393.8 kg/m^s 
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Figure 3-21 Calculated and measured w all temperature course
horizon ta l flow
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Figure 3-22 Comparison between ca lcu la ted and measured maximum wall 
temperature in  the post-dryout region

b o ilin g  occurred. The loca tion  o f the b o ilin g  c r is is  s h if ts  thereby to  very 
low or even negative balance steam q u a lit ie s , and parameter combinations are 
obtained which l ie  beyond possible operating conditions o f a fo s s i l - f i r e d  steam 
generator.

In view o f the maximum wall temperature, 88% o f a l l  dryout tes ts  o f the
ca lcu la tion  program are v e r if ie d  w ith  an accuracy o f ±40 K. The mean value o f
the deviations between the measured and ca lcu la ted maximum wall temperature is  
5.8 K. Standard devia tion  as well as the RMS e rro r amount to  26K, and 27 K.

Figures 3-23 to  3-26 show examples fo r  the course o f the heat tra n s fe r 
c o e ff ic ie n t as function  o f the flow  enthalpy, ca lcu la ted w ith  the described 
model, respective ly  o f the balance steam q u a lity . In the region o f the
saturated nucleate b o ilin g  the JENS and LOTTES 738/ equation was used and in
the single-phase region the GNIELINSKI equation 736/.
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Figure 3-23 Calculated heat tra n s fe r c o e ffic ie n ts
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Figure 3-24 Calculated heat tra n s fe r c o e ffic ie n ts
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Figure 3-25 Calculated heat tra n s fe r c o e ffic ie n ts
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Figure 3-26 Calculated heat tra n s fe r c o e ffic ie n ts
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4 PRESSURE AND ENTHALPY TRANSIENTS

4.1 Transient Behavior o f an Evaporator Tube

I f  a f lu id  in  an evaporator tube is  f u l ly  converted in to  steam by supplied 
heat, flow  patterns and heat tra n s fe r regions are transversed from the 
simple-phase f lu id  flow  v ia  the various regions o f the two-phase flow  up to  
the simple-phase steam flow . Chapter 3.1 describes the flow  patterns and heat 
tra n s fe r regions occurring in  a v e r t ic a l upflow evaporator tube un iform ly 
heated along i t s  length. Of special in te re s t in  connection w ith  tra n s ie n t 
process is  the loca tion  o f the b o ilin g  c r is is  and the heat tra n s fe r in  the 
post-dryout region.

During tes ts  on the heat tra n s fe r in  the post-dryout region i t  was observed, 
tha t during the tra n s fe r from one steady sta te  to  another one there could 
tem porarily  occur w all temperatures th a t are higher than expected according to 
the knowledge on the steady state heat tra n s fe r conditions. The expected 
steady sta te  occurred only a fte r  a ra ther long period o f time. This phenomenon 
was always observed when, due to  the parameter fo r  the newly developing s ta te , 
the loca tion  o f he b o ilin g  c r is is  had to  be sh ifte d  toward the tube o u t le t,  
i . e . ,  in  a tube section which previously was unwetted. Tests were conducted 
fo r  the analysis o f th is  phenomenon, in  which by a decrease o f the pressure 
from the s u p e rc r it ic a l pressure region there had to  be in it ia te d  a w etting  pro­
cess; o f which, by decreasing the enthalpy o f the flow  a t the te s t tube in le t ,  
sh ifte d  the loca tion  o f the b o ilin g  c r is is  fa r th e r to  the tube o u tle t.

The tra n s ie n t processes were investigated w ith  the BENSON te s t layout, described
in  Chapter 2. The te s t in s ta lla t io n  was somewhat modified fo r  th is  purpose 
(Figure 4-1). The trans ien ts  were simulated by the fo llow ing  measures:

1. Decrease o f system pressure

The pressure in  the system was decreased in  gradients o f 5 to  20 bars per 
minute through the in je c t io n  o f cold water in to  the pressurizer.

The other system parameters, such as the discharge flow  o f the pump and 
the heating o f the measuring section were not modified.

2. Enthalpy decrease a t the te s t tube in le t

The enthalpy a t the te s t tube in le t  was reduced by 200 to  400 kJ/kg by 
reducing the preheating capacity. The discharge flow  o f the pump, the
system pressure and the heating o f the te s t tube were maintained
constant.

In both tra n s ie n t processes could be observed a p a r t ia l ly  considerable 
worsening o f the heat tra n s fe r in  the post-dryout region. I t  was espec ia lly  
s ig n if ic a n t and present over an extended period o f time when the pressure, 
respective ly  enthalpy, decrease occurred in  the p rox im ity  o f the c r i t ic a l  
pressure.
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Figure 4-2 presents a ty p ic a l process o f measured tube wall temperatures a fte r  
a pressure decrease from the super c r i t ic a l  pressure region. In i t s  in i t i a l  
sta te  a t 247 bars, i . e . ,  in  the s u p e rc r it ic a l s ta te , the tube has wall 
temperatures ranging from 380 to  400°C over i t s  e n tire  length. A fte r 165 s, a 
temperature p ro f i le  developed which, w ith  an enthalpy o f 1750 kJ/kg, presented 
a steep temperature increase as in d ica tio n  o f the loca tion  o f the b o ilin g  
c r is is .  During the fu r th e r course, the loca tion  o f the b o ilin g  c r is is  s h ifte d  
in  flow  d ire c tio n , whereby the maximum temperature decreases again and a fte r  
more than 600 s a tta in s  a steady state w ith  a maximum temperature o f about 
430°C.

Figure 4-3 shows a de ta iled  analysis o f the te s t.  In the diagrams, the 
measured values are compared w ith  the ca lcu la ted values which were obtained 
w ith  the aid o f a computer program /3 9 / fo r  the s im ulation o f dynamic processes 
in  a steam generator. In the v e r if ic a t io n  o f the ca lcu la tio n  i t  was assumed, 
however, th a t the tra n s ie n t process in  respect to  the heat tra n s fe r can be 
represented as a series o f quasi-steady sta tes. This means th a t although the 
conservation equations fo r  mass, momentum and energy as well as the storage 
and release processes o f the tube wall were taken in to  account, fo r  the de ter­
mination of the b o ilin g  c r is is  i t  was assumed th a t i t  can fo llo w  unimpeded the 
changing conditions in  the tube.

In the in i t i a l  s ta te  w ith  su p e rc r it ic a l pressure there is  good agreement 
w ith in  the expected accuracy between the measured and ca lcu la ted maximum w all 
temperature. Also the time slope o f th is  maximum temperature is  o f s im ila r 
course during the f i r s t  100 s. I f  the system pressure fa l ls  below the 
c r i t ic a l  pressure the ca lcu la ted maximum wall temperature increases to  440°C 
and maintains th is  value up to  the end o f the experiment. On the other hand, 
the maximum wall temperature rises to  approximately 550°C in  the experiment 
and a tta ins  the ca lcu la ted value a fte r  about 600 s, when the new equ ilib rium  
condition sets in . The time slope o f the enthalpy a t the loca tion  o f the 
b o ilin g  c r is is ,  also shown in  Figure 4-3, con tribu tes to  the understanding o f 
th is  process. From the heat balance the enthalpy a t the loca tion  o f the 
b o ilin g  c r is is  which existed in  the experiment was determined. While 
throughout the e n tire  te s t time the c a lcu la tio n  shows a constant value, which 
lie s  above the sa tu ra tion  enthalpy o f the water, the enthalpy a t the loca tion  
o f the b o ilin g  c r is is  increases constantly in  the experiment and, in  the time 
frame between 100 and 300 s, l ie s  below the sa tu ra tion  enthalpy. Thus, in  the 
case o f a pressure reduction from the s u p e rc r it ic a l pressure region, tube 
sections w ith  very low and even negative balance steam q u a lity  a tta in  the 
unwetted sta te . This means th a t f i lm  b o ilin g  can occur and th a t the v e lo c ity  
o f the two-phase flow  a t the loca tion  o f the b o ilin g  c r is is  is  considerably 
reduced in  respect to  the steady s ta te , whereby the cooling e ffe c t is  reduced 
and the wall temperature increases correspondingly.

Through the enthalpy decrease a t the in le t  o f the te s t tube there is  caused a 
temperature excursion o f s im il ia r  e ffe c ts . Figure 4-4 shows a typ ica l course 
o f the tube wall temperature a fte r  a s loping decrease o f the in le t  enthalpy. 
While in  th is  case there could be expected a s h if t in g  o f the temperature p ro f i le  
a t the time 0 in  the flow  d ire c tio n , the maximum temperature increases from 
about 400°C to  about 480°C and i t  is  only a fte r  800 s th a t i t  approaches again 
the value o f the in i t i a l  s ta te . During th is  period , the loca tion  o f the b o ilin g  
c r is is  s h if ts  in  the flow  d ire c tio n  toward the tube o u tle t.
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Through a ca lcu la tio n  w ith  the described computer program in  th is  case i t  is  
possible to  separate the expected e ffe c ts  from the processes to  be studied.
Thus, i t  can be gathered from Figure 4-5 th a t, due to  the enthalpy decrease 
during the time period o f 0 to  200 s, there occurs a reduction o f the mass 
flow  in  the te s t tube although the discharge flow  o f the pump remains constant. 
This temporary mass flow  decrease can be a ttr ib u te d  to  a " f i l l i n g  process" be­
cause due to  the th r o t t l in g  o f the supplied heat in  the preheating region the 
steam q u a lity  in  the p ip ing  is  reduced and thus the volume flow  in  the te s t 
tube decreases although the enthalpy a t the in le t  o f the te s t tube has not ye t 
decreased. This mass flow  reduction causes in  the ca lcu la tio n  a corresponding 
increase o f the maximum wall temperature during th is  period o f time. In the 
experiment, however, the wall temperature reaches the maximum value only then, 
when the mass flow  has again reached i t s  i n i t i a l  value. Also in  th is  case i t  
can be deduced from the comparison o f the enthalp ies a t the loca tion  o f the 
b o ilin g  c r is is ,  th a t the considerable increase o f the w all temperature has to 
be a ttr ib u te d  to  the non-wetting o f the heating surface, since the w etting pro­
cess is  delayed in  respect to  the steady s ta te . The loca tion  o f the b o ilin g  
c r is is  does not s h i f t  in  the tube o u tle t d ire c tio n  w ith  the v e lo c ity  which 
would correspond to  the changed flow  enthalpy. Therefore, the enthalpy a t the 
loca tion  of the b o ilin g  c r is is  drops fo r  a time range o f 180 to  650 s below the 
sa tu ra tion  enthalpy o f the water. I t  can be seen from Figure 4-4 th a t in  th is  
range the highest wall temperatures occur.

With the help o f the course o f the b o ilin g  curves o f the heating element - 
f lu id  system there sha ll be in te rp re ted  the temperature excursions observed 
during the described tra n s ie n t processes.

4.2 In te rp re ta tio n  o f the Transient Processes w ith  Help o f the B o ilin g  Curve

For pool b o ilin g  NUKIYAMA 740/ presented fo r  the f i r s t  time the connection 
between heat f lu x  and wall temperature fo r  the various heat tra n s fe r regions 
in  a curve. In con trast to  the conditions in  an evaporator tube, where the 
b o ilin g  c r is is  is  brought about by dryout, w ith  pool b o ilin g  f i lm  b o ilin g  
occurs a fte r  the exceeding o f the c r i t ic a l  heat f lu x . However, the connection 
found by NUKIYAMA between heat f lu x  and wall temperature can be q u a lita t iv e ly  
applied also to  the forced convection conditions. Figure 4-6 shows the 
schematic course o f the Nukiyama curve or b o ilin g  curve o f the heating element 
- f lu id  system.

In the case o f a wall temperature co n tro lle d  system, the b q ilin g  curve can be 
traversed w ith  increasing and decreasing wall temperatures in  the same manner 
w ithou t hysteresis. I f  the w all temperature increases, b o ilin g  occurs on the 
heating surface a fte r  the convection region. B o ilin g  c r is is  occurs i t  the 
c r i t ic a l  heat f lu x  is  reached. The trans fe rred  heat f lu x  decreases now w ith  
increasing wall temperature.

The heating surface is  in te rm it te n t ly  wetted and thus th is  heat tra n s fe r 
mechanism is  characterized by unstable f i lm  b o ilin g . Stable f i lm  b o ilin g  occurs 
i f  the Le idenfrost temperature is  exceeded and a w etting  is  no longer possib le. 
On the other hand, a decrease o f the w all temperature below the Le idenfrost 
temperature leads to  in te rm itte n t w etting processes u n t i l  the heating surface 
is  f u l ly  wetted.
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In con tras t, the a tta in in g  o f the c r i t ic a l  heat f lu x  in  a heat f lu x  con tro lle d  
leads to  a sudden temperature r is e  in  the region o f the stab le  f i lm  b o ilin g  and 
a f a l l  below the Le idenfrost temperature leads to  a sudden temperature drop 
w ith  complete w etting o f the heating surface. A cycle w ith  heat f lu x  increase 
and subsequent reduction leads thus to  a marked hysteresis in  the heat f lu x  
wall temperature course. However, also in  a heat f lu x  co n tro lle d  system the 
only possible conditions are those th a t l ie  on the b o ilin g  curve. I t  has to  be 
considered however th a t, when reaching the c r i t ic a l  heat f lu x ,  the sudden r is e  
o f the heating surface temperature is  connected w ith  an energy storage in  the 
heating element and th a t, when fa l l in g  below the Le idenfrost temperature, the 
sudden decrease o f the heating surface temperature is  connected w ith  an energy 
discharge from the heating element. The course fo r  a heat f lu x  con tro lle d  
system, shown in  Figure 4-6 by a broken l in e ,  can thus be characterized only as 
an apparent b o ilin g  curve.

Heat flux

'  Critical heat flux

Heat storingHeat release

-  Wetting temperature

Transition
boilingBoiling Stable film boilingConvection

>  Wall temperature -  Saturation

Wall temperature controlled 
Heat flux controlled

temperature

Figure 4-6 Connection between heat f lu x  and wall temperature w ith  pool 
b o ilin g  (b o ilin g  curve)

A dditiona l influences occur fo r  the determ ination o f the b o ilin g  curve under 
forced convection conditions. Figure 4-7, which was taken from /4 1 /, shows 
th a t in  a un iform ly heated evaporator tube there cannot be observed a
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hysteresis in  the heat f lu x -w a ll temperature course w ith  an increase and a 
subsequent decrease o f the heat f lu x . Quasi-steady sta te  changes o f operating 
parameters cause hereby a s h if t in g  o f the loca tion  o f the b o ilin g  c r is is  
according to the thermal and f lu id  dynamic sta te  o f the heating s u rfa c e -flu id  
system in  the evaporator tube. The s h if t in g  o f the loca tion  o f the b o ilin g  
c r is is  is  made possible by ax ia l heat conduction from the unwetted to  the 
wetted tube w a ll, whereby an apparent b o ilin g  curve w ithout hysteresis is  
simulated.

Wall temperature

— Saturation temperature

•  c

mq
Heat flux

1 ^  Increasjng heat flux

Decreasing heat flux

Apparent boiling curve 
at position Z

>  Wall temperature

Figure 4-7 B o iling  c r is is  in  a un iform ly heated evaporator tube
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I f  the in fluence o f the ax ia l heat conduction is  excluded, there can be 
observed a hysteresis in  the heat f lu x  wall temperature course also under 
forced convection conditions. Figure 4-8 (taken from /4 1 /)  shows the re s u lt 
o f an experiment w ith  a nonuniformly heated evaporator tube. At f i r s t ,  both
tube sections are heated w ith  the same heat f lu x  (p i = CI2 ) in  such a manner, 
th a t the b o ilin g  c r is is  occurs a t the end o f the f i r s t  tube section and th a t 
the second tube section lie s  in  the unwetted region. Through a reduction o f

Wall temperature

-Saturation temperature

,‘A'. . 'A '-O  ^  O O « o  o

Heat flux pj Pi P2

Apparent boiling curves at 
position T -

Increasing heat flux
-------------Decreasing heat flux
-------------Decreasing wall temperature

■> Wall temperature

Figure 4-8 B o iling  c r is is  in  a nonuniformly heated evaporator tube
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the heat f lu x  o f the second tube section (q2 < Qi) there can be obtained the 
broken curve in the heat flu x -w a ll temperature course, which is  d is t in c t ly  
d if fe re n t from the so lid  lin e  fo r  increasing heat f lu x .

One obtains a s im ila r re s u lt,  i f  the second tube section is  provided w ith  a 
good heat-conducting storage mass and i f  a f te r  the superheating the second 
tube section is  no longer heated. The released heat f lu x  can be then 
determined from the rate o f temperature drop o f the storage mass and i t  shows 
a course (dot-dash lin e )  which approaches very c lose ly  th a t o f the b o ilin g  
curve fo r  pool b o ilin g .

I f  one applies the find ings from the course o f the b o ilin g  curve under forced 
convection to  tra n s ie n t processes, i t  is  possible to  present the pressure 
reduction from the s u p e r-c r it ic a l pressure region according to  Figure 4-9. In 
the in i t i a l  s tate w ith  s u p e rc r it ic a l pressure there w i l l  s e t- in  the operating 
po in t A corresponding to  the chosen heat f lu x . A fte r the pressure reduction, 
the loca l b o ilin g  curve allows a stab le operating po in t (B) fo r  the p o s ition  2 
in  the unwetted region and a stab le  operating po in t (C) in  the wetted region.
I t  depends on the temperature in  the i n i t i a l  s ta te  which operating po in t 
occurs. I f  th is  temperature should be higher than the Le idenfrost temperature, 
a t f i r s t  there w i l l  not occur any w etting  o f the heating surface and in  the 
opposite case w etting w i l l  occur. For the p o s ition  Z shown in  Figure 4-9, a t 
f i r s t  w i l l  occur f i lm  b o ilin g  a f te r  the pressure reduction. The steady state 
operating po in t C is  f in a l ly  a tta ined  by a w etting process, in  which through 
ax ia l heat conduction from the unwetted to  the wetted heating surface there 
occurs a passing o f the b o ilin g  curve from B to  C.

Figure 4-10 shows the influence o f an enthalpy reduction on the loca l b o ilin g  
curve and the course o f the wall temperature. To the ax ia l p o s itio n  2, which 
p r io r  to  the enthalpy decrease l ie s  in  the unwetted p a rt o f the evaporator and 
a fte r  the enthalpy decrease in  the wetted p a rt, can be assigned two b o ilin g  
curves which ind ica te  the possib le operating po in ts p r io r  to  and a fte r  the 
enthalpy decrease. In the i n i t i a l  s ta te , a t p o s itio n  2 the c r i t ic a l  heat f lu x  
is  exceeded and the operating p o in t A l ie s  in  the unwetted region. I f  the 
local enthalpy is  reduced, the b o ilin g  curve allows fo r  p o s ition  2 a stable 
operating po in t (B) in  the unwetted region and a stab le  operating p o in t (C) in  
the wetted region. Since, because of the reduced steam v e lo c ity , the cooling 
is  worse a fte r  the enthalpy decrease than in  the i n i t i a l  s ta te , the heating 
surface temperature increases a t f i r s t  form A to  B. The steady s ta te  operating 
po in t C is  a tta ined, same as a fte r  the pressure drop, through a w etting  process 
whereby is  made possible a passing o f the b o ilin g  curve from B to  C.

4.3 Influence o f the Le idenfrost Temperature

Since the r is e  o f the heating surface temperature has to  be a ttr ib u te d  to  a 
delayed w etting o f the heating surface in  respect to  steady s ta te , an advancing 
o f the w etting fro n t, which separates the wetted from the unwetted tube sec­
t io n , has a strong influence on th is  process. The advancing o f the w etting 
fro n t,  which is  based on the ax ia l heat conduction in  the tube w a ll,  can be 
calcu la ted according to  a model by YAMANOUCHI /4 2 /.

Therein i t  is  assumed, th a t fo r  the determ ination o f the v e lo c ity  o f the 
w etting  fro n t the heat tra n s fe r in  the unwetted region can be neglected in
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Figure 4-9 Influence o f the pressure reduction on the course o f the wall 
temperature and the loca l b o ilin g  curve

respect to  tha t in  the wetted region (F igure 4-11). By solv ing the 
one-dimensional, non-steady heat conduction equation, YAMANOUCHI obtains fo r  
the v e lo c ity  o f the w etting fro n t
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u =
(Sl (4-1)

p, c and A are the values of the wall m a te ria l, 6 is  the wall thickness o f the 
tube and a  is  the heat tra n s fe r c o e ff ic ie n t in  the wetted region. is  the 
temperature o f the wall m aterial in  the unwetted region.
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Figure 4-10 Influence o f an enthalpy decrease on the course o f the wall 
temperature and the loca l b o ilin g  curve
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Equation (4-1) shows th a t the v e lo c ity  o f the w etting fro n t depends g re a tly  on 
the d iffe rence between the Le idenfrost and the sa tu ra tion  temperatures.

I f  the Le idenfrost temperature is  considerably higher than the sa tu ra tion  
temperature o f the f lu id ,  the w etting fro n t can fo llo w  the flu id-dynam ic changes 
o f the system and the tra n s ie n t process behaves quasi-steady in  respect to  the 
heat tra n s fe r. Otherwise, the w etting fro n t v e lo c ity  drops considerably.

The dependence o f the Leidenfrost temperature on the pressure was experim enta lly 
determined by HEIN /43 / fo r  water and the model medium R 12 based on the cooling 
curves o f a submersible probe. While fo r  R 12 i t  was possible to  inves tiga te  
the pressure dependence up to  the c r i t ic a l  pressure, due to  the design l im its  
i t  was possible to  conduct the experiments w ith  water only up to  a reduced pres­
sure of 0.32. From Figure 4-12 i t  can be gathered th a t in  R 12 the Le idenfrost 
temperature in  the lower pressure region l ie s  approximately 30 to  50 K above 
the sa tu ra tion  temperature and in  the high pressure region only approximately 4 
K. Also, from the re su lts  presented in  the same fig u re  i t  can be seen, th a t 
w ith  increasing pressure there occurs an approximation o f the Le idenfrost tem­
perature to  the sa tu ra tion  temperature, and th a t in  the high pressure region 
also fo r  water there can be q u a lita t iv e ly  s ta rted  from a s im ila r course o f the 
Leidenfrost temperature as in  the case o f R 12.

Also measurements o f the w etting temperature w ith  forced convection, which were 
conducted by KEFER 744/ up to a pressure o f 220 bars, show the approximation o f 
the Le idenfrost temperature to  the sa tu ra tion  temperature in  the p rox im ity  of 
the c r i t ic a l  pressure (Figure 4-13). Due to  the higher turbulences, however, 
the measured w etting temperatures are herein higher than the values determined 
w ith  a submersible probe.

The approximation o f the Le idenfrost temperature to  the sa tu ra tion  temperature 
in  the prox im ity  o f the c r i t ic a l  pressure is  thus responsible fo r  the observed 
wall temperature excursions. On the other hand, during tra n s ie n t processes in  
the low pressure region there were measured only rises  o f w all temperatures 
which, taking in to  account the mass dynamics or changes o f the m ateria l 
values, can be a tta ined by ca lcu la tions .

4.4 Mathematical Model fo r  the Determination o f the Influence o f Pressure 
and Enthalpy Transients on the Heat Transfer

As shown in  the foregoing chapters, a decrease o f the heat tra n s fe r takes 
place i f  the w etting fro n t cannot fo llo w  the thermal and flu id-dynam ic changes 
of the system during the trans ien t.

While the system magnitudes, such as pressure-, enthalpy-and mass flow  course 
can be determined w ith  the aid o f computer programs taking in to  consideration 
the storage processes, the loca tion  o f the b o ilin g  c r is is  fo r  the steady sta te  
can be calcu la ted according to  Chapter 3.2.

Equation (4-1) can be used in  p r in c ip le  fo r  the determ ination o f the w etting  
fro n t ve lo c ity . Therein there has to  be known fo r  each moment the temperature 
o f the wall m ateria l in  the unwetted region, the Le idenfrost temperature as 
well as the heat tra n s fe r c o e ff ic ie n t in  the wetted region. For the a v a ila b il­
i t y  o f these magnitudes there is  required a numerical ca lcu la tio n  method w ith  
accurate time and loca l d is c re tiz a tio n .
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Figure 4-13 Course o f the Le idenfrost temperature w ith  forced convection

From the experimental values there was determined an em pirical re la tio n sh ip  
fo r  the progress o f the w etting fro n t. With the aid o f the known magnitudes 
from equation (4-1) i t  is  possible to  apply the re s u lt to  a tube geometry w ith  
d if fe re n t m ateria l values and d if fe re n t w all thickness.

From the measured w etting fro n t v e lo c it ie s  there can be derived the fo llow in g  
statements:

1. The w etting fro n t v e lo c ity  is  independent o f the extent o f the enthalpy 
or pressure decrease and i t  is  also independent o f how qu ick ly  th is  
change takes place. However, the tra n s ie n t has to  occur a t lea s t so 
qu ick ly , th a t the w etting fro n t cannot quasi-steady fo llo w  the process. 
Otherwise, the w etting fro n t v e lo c ity  can be determined from the 
locations o f the b o ilin g  c r is is  fo r  the interm ediate states th a t are to  
be considered steady.

2. I f  the ra t io  o f supplied heat f lu x  to  the mass flow  remains constant, the 
w etting fro n t v e lo c ity  remains also constant. This can be a ttr ib u te d  to 
the fa c t tha t the wall temperature in  the unwetted region remains constant 
a t the f i r s t  approximation i f  the ra t io  o f the heat f lu x  to  the mass flow  
is  not changed. I f  one assumed th a t the Le idenfrost temperature and the 
heat tra n s fe r c o e ff ic ie n t is  the wetted region remain unchanged fo r  the 
considered parameter change, from equation (4-1) i t  can be gathered th a t
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the w etting  fro n t v e lo c ity  cannot change i f  the w all temperature in  the 
unwetted region is  o f a constant value.

3. In a sem ilogarithm ical p lo t i t  is  possib le to  represent the in fluence o f 
the pressure on the w etting fro n t v e lo c ity  as a s tra ig h t lin e . The 
w etting  fro n t v e lo c ity  drops considerably w ith  increasing pressure, which 
is  caused by the approximation o f the Le idenfrost temperature to  the 
sa tu ra tion  temperature.

Taking in to  account these statement and the m ateria l value and geometry 
in fluence o f equation (4 -1) there was formulated the sem i-empirical equation 
(4-2) fo r  the determ ination o f the w etting  fro n t v e lo c ity :

u = 27.35 • • VX76 • (m/q)2 • (4-2)
P ^

Herein p, c and k  are the values o f the wall m ateria l and 6 the w all thickness
o f the evaporator tube, m, q and p are the operating parameters mass 
v e lo c ity , heat f lu x  and pressure.

The in fluence o f the values o f the wall m ateria l (p, c and k )  as w ell as the 
wall thickness 6 o f the evaporator tube were taken from the YAMANOUCHI model 
(equation 4-1).

The fa c to r (m/q)^ in  equation (4 -2) was e m p irica lly  determined. I f  one 
assumes, th a t the wall temperature in  the unwetted region is  considerably 
higher than the sa tu ra tion  temperature and the Le idenfrost temperature, 
according to  equation (4 -1) the w etting  fro n t v e lo c ity  becomes approximately 
inverse ly  proportiona l to  the d iffe rence  between wall and sa tu ra tion  
temperature in  the unwetted region.

u ~ l / (& ^  - Sg) (4-3)

I f ,  as w ith  single-phase flow , the heat tra n s fe r c o e ff ic ie n t in  the unwettd 
region were approximately proportiona l to  the mass flow  and independent o f the 
heat f lu x ,  according to  equation (4-3) i t  fo llow s

u ~ m/q (4-4)

However, in  the post-dryout region the heat tra n s fe r c o e ff ic ie n t increases 
more than p ro p o rtio n a lly  w ith  increasing mass flow  and decreases w ith  
increasing heat f lu x . This can be a ttr ib u te d  to  the thermal non-equilibrium
between steam and water drople ts (c f.  Chapter 3) and explains the dependence of
the w etting  fro n t v e lo c ity  on the mass and heat f lu x ,  as determined by 
equation (4 -2).

Also the in fluence of the pressure was e m p irica lly  determined by equation 
(4-2) w ith

^^g-0.019-p (4-5)
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According to  YAMANOUCHI (equation (4 -1 )) the w etting fro n t v e lo c ity  is  approxi­
mately proportiona l to  the d iffe rence  between Le idenfrost and sa tu ra tion  
temperature

(4-6)

This d iffe rence decreases w ith  increasing pressure. This is  taken in to  account 
in  equation (4-2) by the described pressure dependence.

As shown by Figures 4-14 and 4-15 i t  is  possible to  v e r ify  the measured w etting 
fro n t v e lo c it ie s  w ith  s u ff ic ie n t accuracy by equation (4 -2 ). The comparison 
was based on experiments w ith  a s ta in less  steel tube w ith  a w all thickness o f 
6 = 2 - 10-3m.
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Figure 4-14 Wetting fro n t v e lo c ity  w ith  a pressure drop
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5 INFLUENCE OF THE TUBE ORIENTATION ON THE HEAT TRANSFER

5.1 Flow Patterns and Heat Transfer Regions

While in  a v e rtic a l tube flow  there is  present a symmetrical d is tr ib u t io n  o f 
the steam and water phase over the cross-section , in  the case o f a tube w ith  
horizonta l flow  there occurs a more or less d is t in c t  phase separation due to  
the g ra v ity  e ffe c t. The heavier medium (water) flows pre fe rab ly  in  the lower 
tube region while the l ig h te r  steam flows above i t .  The greater the ra t io  o f 
the buoyant forces to  the tu rb u le n t mixed forces o f the flow , the greater the 
d iffe rence to  the v e rtic a l tube flow . This is  the case w ith  decreasing 
sp e c ific  mass flow  or increasing tube diameter.

Figure 5-1 shows typ ica l flow  con figura tions in  a horizon ta l tube. With 
increasing steam q u a lity  the shown flow  configura tions traverse not always an 
evaporator tube. With the help o f flow  pa tte rn  charts 745/ to  747/ i t  is  
possible to  determine which flow  pa tterns are possible in  a horizon ta l tube 
w ith  a determined parameter combination.

Bubbly flow

Plug flow

Slug flow

Annular flow

Stratified flow Drop flow

Wavy flow

Figure 5-1 Flow patterns in  horizonta l tube

Since the flow  pattern also influences the heat tra n s fe r i t  has to  be expected
th a t, i f  the flow  patterns d i f fe r  g re a tly  w ith  v e r t ic a l and horizon ta l tube 
o r ie n ta tio n s , there w i l l  also occur d if fe re n t heat tra n s fe r regions. Figure 5-2 
shows a typ ica l wall temperature course fo r  a horizonta l tube w ith  strong in f lu ­
ence o f the tube o rie n ta tion  on the heat tra n s fe r. Therein can be observed the
fo llow ing  developments w ith increasing flow  enthalpy:
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Caused by a thermal convection flow  occurring in  a heated, h o riz o n ta lly  
flow -traversed tube, which is  superposed over the forced convection flow , the 
f lu id  temperature, and thus also the w all temperature, rises higher on the 
upper side than on the bottom side o f the tube. B o iling  occurs correspondingly 
e a r lie r  on the upper side. Due to  the force o f g ra v ity , the o r ig in a tin g  steam 
co lle c ts  in  the upper tube pa rt. S tra t if ie d  flow  occurs and dryout o f the 
heating surface takes place on the upper side o f the tube. B o ilin g  was not 
even a tta ined a t the tube bottom a t the same ax ia l tube po s ition .

With increasing enthalpy the void fra c tio n  in  the flow  and thus the m ixture 
v e lo c ity  increases. Slug or annual flow  occurs and the upper side o f the tube 
is  rewetted. F in a lly , w ith  a fu r th e r heat supply the water f i lm  breaks o f f ,  
and dries out, a t f i r s t  a t the upper side and w ith  a much higher enthalpy also 
a t the bottom side.

From the shown example i t  can be seen, th a t in  a horizonta l evaporator tube a 
dryout o f the heating surface on the upper side can occur already in  the 
subcooled region, while the bottom side remains wetted up to  the complete 
evaporation o f the f lu id .

I f  the mass v e lo c ity  is  g re a tly  increased, the tu rbu le n t m ixture forces o f the 
flow  p reva il and cause a symmetrical d is tr ib u t io n  o f the steam and water

Mass velocity: 500 kg/m^s 
Pressure: 100 bar

Tube bore: 24.3 mm 
Heat flux: 300 kW/m^

Wall inside tem perature

I  600 —
I or

500-

400-

300 '  Mean flu id temperature
Steam quality

200-1
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 kl/kg 3000

Enthalpy

Figure 5-2 Influence o f g ra v ity  on the heat tra n s fe r in  horizon ta l tubes
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phase. Thus, the wall temperature on the upper and the bottom sides o f the 
tube have the same course. Figure 3-21 is  an example o f th is .  The heat 
tra n s fe r regions are the re in  id e n tic a l w ith  those in  the v e r t ic a l tube.

5.2 Heat Transfer in  the Wetted Region

In the horizonta l tube, w ith  ce rta in  parameter combinations, there were measured 
great temperature d iffe rences between the upper and the bottom sides o f the 
tube in  the region o f the water flow . From Figure 5-3 i t  can be gathered th a t, 
w ith  a mass v e lo c ity  o f 500 kg/m^s and a heat f lu x  o f 300 kW/m^, these tempera­
ture  differences amount to  approximately 40 K. The measured wall temperatures 
w ith  v e r t ic a l flow , which were also entered in  the Figure, l ie  between the tem­
peratures o f the upper and bottom sides. They are however sh ifte d  toward the 
temperatures on the bottom side o f the horizon ta l tube. Also the temperatures 
which were measured along a la te ra l surface lin e  on the horizon ta l tube do not
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Wall inside temperature 
i 400-

Mass velocity: 500 kg/m s 
Heat flux: 300 kW/m^
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Figure 5-3 Influence o f the tube o rie n ta tio n  on the heat tra n s fe r w ith  one- 
phase water flow  and w ith  subcooled b o ilin g
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l ie  in  the middle between the values on the upper s ide, and bottom side. They 
are also sh ifte d  toward the temperatures on the bottom side. From Figure 5-3 
can also be gathered, th a t the temperature d iffe rences disappear when the mass 
flow  is  increased.

The temperature d iffe rences between the upper and the bottom side o f the h o ri­
zontal tube are caused by a thermal convection flow , which is  superposed over 
the forced convection flow . Thereby, the heated f lu id  rises  upward in  the 
proxim ity  o f the w a ll. Figure 5-4 presents ty p ic a l wall temperatures, measured 
on the outside of the heated tube. I f  one conceives the gravity-dependent 
thermal convection flow  in  the shown manner, on the upper side o f the tube there 
is  created a stagnation zone which the thermal convection flow  takes in  only to 
a lim ite d  extent. The f lu id  is  there considerably quicker heated-up than in  
the re s t o f the tube, whereby the wall temperature rises  correspondingly. I t  
is  o f in te re s t th a t the tu rbu le n t flu c tu a tio n s , which should be already very 
d is t in c t  w ith  a Reynolds number o f 96000, does not lead to  a greater reduction 
o f the temperature d iffe rences.

For the v e r if ic a t io n  o f the temperature d iffe rences there was used the 
PETUYKHOV 748/ model, which covers the thermal convection flow  and allows thus 
to  ca lcu la te  the wall temperatures as a function  of the peripheral angle. 
According to  th is  model, the loca l Nusselt number has the fo llow ing  form:

Nu
Nu

= 1 - 340‘ Gr*cos'F
Re2 .7 5 .p^O.5 1 + 2.4 Re (Pr273"

1 )
(5-1)

is  the mean Nusselt number and, according to PETUKHOV, is  ca lcu la ted as

Nu =

where

i i / 8 )  • Re • Pr
1.07 + 1 2 .7  ♦ 4/8 ♦ (Pr^^^ - 1)

4 = (1.82*logioRe " 1.64)-^ Tube f r ic t io n  c o e ff ic ie n t

(5-2)

Grashof number

Re = m»d
n

Reynolds number

Prandtl number

'F = periphera l angle (upper side V = 0 , bottom side *F = n)

As i t  can be gathered from Figure 5-3, the model renders s u f f ic ie n t ly  well the 
te s t values w ith  a mass v e lo c ity  o f 500 kg/m^s. I f  the mass v e lo c ity  is  in ­
creased to  2500 kg/m^s, w ith  the chosen parameters fo r  the model, as well as 
in  the experiment, there cannot be observed an in fluence o f the thermal 
convection.
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Parameters:

Water temperature: 216“C
Pressure:
Mass velocity: 
Heat flux: 
Tube bore:

100 bar 
500 kg/m^s 
300 kW/m  ̂
2U3 mm

Reynolds number: 96000

Measured wall temperatures 

3 4 5 * C

Stagnation zone

2 9 6  *C

2 8 6 * C

Figure 5-4 Influence o f the thermal convection on the w all temperature 
course w ith  horizon ta l flow

In the case o f the extreme conciitions, which is  the case w ith  a high ra t io  from 
the Grashof to the Reynolds number, the PETUKHOV model can f a i l  and even calcu­
la te  negative Nusselt numbers on the upper side o f the tube. Thus, the model 
furn ishes, e .g ., fo r the parameters in  Figure 5-2, excessively high temperatures 
on the upper side of the tube.

The temperature differences between the upper and the bottom sides o f the h o ri­
zontal tube disappear, or they cannot be detected w ith  the measuring technique 
used i f  b o ilin g  sets in  over the e n tire  tube circumference (c f .  Figure 5-3).

5.3 C r it ic a l B o iling  States

As already shown by Figure 5-2, in  the horizon ta l tube tra n s fe r from the wetted 
to the unwetted heating surface sta te  does not take place in  an ax ia l p o s ition . 
The course o f the c r i t ic a l  heat f lu x  as function  o f the steam q u a lity  can be o f 
e n tire ly  d if fe re n t shape on the upper side o f the tube than on the bottom side 
(c f.  Figure 5-5). In a lim ite d  region o f the heat f lu x  i t  is  also possible to 
record several times the b o ilin g  c r is is  on the upper side o f the tube. However, 
fo r  the evaluation o f the heat tra n s fe r in  the region o f the b o ilin g  c r is is  i t  
su ffices  to  know the locations o f the f i r s t  occurrence o f the b o ilin g  c r is is  
(on the upper side o f the tube) and o f the la s t one (one the bottom side o f the 
tube).
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Figures 5-6 to  5-11 show measured c r i t ic a l  heat f lu x  as function  o f the steam
q u a lity . The values fo r  the f i r s t  occurrence o f the b o ilin g  c r is is  (A) are
connected w ith  the values fo r  the la s t occurrence (□) by horizon ta l lin e s . 
Therefrom can be seen the steam q u a lity  region, in  which has to  be expected 
the b o ilin g  c r is is  in  the tube. I f  the b o ilin g  c r is is  on the upper side was 
recorded several times (as, e .g ., in  the example shown in  Figure 5 -2 ), several 
tr ia n g le s  are entered on one lin e . I f  the b o ilin g  c r is is  could not be measured
on the bottom side up to  the o u tle t o f the tube, there is  no square entered
and the horizon ta l lin e  is  drawn up to  the steam q u a lity  a t the o u tle t o f the 
tube.

The steam q u a lit ie s , ca lcu la ted according to  KON'KOV (c f .  equation (3 -2 )) and 
measured on a v e r t ic a l upflow tube, l ie  frequen tly  between the values o f the 
upper and bottom sides o f the horizonta l tube. With increasing tube diameter 
(Figures 5-9 to  5-11), increases the d iffe rence  o f the c r i t ic a l  steam q u a lity  
between the upper side and the bottom one.

Heat flux

Fleating surface: B = wetfed 
U = unweffed

Critical heat flux at:

bottom

Set heat flux

Steam quality

Figure 5-5 Course o f the c r i t ic a l  heat f lu x  density w ith  horizon ta l flow
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Figure 5-6 C r it ic a l heat f lu x  as function  o f the steam q u a lity  (tube bore 12.5mm)
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Figure 5-7 C r it ic a l heat f lu x  as function  o f the steam q u a lity  (tube bore 12.5 mm)
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Figure 5-8 C r it ic a l heat f lu x  as function  o f the steam q u a lity  (tube bore 12.5 mm)
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Figure 5-9 C r it ic a l heat f lu x  as function  o f the steam q u a lity  (tube bore 24.3 mm)
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Figure 5-10 C r it ic a l heat f lu x  as function  of the steam q u a lity  (tube bore 24.3 mm)
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Figure 5-11 C r it ic a l heat f lu x  as function  o f the steam q u a lity  (tube bore 24.3 mm)
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Figure 5-12 shows, by way o f example, the course o f the c r i t ic a l  heat f lu x  fo r 
various mass v e lo c it ie s  w ith  a pressure o f 100 bars. In con trast to  the 
v e rtic a l tube, where a monotonic decrease o f the c r i t ic a l  heat f lu x  can be 
expected w ith  increasing steam q u a lity , the re la tionsh ips  in  Figure 5-12 are 
considerably more complicated.

The d iffe rence o f the c r i t ic a l  steam q u a lity  between the upper and the bottom 
sides o f a tube w ith  horizonta l flow  is  shown in  Figure 5-13. W ith in the 
measured heat f lu x  region there was determined an average c r i t ic a l  steam 
q u a lity  region fo r  each o f the parameters mass v e lo c ity , pressure and tube 
diameter. The d iffe rence of the c r i t ic a l  steam q u a lity  decreases w ith  
increasing mass flow  and increases w ith  r is in g  pressure.

An increasing mass flow  leads to  increased tu rbu le n t flu c tu a tio n s  in  the flow  
and thus to  a decrease o f the in fluence o f g ra v ity . On the other hand, i f  one 
compares experiments w ith  the same mass v e lo c ity , the v e lo c ity  o f the two-phase 
mixture decreases w ith  r is in g  pressure as a consequence o f the increasing steam 
density. With higher pressure the v e lo c ity  e ffe c t p reva ils  ev iden tly  over the 
influence o f the decreased buoyance o f the steam phase. A la rg e r tube diameter 
causes an increase o f the g ra v ita tio n a l in fluence.

Critical heat flux
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P aram eter , 
from  fig. 5-2
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200 -

100-
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Critical steam quality

Tube bore- 24.3 mm 
Pressure^ 100 bar
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Figure 5-12 Course of the c r i t ic a l  heat f lu x  w ith  horizon ta l flow
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------------------  12,5
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Pressure (bar): •  50 
o 100 
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1500 kg/m2s 2500 

— ^  Mass velocity

Figure 5-13 C r it ic a l steam q u a lity  region w ith  horizon ta l flow

Frequently i t  is  o f in te re s t i f  fo r  the chosen parameters the tube o r ie n ta tio n  
has any in fluence at a l l  on the loca tion  o f the b o ilin g  c r is is  and, thus, on 
the heat tra n s fe r in  the post-dryout region. The Froude number seems to  be an 
adequate quan tity  fo r  such an evaluation. I t  represents the re la t io n  of the 
in e r t ia  to  the buoyant force o f a flow .

CUMO 749/ formed a Froude number w ith  the k in e tic  energy o f the water flow  in  
sa tu ra tion  sta te  and could thus fu rn ish  a c rite riu m  about the parameter 
combination w ith  which one has to  reckon w ith  an influence o f the tube 
o rie n ta tio n  on the loca tion  of the b o ilin g  c r is is .  For

Fr = (m/p*)>cos0
\ /g -d - (p ' -  p " ) /p '

^ 6 to  7 (5 -3 )

according to  CUMO, the loca tion  o f the b o ilin g  c r is is  is  no longer influenced 
by the tube o rie n ta tio n .

76



Equation (5 -3) was v e r if ie d  through heat tra n s fe r experiments in  the pressure 
range o f 50 - 200 bars. In Figure 5-14 there is  entered as abscissa the 
Froude number determined by equation (5 -3) and as ordinate the d iffe rence  of 
the c r i t ic a l  steam q u a lity  between the upper and the bottom sides o f the 
horizonta l tube. I t  can be seen th a t the thus formed Froude number does not 
render an accurate statement about the an tic ipa ted  in fluence of the tube 
o rie n ta tio n  on the loca tion  o f the b o ilin g  c r is is .  Apparently, th is  re la t io n , 
which is  based on experiments w ith  a pressure o f 180 bars, cannot be applied 
to other pressures.

The fo llow ing  method was studied by a second step:

According to  a modelling by WALLIS /5 0 /, i t  is  possib le to  evaluate 
s t ra t i f ic a t io n  e ffe c ts  o f a two-phase flow  in  the horizon ta l tube through a 
dimensionless group, which has the in e r t ia  force o f the steam in  the numerator 
and the buoyant force in  the denominator. This is  again a Froude number

Difference of crifical steam qualities
0.7-

0 ,6 -

0 .5-

O.L-

0 .3 -

0 .2 -

Mass velocity: 300 -  2500 kg/m^s 
Tube bore: 12.5 mm
Pressure: 50 -  200 bar

10
“ T"

15 20  25

Froude Number

30

Figure 5-14 D ifference o f the c r i t ic a l  steam q u a lity  as func tion  o f the 
Froude number according to  euation (5 -3)
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which, however, is  in  respect to  the steam q u a lity  o f the flow . The in e r t ia  
force is  the re in  formed w ith  the su p e rfic ia l v e lo c ity  o f the steam. Since the 
steam v e lo c ity  depends g re a tly  on the steam q u a lity , the la t te r  has to  be 
known a t the loca tion  of the b o ilin g  c r is is .  The c r i t ic a l  steam q u a lity  w ith  
v e r t ic a l flow  was taken as reference magnitude fo r  th is . I t  is  known w ith  
s u f f ic ie n t accuracy and i t  can be determined, e .g ., according to  the method 
described in  Chapter 3.

The s t ra t i f ic a t io n  e ffe c ts  were thus evaluated by a Froude number as fo llow s:

(X,/ *m)/p"
Fr = — = = ^ = = = = = = = = r (5-4)

/g -d -C p ' - p ") /p "

From Figure 5-15 i t  can be gathered th a t, according to  equation (5 -4 ), fo r  
Froude numbers higher than 7 the tube o rie n ta tio n  has p ra c t ic a lly  no influence 
on the loca tion  o f the b o ilin g  c r is is .  The d iffe rence  o f the c r i t ic a l  steam 
q u a lity  between the upper and the bottom sides o f the tube is  below 0.1. On 
the other hand, w ith  Froude numbers below 3 one has to  reckon w ith  strong 
s t ra t i f ic a t io n  e ffe c ts . In the case o f horizon ta l tubes, the b o ilin g  c r is is  
occurs already a t very low steam q u a lit ie s  on the upper side w hile  the bottom 
s id ^  remains wetted almost up to  the po in t o f complete evaporation.

5.4 Heat Transfer in  the Post-Dryout Region

The heat tra n s fe r in  the post-dryout region o f v e r t ic a l tubes can be calcu la ted 
w ith  the method described in  Chapter 3, which considers the thermal non­
equ ilib rium  between the steam and the water drop le ts. In order to  investiga te  
the a p p lic a b il i ty  o f such a model to tubes w ith  horizonta l flow , in form ation is  
required on the influence o f the tube o rie n ta tio n  on the heat tra n s fe r in  the 
post-dryout region.

Figure 5-16 shows a typ ica l wall temperature-enthalpy course. The b o ilin g  
c r is is  in  the case o f a tube w ith  horizonta l flow  se ts -in  on the upper side 
w ith  considerably lower enthalpy than in  a v e r tic a l tube, while on the bottom 
side i t  se ts - in  a t a higher enthalpy. The r is e  o f the wall temperature a fte r  
the occurring o f the b o ilin g  c r is is  on the upper side is  however lower in  the 
horizon ta l than in  the v e r tic a l tube. This has to  be a ttr ib u te d  to  the heat 
f lu x  in  periphera l d ire c tio n  from the unwetted upper side to  the wetted bottom 
side of the tube. Figure 5-17 shows th is  influence on the w all temperature 
d is tr ib u tio n . I f  the heat conduction in  periphera l d ire c tio n  were neglected, 
there could be expected a wall temperature course (S 'o ) on the upper side, 
which lie s  considerably above the measured wall temperature course (<^o)- lo  
the case of the horizon ta l tube there could thus occur, th a t the wall 
temperatures in the post-dryout region are lower than in  a v e r t ic a l tube 
although the loca tion  o f the f i r s t  b o ilin g  c r is is  is  present a t considerably 
lower steam q u a lity  and thus in  the region w ith  reduced steam cooling.

The influence o f the heat conduction in  periphera l d ire c tio n  depends on the 
ra t io  o f the heat flows in  rad ia l d ire c tio n  and in  periphera l d ire c tio n  and, 
thus, on the heat conduc tiv ity  o f the w all m ateria l as w ell as on the wall 
thickness. Thus, boundaries are set fo r  an accurate but not too cumbersome 
ca lcu la tion  o f the post-dryout heat tra n s fe r w ith  horizonta l flow . No models 
can be developed which, as in  the case o f the v e r t ic a l tube, ca lcu la te  the
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Figure 5-15 D ifference o f the c r i t ic a l  steam q u a lity  as function  o f the 
Froude number according to  equation (5-4)
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Figure 5-16 Influence o f the tube o r ie n ta tio n  on the heat tra n s fe r 
in  the post-dryout region

temperature unaffected by the dimensions and properties o f the tube. In the 
tra n s fe r o f the te s t resu lts  i t  has to  be fu r th e r considered th a t most o f the 
f e r r i t i c  s tee ls used in  steam generators have a heat co n du c tiv ity  which is  
approximately double than th a t o f the te s t tubes out o f a u s te n it ic  s tee l.
Thus, the in fluence o f the heat con duc tiv ity  from the unwetted upper side to  
the wetted bottom side increases even more.

From the experiments i t  can be gathered th a t a t the moment when in  the 
horizon ta l tube the b o ilin g  c r is is  on the upper and on the bottom sides occurs 
a t the same ax ia l p o s itio n , the heat tra n s fe r in  the post-dryout region is  
equal to  th a t in  the v e r tic a l tube (Figures 5-18 and 5-19). In Figure 5-19, 
the wall temperature course o f the v e r t ic a l tube is  sh ifte d  on the enthalpy 
axis by about 150 kJ/kg in  respect to  the horizon ta l one. This value lie s  
s t i l l  w ith in  a dev ia tion  o f 6% w ith  which, according to  CUMO 721/, one has to 
reckon in  re p ro d u c ib ility  te s ts .

With a la rg e r tube diameter there is  an increase o f the temperature d iffe rence 
between the upper and bottom sides o f the tube in  the post-dryout region
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Figure 5-17 Heat conductiv ity  from the unwetted upper side to  the wetted 
bottom side o f the tube

(Figure 5-20). From the fig u re  i t  can be gathered th a t th is  temperature 
d iffe rence is  s t i l l  present, i f  the c r i t ic a l  heat f lu x  is  exceeded over the 
e n tire  tube circumference. Since in  the post-dryout region is  present steam 
flow  w ith  water droplets and thus the steam is  the continuous phase, i t  was 
studied i f  also in  th is  case - analogous to  the water region - the temperature 
d iffe rences are caused by a thermal convection flow  o f the steam, which have 
calcu la ted according to  the PETUKHOV model. I t  was evidenced, however, th a t 
the thermal convection flow  in  th is  region has p ra c t ic a lly  no in fluence on the 
wall temperatures. The statement by SCHNITTGER and MAYINGER 751/ is  more plaus­
ib le , th a t the water droplets concentrate in  the lower tube region. Thus, the 
thermal non-equilibrium  in  i t  is  reduced w hile  i t  increases in  the upper tube 
region.

An in d ica tive  value fo r  the expected temperature d iffe rences between the upper 
and the bottom sides o f the tube in  the post-dryout region is  the temperature
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d iffe rence between steam and water drop le ts (thermal non-equilib rium ) in  a ver­
t ic a l tube. I t  can be determined according to the model o f Chapter 3. A prereq­
u is ite  fo r  th is  procedure is  th a t, based on the parameters, there has to  be 
reckoned w ith  an influence o f the tube o rie n ta tio n  on the heat tra n s fe r (c f.  
Chapter 5 .3 ). Otherwise, there cannot be expected any temperature d iffe rences 
around the tube circumference.

Figure 5-21 shows tha t an increased tube diameter leads to a considerable r ise  
o f the wall temperatures i f  the b o ilin g  c r is is  on the upper side o f the tube 
occurs a t very low steam q u a lity  - apparently in  the region o f the s t r a t i f ie d  
flow. I f ,  on the other hand, the tube o r ie n ta tio n  does not have any influence 
on the heat tra n s fe r, a diameter change influences only very s l ig h t ly  the wall 
temperatures in  the post-dryout region (F igure 5-22).
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6 PRESSURE DROP

6 . 1  Pressure Drop Components in  an Evaporator Tube

The to ta l pressure drop in  an evaporator tube is  composed o f the terms fo r  f r i c ­
t io n , acce lera tion and g ra v ity .

Total F r ic t io n  Acceleration H ydrostatic
pressure = pressure + pressure + pressure 
drop loss drop drop

Depending on the parameter combination and on the tube o r ie n ta tio n  one or more 
o f these fra c tio n s  dominate in  a p a rt ic u la r  case.

The greatest unce rta in ties  e x is t always in  the determ ination o f the f r ic t io n  
pressure loss. Even the v e r if ic a t io n  o f a co rre la tio n  fo r  the f r ic t io n  pressure 
loss w ith  the help o f measured values is  not always possible to  be accurate since 
i t  is  always the to ta l pressure drop th a t is  measured and the f r ic t io n  fra c tio n  
has to  be determined according to equation (6 -1 ). While in  a single-phase flow  
there can be determined the acce lera tion and the hyd rosta tic  pressure drop merely 
from the parameters and properties o f the f lu id ,  fo r  a two-phase flow  there is  
s t i l l  required data on the phase v e lo c it ie s  and/or phase d is tr ib u t io n , on the 
flow  cross-section , since th is  flow  has add itiona l degrees o f freedom. Flow 
models (homogeneous or heterogeneous) 750/, which agree s u f f ic ie n t ly  well w ith  
re a li ty  in  ce rta in  parameter regions, were developed fo r  the mathematical handl­
ing of th is . The most accurate statement about the f r ic t io n  pressure loss is  
possible w ith  an unheated and horizon ta l two-phase flow  since in  th is  case the 
f r ic t io n  pressure loss corresponds approximately to  the measured to ta l pressure 
drop. Since, however, the inves tiga tions  below correspond mostly to  heated and 
not always horizon ta l flow s, i t  is  necessary to  study c loser a l l  occurring 
fra c tio n s .

The f r ic t io n  pressure loss o f the two-phase flow  is  in  respect to  the f r ic t io n  
pressure loss which occurs, when the e n tire  mass would flow  as liq u id  in  the 
sa tu ra tion  s ta te . This is  the magnitude fo r  the two-phase pressure loss most 
frequently  used in  the l i te ra tu re  and leads to  the fo llo w in g  d e f in it io n  o f the 
two-phase m u lt ip lie r :

(^P p)pr)h
R = ------------------------------------------------------------------------------------------------( 6 - 2 )

wherein

w ith

^^’̂ R^lph,w

4 = [o .86859-ln [R e '/(1 .964-lnR e ' - 3 .8 21 5)]]"^  (6 -4 )
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(according to  Friedel 752/ fo r  Re' > 1055) 

and

Re' = (6 -5 )

The acceleration pressure drop is  caused by the change o f the flow  momentum, 
e .g ., through evaporation o f the liq u id . I f  the flow  cross-section remains 
constant, the acce lera tion pressure drop fo r  a tube section in  which the steam
q u a lity  changes from Xj to  X2 and the void fra c tio n  from Ci to  £3 becomes;

APg = it|2
X2  ̂ (1 - X2)2 X j  2 (1 - Xj)2

  +    -    -  -----------------------

£2 ' p2 ( I 2 ■ £2 )p2 £ i • Pi (1 " £ i)p i
( 6- 6)

The hydrosta tic  pressure drop is  caused by the change o f the p o te n tia l energy 
o f the f lu id .

APq = AH • g • p (6 -7)

AH is  the d iffe rence in  the height between the s ta r t  and the end o f the con­
sidered tube section and p is  the mean density o f the f lu id  in  th is  region and 
is  ca lcu la ted by

AH

P = aH / p  *
0

The densities to  be entered in to  equations ( 6 - 6 ) and ( 6 - 8 ) also depend on the 
v e lo c ity  ra t io  o f both phases. I f  one assumes the same v e lo c ity  fo r  water and 
steam, the mixture density can be ca lcu la ted as fo llow s:

+ 1 - X (6 -9)

6 .2 F r ic tio n  Pressure Loss in  the Wetted and Unwetted Regions

6.2 .1  Experimental Observations and Their In te rp re ta tio n

The heating surface o f an evaporator tube in  which the liq u id  is  completely 
evaporated lie s  p a r t ia l ly  in  the wetted and p a r t ia l ly  in  the unwetted region.
In order to  investiga te  the in fluence o f the w etting  s ta te  o f the heating sur­
face on the pressure loss, in  the experiments on the heat tra n s fe r in  the post- 
dryout region there was measured the pressure loss in  three equally long tube 
sections (instrum entation layout, c f. Chapter 2). The loca tion  o f the b o ilin g  
c r is is  was the re in  sh ifte d  to  the boundary between two tube sections, so th a t 
one o f them was completely in  the wetted region and the other two in  the unwet­
ted region. Figure 6-1 shows a typ ica l wall temperature course w ith  one wetted 
and two unwetted tube sections. The two-phase m u lt ip l ie r  fo r  the three tube
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sections, ca lcu la ted from the measurement, was also entered in  the fig u re . I t  
can be seen, th a t the pressure loss in  the wetted region l ie s  d is t in c t ly  higher 
than in  the unwetted one. This e ffe c t was observed in  almost a l l  experiments.

For the f i r s t  tim e, TARASOVA and LEONTIEV /5 3 / and /5 4 / described the reduction 
o f the f r ic t io n  pressure loss in  the unwetted region. They a ttr ib u te  the e ffe c t 
to  a "pressure loss c r is is "  and compare th is  process w ith  the occurrence o f the 
b o ilin g  c r is is  during heat tra n s fe r. Q uantita tive  values fo r  the f r ic t io n  pres­
sure loss in  the unwetted region were published by BEATTIE 755/ and /5 6 / based 
on boundary layer analysis which, however are not expounded in  more d e ta ils  in  
any o f the two a r t ic le s . WHITCUTT and CHOJNOWSKY 757/ conducted extensive mea­
surements o f the two-phase pressure loss a t v e r t ic a l upflow evaporator tubes.
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Figure 6-1 Two-phase m u lt ip l ie r  in  the wetted and the 
unwetted region of a heated tube flow

The b o ilin g  c r is is  occurred the re in  mostly a t the 
the pressure loss was measured in  the wetted regi 
measured values w ith  the homogeneous model in  the 
only an average devia tion  o f 9% between c a lc u la ti 
v e lo c ity  was varied between 400 and 3500 kg7m^s i 
sure between 110 and 205 bars and the steam quali 
ing to  OWENS expressions, the v is c o s ity  o f the l i  
dently  o f the steam q u a lity  - fo r  the determ inati 
o f the tube.

o u tle t o f the tube, so th a t 
on. The comparison o f the 
OWENS 7587 form ulation showed 

on and measurement. The mass 
n these experiments, the pres- 
ty  between 0 and 80%. Accord- 
quid phase was used - indepen- 
on o f the f r ic t io n  c o e ff ic ie n t
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For the evaluation o f the measurements o f the two-phase pressure loss there 
were used the OWENS model and the BEATTIE model fo r  the f r ic t io n  pressure loss.

According to  the homogeneous model, the pressure loss o f a two-phase flow  is  
ca lcu la ted according to equation (6 -3) whereby instead o f the f lu id  density p ‘ 
there has to  be entered the m ixture density , determined by equation (6 -9 ):

L m̂
(APf^)^ = I  • ----- • ----------------------------------------  (6-10)

The f r ic t io n  c o e ff ic ie n t 4 is  - same as in  the single-phase region - dependent 
on the Reynolds number (equations (6-4) and (6 -5 )) , wherein e x is t many expressions 
fo r  the "representative" v is c o s ity  in  the two-phase region (c f .  /4 1 / and /5 9 /) .  
Since according to  the OWENS model the v is c o s ity  o f the liq u id  phase is  used 
fo r  the two-phase region, also the tube f r ic t io n  c o e ff ic ie n t 4 becomes indepen­
dent o f the steam q u a lity  and the two-phase m u lt ip l ie r  becomes very simple by 
using the equations (6 -2 ), (6 -3 ), (6 -9 ), and (6-10):

R = l + x ( ^ - l )  (6“ 11)OWENS ^  ^  ^ p "

The two-phase m u lt ip lie r  fo r  the unwetted region is  ca lcu la ted according to  
BEATTIE by

R
BEATTIE

The v e r if ic a tio n s  o f the experiments ca rried  out w ith  the equations (6-11) and 
(6-12) are shown in  Figure 6-2 to  6-4 fo r  the horizon ta l tube and in  6-5 to  6-6
fo r  the v e rtic a l upflow tube. In the Figures was id e n t if ie d  the w etting  sta te
o f the heating surface, which was determined from the course o f the w all tem­
peratures. I t  can be noted, th a t the f r ic t io n  pressure loss in  the wetted
region is  covered s u f f ic ie n t ly  w e ll,  on the average, by the OWENS homogeneous 
model and well in  the unwetted region by the BEATTIE model. I t  is  pe cu lia r th a t 
the sca tte ring  o f the two-phase m u lt ip l ie r  in  the wetted region is  considerably 
higher than in  the unwetted one.

From the Figures 6-2 to  6-6 i t  can be deduced th a t in  the investiga ted param­
ete r range there is  obtained a high accuracy in  the ca lcu la tio n  o f the two-phase 
pressure loss, i f  in  the wetted region the ca lcu la tio n  is  made according to  OWENS 
and in  the unwetted one according to  BEATTIE. Figure 6-7 shows a comparison be­
tween the measured two-phase m u lt ip l ie r  and the one ca lcu la ted according to  th is  
procedure. The pressure loss fo r  the e n tire  parameter range is  s u f f ic ie n t ly  
well determined both fo r  the horizon ta l as well as fo r  the v e r t ic a l upflow tube.

6.2.2 Comparison o f Various Pressure Loss Corre lations

For the design o f evaporator tubes there are frequen tly  proposed co rre la tio ns  
which were obtained from experiments on ad iabatic two-phase flows. In order 
to check th e ir  a p p lic a b il ity  fo r  th is  purpose, measured two-phase m u lt ip lie rs
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Two-phase multiplier Measured values:
A 35 Flow direction- horizontal 

Tube bore: 12.5 mm
Pressure: 50 bar30-

25-

2 0 -

15-

0 0,2 0,4 0,6 0,8 1

Heating surface Wetted Unwetted

500 • o
MdSi velocity -

f k n /  m I
■ □

viNU/in
2500 ♦ o

Calculated values:

Homogeneous model acc. to OWENS 
BEATTIE Model

-► Steam quality

Figure 6-2 Influence o f the w etting  state o f the heating surface on the two-phase m u lt ip lie r



Two-phase multiplier Measured values-'
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4  15
Flow direction- horizontal 
Tube bore:
Pressure'-

12.5 mm 
100 bar

10 -

^  Steam quality

Heating surface Wetted Unwetted

Mass velocity • O
(kg/m^s) 1000 ■ □

Calculated values:

Homogeneous model acc. to OWENS 
BEATTIE Model

Figure 6-3 Influence o f the w etting sta te  o f the heating surface on the two-phase m u lt ip lie r
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Two-phase multiplier 
4  8
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2 -  
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Flow direction: horizontal 
Tube bore: 12.5 mm
Pressure: 150 bar

Bn /
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----------- ► Steam quality

Pressure: 200 bar

0.6

► Steam quality

Heating surface Wetted Unwetted

Mass velocity: 1000 ■ □
(kg/m^s) 2500 ♦ 0

Measured values:

Homogeneous model acc. to OWENS 
BEATTIE Model

Figure 6-4 Influence o f the w etting sta te  o f the heating surface on the two-phase m u lt ip lie r



Two-phase multiplier 
4 35
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Mass velocity 1000 ■ □
(kg/m^s) 2500 ♦ o
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Homogeneous model acc. to OWENS 
BEATTIE Model

Figure 6-5 Influence o f the w etting sta te  o f the heating surface on the two-phase m u lt ip lie r
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Two-phase multiplier 
A 8

Measured values:
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4-

2

0

Flow direction: vertical 
upwards 

Tube bore: 12.5 mm
Pressure: 150 bar

^ 2  04 06 08
 ► Steam quality

5
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Figure 6-6 Influence o f the w etting sta te  o f the heating surface on the two-phase m u lt ip lie r
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Flow direction: horizontal 
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vertical upwards 
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▲ 100▲ 1000

9 V c

Standard deviation: 17%
Mean error: Mean error:

Standard deviation' 20%

100-

10-
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100 1000 100
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Pressure: 50-200 bar
Mass velocity: 500-2500 kg/m^s
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surface
acc. to BEATTIE for unwetted 

heating surface

Figure 6-7 Comparison between measured and ca lcu la ted two-phase m u lt ip lie rs



and those calcu la ted w ith  various co rre la tions  were compared to  each other.
Figure 6-8 shows th is  comparison fo r  the suggested process and ca lcu la tion  
according to  LOMBARDI 760/ and FRIEDEL 761/. P lo tted was the number o f the 
measuring points which l ie s  w ith in  a defined e rro r range. The e rro r was 
defined there in  as fo llow s:

Y = ^ (6-13)

With the suggested process w ith , e .g ., an admissible e rro r o f ± 20% fo r  
horizon ta l and v e r tic a l flow s, i t  is  possible to  v e r ify  approximately 80% o f 
a l l  measuring po in ts. The other equations used fo r  the comparison lead to 
considerably higher errors in  the ca lcu la tion  since they do not consider the 
w etting sta te  o f the heating surface.

In  add ition  to the experiments w ith  heated tube flow  there were analyzed 
pressure loss measurements on unheated tubes. Figure 6-9 shows a comparison 
o f several co rre la tions  w ith  measured values which were taken from a data bank 
7627. The data bank contains e sse n tia lly  the values fo r  the medium water o f 
the data c o lle c tio n  compiled by FRIEDEL 7527. The corresponding parameter regions 
are enumerated in  Table 6-1. In th is  comparison were also included the newly 
developed STOREK 7637 model and the homogeneous model in  the OWENS form ulation
7587. I t  is  o f in te re s t to  observe th a t w ith  horizon ta l flow  the homogeneous
model reproduces the te s t values be tte r than the three re la tio n s  used fo r  the 
comparison.

The FRIEDEL equation furnishes the best agreement in  the case o f v e r t ic a l tube 
flow . Also herein the homogeneous model presents advantages over the other two 
methods, since i t  covers a l l  measuring values already w ith  an e rro r range o f 
±70% and does thus not produce any large "spreads." However, the OWENS homo­
geneous model has lead to  e rro rs  during the tra n s it io n  to  the steam flow , since 
herein the v is c o s ity  o f the liq u id  phase is  used fo r  the determ ination of the 
f r ic t io n  c o e ff ic ie n t.

6 .2 .3 Influence o f the Heating and E n t r a n c e  E ffects

The in fluence of the heating on the f r ic t io n  pressure loss in  the two-phase
region was investigated on a horizonta l tube. Figures 6-10 and 6-11 show the 
measured two-phase m u lt ip l ie r  as a function  of the steam q u a lity . For the case 
o f the heated flow , the f r ic t io n  pressure loss was obtained from the d iffe rence  
between the measured to ta l pressure drop and the acce lera tion pressure drop 
(equation 6-6). The acce lera tion pressure drop, which due to  the s lig h t  heating 
is  only o f secondary importance, was determined according to  the homogeneous 
model. I t  can be seen th a t in  the wetted region the pressure loss o f the heated 
flow  is  p ra c t ic a lly  id e n tica l w ith  the pressure loss o f the unwetted flow  of 
the same steam q u a lity . In the unwetted region the pressure loss o f the heated 
flow  lie s  below th a t o f the unheated one.

From Figures 6-10 and 6-11 i t  can also be gathered th a t the pressure loss w ith  
p a r t ia l ly  wetted heating surface, in  which in  the horizon ta l tube the c r i t ic a l  
heat f lu x  on the upper side o f the tube was exceeded, l ie s  between the values
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Proportion of measured points 
i  100 Calculation models:

•  Proposed method

o LOMBARDI 
^ FRIEDEL

Flow direction: 
horizontal

±20 ±40 ±60 ±80 % ±100
Proportion of measured points Error bandwidth

Mass velocity: 500-2500 kg/m^s

I I I 

!

Flow direction: 
vertical upwards

Tube bore: 
Pressure:

12.5 mm 
50-200 bar

±80 ±80 % ±100 
—► Error bandwidth

Figure 5-8 Number o f measuring points w ith in  a defined 
e rro r range (heated tube flow )
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Proportion of measured points 

♦  100-

1015 measuring points 
Flow direction: 
horizontal

+40

Proportion of measured points
A 100

Calculation models: 

•  OWENS

o LOMBARDI 
^ FRIEDEL 
+ STOREK

+60 ±80 % +100 
-►  Error bandwidth

3555 measuring points 
Flow direction: 
vertical upwards

+60 +80 % +100 
—► Error bandwidth

Figure 6-9 Number o f the measuring po in ts w ith in  a defined 
e rro r range (unheated tube flow )

fo r  the wetted and the unwetted heating surface. This can be seen espec ia lly  
in  Figure 6-11 w ith  a pressure o f 100 bars. Herein the l im it in g  curve fo r  the 
unwetted wall (BEATTIE model) is  obtained when the heating surface is  unwetted 
around the e n tire  circumference.

From Figure 6-10 i t  can be gathered th a t in  the wetted region the pressure 
loss can l ie  s t i l l  considerably above the values ca lcu la ted according to  the
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Table 6-1 Parameter range o f the experiments on unheated tubes

Flow d ire c tio n Number
( - )

Mass v e lo c ity  
(kg/m^s)

Steam q u a lity  
( - )

Pressure
(bar)

Horizontal 95 334 - 2739 0,05 - 0,98 41 -  97

37i. 201 - 4458 0,01 - 0,99 1,7 - 97

377 17 - 1615 0,07 - 0,99 1,4 -  19

35 1004 - 4013 0,04 - 0,58 10 -  37

13t 112 - 1232 0.0 - 0,33 11 - 177

V ertica l 86 331 - 2751 0,04 - 0,98 41 - 97
upwards

252 398 - 1835 0.0 - 0.04 1.0 - 1.7

3K 99 - 1532 0,01 - 0,36 11 - 197

323 392 - 3995 0,02 - 0,87 17 - 100

1877 497 - 4658 0,01 - 1.0 20 -  89

347 961 - 4577 0.02 - 0,64 49 - 70

101 500 - 3000 0.08 - 0,70 30 - 90

40 500 - 1000 0.10 - 0,92 69

156 397 - 1579 0,03 - 0,51 2,1 -  19

17 990 - 4036 0.05 - 0.56 19 - 30

42 461 - 2120 0,01 - 0 38 20 -  31
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Two-phase multiplier 
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30 -
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>? 
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U nw etted

HeateddOO kW/m^) ■ B □

Unheated o

Calculated values^

Homogeneous model acc. to OWENS 
------------ Homogeneous model with steam viscosity

-------------BEATTIE Model

Mass velocity: 750 kg/m^s 
Tube bore: 24.3 mm
Flow direction: horizontal

>  Steam quality

Figure 6-10 Influence o f the heating on the two-phase m u lt ip lie r
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Two-phase multiplier 
4  30

Measured values:

Dv

Pressure- 100 bar

Heating surface Wetied Partially
wetted

Unwetted

Heated(200 kW/m^) ■ a □

Unheated 0

Calculated values:

Homogeneous model acc. to OWENS 
Homogeneous model with steam

viscosity
___________ BEATTIE Model

Mass velocity: 1500 kg/m^s 
Tube bore: 24.3 mm
Flow direction: horizontal

0.4 0.6 0.8 1
^  Steam quality

Figure 6-11 Influence o f the heating on the two-phase m u lt ip lie r



homogeneous model by OWENS. This has to  be a ttr ib u te d  to  the in fluence o f the 
deformation turbulence (c f.  /6 3 /)  which, w ith  low mass v e lo c ity  and - as in  th is  
case - w ith  large tube diameter cannot be neglected in  respect to  the in fluence 
o f the Reynolds turbulence.

In the case o f the heated tube, the tra n s fe r from the course o f the pressure 
loss w ith  wetted heating surface to  th a t w ith  unwetted heating surface is  de ter­
mined by the loca tion  o f the b o ilin g  c r is is  which can be determined, e .g .,  ac­
cording to  Chapter 3.2 fo r  conditions occurring in  steam generator tubes. In 
the case o f the unheated tube, when approaching the single-phase steam flow  
there can be sometimes observed a considerable drop o f the f r ic t io n  pressure 
loss (Figure 6-10 a t 50 and 100 bars) and w ith  o ther parameters an increase o f 
the f r ic t io n  pressure loss (Figure 6-11 a t 100 bars). This has to  be a ttr ib u te d  
to  the d if fe re n t entrainment behavior o f the two-phase flow . While in  the f i r s t  
case, even w ith  very high steam q u a lit ie s , there is  a water f i lm  on the w all 
which thus increases considerably the pressure loss , the wall in  the second 
case would be e s s e n tia lly  blown dry, whereby the considerably lower v is c o s ity  
o f the steam is  decis ive fo r  the pressure loss.

The influence o f the entrainment on the pressure loss was investigated on measure­
ments by GASPARI /6 4 / on a v e r t ic a l upflow ad iaba tic  tube flow. Figure 6-12 
shows the fra c tio n  o f the liq u id  ca rried  in  the steam in  the form o f water drop
le ts  fo r  the tra n s fe r to  the single-phase steam flow  x 1) according to  a method 
by HUHN /6 5 /. In the case o f high mass v e lo c it ie s , the e n tire  l iq u id  fra c tio n  
is  in  the steam flow ; thus, there is  no longer a f i lm  on the wall and the pressure 
loss increases when approaching the single-phase flow  as a re s u lt o f the in ­
creasing flow  v e lo c ity . On the other hand, w ith  lower mass flow  decreases the 
entrainment and there continues a water f i lm  which disappears only when approach­
ing the single-phase steam flow . When the water f i lm  is  removed w ith  increasing 
steam q u a lity , more steam comes comes in to  d ire c t contact w ith  the wall whereby 
the pressure loss decreases again. While w ith  a heated flow  th is  tra n s it io n  
occurs in  a very lim ite d  steam q u a lity  range, the change during the course of 
the pressure loss w ith  an unheated flow  occurs over a w ider region.

In Figure 6-13, fo r  GASPARI /6 4 / measurements, the two-phase m u lt ip l ie r  is  entered 
as function  o f the steam q u a lity . I t  can be seen th a t w ith  high mass v e lo c it ie s , 
also w ith  an unheated flow , the pressure loss can drop again already a t medium 
steam contents w ith  increasing steam q u a lity . In the Figure was also p lo tte d  
the fra c tio n  o f the water mass flow , ca lcu la ted according to  HUHN, which flows 
as f i lm  on the w a ll.

The steam q u a lity  range, in  which can be observed a drop o f the pressure loss 
w ith  high mass flow , can there fore  be assigned to  the disappearance o f the water 
f i lm  on the w a ll. From the comparison between the measured values and the c a l­
cu la tion  o f the pressure loss according to  the homogeneous model i t  can be gath­
ered th a t, in  the region w ith  the low entrainment, the use o f the f lu id  v is c o s ity  
furnishes more accurate values fo r  the determ ination o f the tube f r ic t io n  coef­
f ic ie n t  while w ith  high entrainment i t  is  the steam v isco s ity .

The influence o f entrance e ffe c ts  can be gathered from Figures 6-14 and 6-15.
For a two-phase flow  the li te ra tu re  /6 6 / mentions entrance e ffe c ts  up to  a length 
to  diameter ra t io  o f 50. From the fig u re s , i t  can be seen tha t in  the in v e s t i­
gated parameter range w ith  a length to  diameter ra t io  o f 90, there is  no longer 
present a noticeable in fluence of entrance e ffe c ts  in  the two-phase region while
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Pressure drop gradient 
A 400

Tube bore: 5.08 mm 
Pressure: 70 bar

kN/m^

300

Mass velocity (kg/m s) 

3803
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100 -

Entrainment acc. to 
HUHN for X— ^ 1 in %

—I— I——I— I— I— I—
0 0,2 0.4 0,6 0,8

 ► Steam quality

Figure 6-12 Connection between entrainment and pressure loss in  
an unheated flow

in the single-phase region they have disappeared almost completely w ith  a re la ­
t iv e  length o f 14. From the fig u re s , i t  can also be gathered th a t the entrance 
e ffe c ts  are strongest in  the medium steam q u a lity  region.
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Two-phase multiplier -1

100-
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Tube bore- 15.2 mm 
Pressure: 20 bar

Mass velocity:
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•  500
O 750 
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▼ 1496 
A 1757 
■  1986
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/  —  w—  7 \ - r \
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 ► Steam quality

Water mass flow as film Entrainment
▲ 100

20- Calculation acc. 
to HUHN

100
0,01 0.02 0,05 0,1

>  Steam quality

Figure 6-13 Connection between entrainment and pressure loss 
in  an unheated flow

6.3 Recommendations fo r  the Determination o f the F r ic t io n  Pressure Loss o f 
a Two Phase-Flow

From the inves tiga tions  described in  the foregoing chapters i t  can be gathered 
th a t the w etting  state o f the w all has a decisive influence on the pressure 
loss. This applies both to  heated as w ell as unheated-tube flow s, wherein the 
tra n s it io n  from the wetted to  the unwetted wall s ta te  takes place in  the f i r s t  
case through the evaporation o f the liq u id  f i lm  in  connection w ith  a drople ts 
entrainment in to  the core flow  and in  the second case only by entrainment. 
However, during the tra n s it io n  to  the single-phase flow  even w ith  a flow  w ithout 
entrainment there has to  disappear the water f i lm  on the w a ll.
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Figure 6-14 Influence of entrance e ffe c ts  on the pressure loss
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Figure 6-15 Influence o f entrance e ffe c ts  on the pressure loss



The influence o f the w etting sta te  o f the wall on the pressure loss can be e a s ily  
represented according to  formulae i f  one s ta r ts  from a flow  in  which the deform­
a tion  turbulence can be neglected in  respect to  the e ffe c t o f the v is c o s ity  and
the Reynolds turbulence. The process can be then described w ith  the homogeneous, 
respective ly  w ith  a quasi-homogeneous, model.

For the determ ination o f the tube f r ic t io n  c o e ff ic ie n t in  the wetted region i t
is  suggested to  use the v isco s ity  o f the l iq u id  phase, which leads to  the two-
phase m u lt ip l ie r  used by OWENS 758/ (equation 6-11). The Reynolds number neces­
sary fo r  the determ ination o f the tube f r ic t io n  c o e ff ic ie n t is  as fo llow s:

Re = (6-14)

For the determ ination o f the tube f r ic t io n  c o e ff ic ie n t in  the case o f an unheated 
flow  w ith  high entrainment i t  is  suggested to  use the steam v is c o s ity . Thus 
the Reynolds number becomes:

Re = (6-15)

and the two-phase m u lt ip lie r  becomes:

R = ^ ^ n - l  + x £ ^ - l  
n'  P"

(6-16)

The exponent n depends on the course o f the tube f r ic t io n  c o e ff ic ie n t 4 as func­
tio n  o f the Reynolds number in  accordance w ith  equation (6-17):

i  ~ Re'" (6-17)

n decreases w ith  increasing Reynolds number. For the investiga ted parameter 
range, according to  COLBURN 7677, n can be fix e d  a t 0.2. The decision i f  the 
two-phase m u lt ip lie r  sha ll be ca lcu la ted according to  equation (6-11) or (6-16) 
can be taken a fte r  a determ ination o f the entrainment (e .g ., according to  HUHN 
7657).

In the unwetted region of a heated tube flow  the water component does not 
reach the w a ll. Therein, due to the higher w all temperature, the Le idenfrost 
temperature is  exceeded most o f the times. Between the water d rop le ts and the 
tube w a ll, when the droplets approach the w a ll, steam is  formed mainly on the 
side o f the drople ts facing the w a ll,  preventing thus a contact between the 
droplets and the w a ll.

GARNIC and ROHSENOW 7687 investigated in  an a n a ly tica l manner the in fluence o f 
the wall temperature on the d rop le t tra je c to r ie s  o f evaporating n itrogen. As 
shown in  Figure 6-16, the droplets cannot advance to  the wall i f  a c e rta in  wall 
temperature is  exceeded. This temperature depends on the deposition v e lo c ity  
o f the d rop le ts , on the droplets diameter, the mean flow  v e lo c ity , the thickness 
o f the laminar sub layer as well as on the properties o f the liq u id  and gaseous 
phase. From the considerable drop o f the f r ic t io n  pressure loss in  the post-
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Figure 6-16 Influence o f the w all temperature on the tra je c to r ie s  
o f evaporating nitrogen drop le ts (according to 
GARNIC and ROHSENOW)

dryout region, which can also be observed w ith  lower heat fluxes and thus lower 
wall temperatures, i t  can be deduced th a t the wall temperature in  the post-dryout 
region is  most o f the times so high, th a t drop le ts cannot reach the w a ll. Appar­
e n tly , regardless i f  the wall temperature lie s  above or below the experim entally 
determined Le idenfrost temperature w ith  forced convection (c f .  Figure 4-13), 
the pressure loss is  not influenced.

I f  one s ta r ts  from the premise th a t in  the unwetted region there a d ire c t 
momentum tra n s fe r between water drop le ts and heating surface is  not possib le , 
the water drop le ts behave passively in  respect to  the pressure loss and increase 
by th e ir  presence merely the mean flow  v e lo c ity . The pressure loss is  then 
so le ly  determined by the properties o f the steam.
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R =

Thus, the Reynolds number necessary fo r  the determ ination o f the tube f r ic t io n  
c o e ff ic ie n t becomes

n. _ w*d _ p" *m*d (6-18)
-  -& i “ i f

and the pressure loss can be ca lcu la ted as fo llow s:

= ? • - r  ■ •  ( p ^ )

With equations (6 -2 ), (6 -3 ), (6 -9 ), (6 -17 ), (6 -18 ), and (6-19) the two-phase 
m u lt ip lie r  becomes

= (  f • [ l  " * - i)]" '"

For n = 0.2, the equation (6-20) is  converted in to  the equation given by BEATTIE 
fo r  the two-phase m u lt ip l ie r  in  the post-dryout region.

Figure 6-17 shows the tra n s it io n  from the wetted to  the unwetted w a ll s ta te  fo r  
an unheated and a heated tube flow . In  the case o f unheated tubes, the two-phase 
m u lt ip lie r  can present in  the tra n s it io n  region an increasing o r decreasing 
tendency. The course depends on the length o f the tra n s it io n  region and on the 
occurring changes o f the pressure loss. In  the case o f horizon ta l tubes, the 
tra n s it io n  region is  frequently  longer than in  v e r t ic a l tubes due to  separation 
phenomena. A tra n s it io n  region region occurs a lso in  heated tubes i f  they are 
horizon ta l. The b o ilin g  c r is is  occurs th e re in  on the upper side o f the tube 
while the bottom side is  s t i l l  wetted. The length o f the tra n s it io n  region in  
a heated tube flow  can be determined according to  Chapter 5.

In Figure 6-18 are summarized the c a lcu la tio n  p o s s ib i l i t ie s  fo r  the two-phase 
pressure loss w ith  d is t in c t  Reynolds turbulence.
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----------------- Homogeneous model acc. to OWENS
---------------- Homogeneous model with steam viscosity
 —  BEATTIE Model
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Figure 6-17 Recommended ca lcu la tio n  p o s s ib il i t ie s  fo r  the two-phase pressure loss w ith
d is t in c t  Reynolds turbulence
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7 SUMMARY

The influence o f the w etting  state o f the heating surface on the heat tra n s fe r 
and pressure loss was investiga ted fo r  the parameter range o f fo s s i l - f ir e d  
steam generators.

For the determ ination o f the fundamental mechanisms one sta rted  a t f i r s t  from 
a steady sta te  v e r t ic a l upward tube flow . For th is  case a method was developed 
fo r  the determ ination o f c r i t ic a l  b o ilin g  states in  the e n tire  steam q u a lity  
region, which was compared to  te s t re su lts  w ith  the help o f comparative ca lcu la ­
tion s . The heat tra n s fe r a fte r  the exceeding o f the b o ilin g  c r is is  was experi­
mentally investigated. Based on these inves tiga tions  there was developed a 
model fo r  the heat tra n s fe r in  the unwetted region, tak ing in to  consideration 
the thermal non-equilibrium  between the water and the steam phase. This model 
is  based on the s im p lif ie d  premise, th a t fo r  each parameter combination there 
ex is ts  a value fo r  the thermal non-equilibrium , through which the course o f the 
heating surface temperature is  determined. Thus, the heat tra n s fe r from the 
loca tion  o f the minimum heat tra n s fe r u n t il the tra n s it io n  to  the single-phase 
steam flow  can be described w ith  s u ff ic ie n t accuracy.

The influence of pressure and enthalpy trans ien ts  on the heat tra n s fe r in  the 
unwetted region was experim entally investigated. Therein was observed a con­
siderable ride  o f the w all temperature fo r  tra n s ie n ts , which occurred in  the 
proxim ity o f the c r i t ic a l  pressure, which has to  be a ttr ib u te d  to  a temporary 
non-wetting of a wetted heating surface in  steady s ta te . A semi-empirical model 
was developed fo r  the advancing of the w etting  fro n t under pressure and enthalpy 
tra ns ien ts , which was v e r if ie d  w ith  the obtained te s t re su lts .

The influence o f the tube o rie n ta tio n  on the heat tra n s fe r was investiga ted in  
horizonta l and v e r t ic a l tubes. The tes ts  showed th a t already in  the region of 
the single-phase heat tra n s fe r w ith  tu rbu le n t f lu id  flow  there can occur con­
siderable temperature d iffe rences between the upper and the bottom sides o f the 
tube in  the case o f horizon ta l flow. The b o ilin g  c r is is  in  the horizon ta l tube 
occurs in  most cases much e a r lie r  on the upper side than on the bottom one.
Due to  the heat conduction in  the wall materia l from the unwetted upper side 
to the wetted bottom side i t  is  possible th a t the w all temperatures, a fte r  
exceeding the b o ilin g  c r is is ,  are d is t in c t ly  lower in  the horizon ta l tube than 
in  the v e r t ic a l one. Based on a force balance there was developed a method 
w ith  which i t  can be determined a t which parameter combination there can be 
expected an influence o f the tube o r ie n ta tio n  on the loca tion  o f the b o ilin g  
c r is is  and on the heat tra n s fe r in  the unwetted region.

Concomitantly w ith  the heat tra n s fe r there was measured the pressure loss o f 
the flow  a t horizonta l and v e r tic a l tube o rie n ta tio n . Therein was observed a 
considerable in fluence o f the w etting sta te  o f the heating surface on the 
pressure loss o f a two-phase flow . The pressure loss is  considerably lower in  
the unwetted region than in  the wetted one. A method was developed w ith  which 
i t  is  possible to  determine accurately the f r ic t io n  pressure loss w ith  wetted 
and unwetted heating surfaces fo r  the parameter range o f fo s s i l - f i r e d  steam 
generators. As shown by the analysis o f measured f r ic t io n  pressure losses, the 
wall s ta te  has in fluence on the two-phase pressure loss also w ith  an unheated 
tube flow . The tra n s it io n  from wetted to  the unwetted sta te  is  herein e ffected 
by d rop le t entrainment in to  the core flow.
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From the investiga tions on the pressure loss and heat tra n s fe r i t  can be 
gathered tha t in  the considered parameter range w ith  unwetted heating surface, 
the influence o f the l iq u id  drop le ts on the heat and momentum tra n s fe r w ith  
the heating surface can be disregarded.
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NOMENCLATURE

A m Laplace Constant

c kJ/kgK S pec ific  thermal capacity

d m Tube bore

F - Surface o f the water drop le ts p< 
u n it area o f heated tube wall

Fr - Froude number

g m/s2 Acceleration due to  g ra v ity

GR Grashof number

h kJ/kg Enthalpy

kJ/kg S pec ific  evaporation enthalpy

AH m Height d iffe rence

L m Length

m kg/m^s Mass v e lo c ity

M - Mean value

n - Number o f measurements; exponeni

Nu - Nusselt number

Nu - Mean Nusselt number

P bar Pressure

Pc bar C r it ic a l pressure

Ap N/m2 Pressure loss, pressure drop

Pr Prandtl number

q kW/m̂ Heat f lu x

Q kW Heat f lu x  rate

R - Two-phase m u lt ip lie r

*̂ R
- Calculated two-phase m u lt ip l ie r

- Measured two-phase m u lt ip l ie r
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Re - Reynolds number

u m/s Wetting fro n t v e lo c ity

w m/s Flow v e lo c ity
•

X - Steam q u a lity
- Boundary steam q u a lity

Ax - Mean devia tion  o f the steam q u a lity

Y - Error magnitude

a kW/m2K Heat tra n s fe r c o e ff ic ie n t

P 1/K C o e ffic ie n t o f expansion

a m Tube wall thickness

e - Void fra c tio n

U) - Thermal non-equilibrium  fa c to r

n kg/ms Dynamic v is c o s ity

a °C Temperature

ASg K In le t  subcooling

“ u K Superheating o f the steam in  the 
two-phase region

9'
0

°C F ic t it io u s  w a ll temperature on the 
upper side o f the horizon ta l tube

e rad Angle o f in c lin a t io n

\ kW/mK Heat con duc tiv ity

V m^/s Kinematic v is c o s ity

e - Tube f r ic t io n  c o e ff ic ie n t

p kg/m^ Density

p kg/m^ Mean density

a N/m Surface stress

rad Peripheral angle
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Subscripts (or superscripts)

B Acceleration

Oil According to balance

0 Steam

G Hydrostatic

Ges Total

h Homogeneous

Kr Critical boiling state

Kr|̂  Calculated c ritic a l boiling state

Kr|̂  Measured c ritic a l boiling state

L Leidenfrost

0 Upper side of the horizontal tube

R Friction

Real Real (actual)

S Saturation

Tr Droplets

u Bottom side of the horizontal tube

V Vertical tube

W Water, wall

Minimum heat transfer coefficientmm
' Saturation state of water

" Saturation state of steam

Iph, w Single-phase, water

2ph Two-phase
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