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ABSTRACT 

This report presents results of analyses and reviews 

to evaluate selective features of receiver boiler 

panel designs proposed by McDonnell Douglas Astro

nautics Company for a 10-MWe pilot and a 100-MWe 

commerci al sol ar-el ectri c power pl ant. Overall 

thermal performance conditions are predicted for 

maximum and minimum heat flux conditions with a 

steady-state code, including parameters to take into 

account some of the two-dimensional effects result

ing from nonuniform circumferential solar heating. 

Thermal and stress oscillations occurring in the 

tube walls in the transition boiling region follow

ing the critical heat flux point are predicted for 

the maximum heat flux condition for the pilot plant 

and for the maximum and 80% of maximum heat flux 

conditions for the commercial plant. A two-dimen-

I sional rivulet model is used for the thermal analy

sis and a generalized plane strain elastic model 

is used for the stress analysi s 1 eadi ng to fati gue 

life predictions. Dynamic stability is investi

gated wi th a frequency domai n model, modi fi ed by 

adding a superheat regime. Nyqui st plots are pre

sented for the maximum and minimum heat flux condi

tions without and with tube inlet orificing. Water 

chemistry and potential deposition/corrosion effects 

are evaluated based on a review of modern boiler 

water practices and recommendations for the solar 

plant are presented. 

xi/xii 



1. INTRODUCTION 

Preliminary designs proposed by McDonnell Douglas Astronautics Company 
(MDAC) for a 10-MWe pilot and a lOO-MWe commercial solar-elecric power 
plant include central receivers designed by Rocketdyne Division of Rockwell 
International. 1 The function of the receiver in a solar power pl ant is to 
absorb solar radiation reflected from the collector subsystem and convert that 
energy into raising the temperature of the water to produce superheated steam 
for del ivery to the turbine subsystem or the thermal storage subsystem. The 
receiver unit is part of a receiver subsystem as illustrated in Figures 1 and 
2 for the pilot and commercial plants, respectively. Each receiver consists 
of 24 heat-absorbing panels made of small tubes to form a large cylinder which 
is located on top 0 f a hi gh tower. Severa 1 of the panels are used as pre
heaters and the rest as boilers. A schematic representation of a panel for 
the plant receiver is shown as Figure 3. 

The recei ver uni ts are desi gned to operate as once-through steam generators. 
Subcooled liquid water enters a set of parallel preheater panels at the 
bottom, flows upward, and returns downward in another set of preheaters in 
series. The heated water then flows upward in parallel boiler panels where it 
is converted to superheated steam. Cri ti cal heat fl ux (CHF) occurs in the 
boil er tubes. As a result of thi s si tua ti on, several important desi gn prob
lems arise which are associated with the receiver boiler panel s and which 
constitute the subject of this report: 

o Overall thermal performance - One of the key factors in this area is 
the accurate prediction of the heat transfer parameters at the loca
tion of CHF, which is used in heat transfer calculations to designate 
the axial position of a change in water-side heat transfer coefficient 
from a relatively high value upstream of CHF to a rela~ively low value 
in the post-CHF region. In addition, significant circumferential 
nonuniform heating effects result from solar heating only on the front 
side of the receiver panels. 2 A theoretical performance evaluation 

1 
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is presented to deal with this design problem. The evaluation uti
lizes a one-dimensional thermal-hydraulic computer model with empirical 
heat transfer correlations to evaluate axial effects and a two-dimen
sional thermal model to evaluate circumferential nonuniform heat 
transfer effects. 

o CHF induced thermal stress oscillations - Thermal fluctuations in the 
tube wall in the transition boiling region may cause potential fatigue 
damage. The transition boiling zone immediately downstream of CHF is 
known to be hydraulically unstable and will produce thermal fluctua
tions in the water/steam tube wall s. 3,4 The thermal stresses in the 
tube walls are produced by relatively high frequency temperature 
fluctuations that are inherent in the transition boiling regime, plus 
lower frequency fluctuations which are system induced. The alternat
ing thermal stresses that are produced in the tube walls, as a conse
quence, have the potenti alto shorten the tube 1 ife due to fa ti gue. 
The frequency of the system induced fluctuations and the length of the 
transition boiling zone movement are peculiar to each individual steam 
generator system. Because of the 1 ack of current system defi ni ti on 
for the MDAC receiver, the thermal-stress cycling analysis in this 
report deals only with the inherent thermal fluctuations in the 
transition boiling region. The analysis is divided into two parts: a 
thermal analysis followed by a stress analysis. The thermal analysis 
utilizes values of heat transfer coefficient and heat flux at CHF 
determined from the overall thermal performance analysi s. An oscil
lating rivulet model is used to model the transition boiling regime to 
predict temperature oscillations as a function of time. Calculations 
are performed with a finite element computer model. The stress 
analysis utilizes the thermal results and the identical finite element 
model to determi ne associ ated alternati ng stresses and the fati gue 
1 ife. 

5 
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o Dynamic instability between individual tubes - Components which 
transfer heat and experience a phase change of the working fluid 
are candidates for static and dynamic stability problems. A frequency
domain model initially developed for evaluating potential boiling 
water reactor (BWR) core instability is modified by adding a superheat 
regime, and is, subsequently, used to investigate dynamic stability of 
the solar receiver tubes at maximum and minimum heat flux conditions 
without and with selective amounts of tube inlet orificing. 

o Effects of water chemistry on deposition/corrosion - Deposition/ 
corrosi on in steam generator tubes, particul arly in the trans iti on 
boil i ng regi on, is a potenti a 1 source of damage whi ch may resul tin 
lengthy outages and expensive modifications or repairs. A review of 
modern boi 1 er . water practi ces was conducted, and recommendati ons for 
feedwater specifications using state-of-the-art methods are given. 

o Development testing - Recommendations for additional development 
testi ng essenti alto verify predi cti ons of the receiver performance 
analysis are presented. 

6 



2. THERMAL PERFORMANCE ANALYSIS 

2.1 ANALYTICAL MODEL 

The receiver boiler panels for both the pilot and commercial solar plants 

consist of 12.7 mm o.d. by 6.83 mm i.d. (0.5 in. o.d. by 0.269 in. i .d.) 

Incoloy 800 tubes. The pil ot pl ant recei ver has 70 tubes per panel with an 

active heated length of 12.5 m (41 ftl and the commercial plant receiver has 

170 tubes .per panel with an active length of 25.5 m (83.7 ft). 

Subcooled liquid water enters the receiver boiler tubes at the bottom, absorb

i ng heat as it travel s verti cally upwards, and is converted to superheated 

steam. The water inlet flow rate and inlet pressure are adjusted with auto

matic control functions to maintain specified outlet temperature and pressure 

conditions. The heat transfer regimes experienced by the water/steam include 

subcooled heating, subcooled boiling, nucleate boiling up to CHF, film boiling, 

and superheat. The actual distribution of incident heat flux, temperature,' 

and quality are illustrated in Figure 4. The normal incident heat flux varies 

directly with cos e, where e is measured from the direction normal to the 

face of the panel as illustrated in the cross section shown in Figure 4. 

The model for steady-state thermal performance evaluation is based on step

wise integration of energy and momentum equations applied sequentially to 

adjacent sections of a typical receiver panel tube. The model equations are 

summarized in the following paragraphs. 

The heat, qa,j absorbed by a tube section of length /:,Z is: 

q . = D /:, Z( q'! . 1 + q'! . 1 /2 - qL . a,J 0 1,J- 1.J ,J (1) 

Here qi is the i nci dent heat fl ux based on outer proj ected tube area and 

qL represents the associated heat losses. The subscript j is a counter as 

the analysis is marched along the tube length, and for simplicity is dropped 

7 
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in the foll owi ng equati ons. The heat losses consi st of three parts: re

flected radiation, qr; emitted radiation, qe; and convective heat losses, 

qc' The heat losses may be expressed ?s follows: 

(2al 

q = (1-a) D t'>Z(q .. 1 + q. ·1/2 r 0 1,J- 1,J 
(2b) 

= FEO.t.Z1TD T 2 o wo, (2c) 
T 

qc = hc.t.Z (1T/2(Two_Tamb) Do cose de 
J-1T / 2 2 

(2d) 

The absorbtivity, a, and emissivity, E, are set equal to 0.95 and 0.90, 

respectively, corresponding to values for Pyromark paint. 1 The radiation 

view factor, F, was determined equal to 0.64 by using a chart of differential 

area shape factors for two-dimensi onal radi ati on exchange. 5 The convecti ve 

heat transfer coeffi ci ent, hc' is based on a Sandi a eval uati on6 as 0.666 

W/M2K (3.78 Btu/h'ft2F) for the pilot plant and 0.634 W/m2K (3.60 BtU/h'ft2F) 

for the commercial plant. The ambient temperature, Tamb , is selected equal 

to 28°C (82°F). The eval uation of the integral s in Equations (2c) and (2d) 

with an average temperature, T 2' is a simplification of the analysis to wo, 
avoi d accounti ng di rectly for ci rcumferenti a 1 effects in the overall thermal 

performance code. Circumferential effects are taken into account as explained 

1 ater. 

9 



The inside and outside wall temperatures are determined from application of 
the heat transfer rate equations: 

qa = h. C1 1fD. t, Z (T . 1 - TH) 
1 1 Wl , 

1 1 Di Do 
- = - + - ln -
U hi 2k Di 

(3 ) 

(4a) 

(4b) 

The heat transfer coefficient, hi' for the inside tube surface is determined 
from empirical correlations for different boiling regimes as summarized in 
Table 1. The selected correlations have all been used in other steam genera
tor analyses. The corre 1 a ti ons are based on uniform ci rcumferenti a 1 heati ng 
and have data bases that include the current operating points or are as close 
to the operating points as could be found. Because of the large range in mass 
flux for the different proposed operating conditions, several different 
correlations are selected for CHF and film boiling. A film boiling correla
tion for non-equilibrium flow after Groeneveld and Delorme12 is selected to 
apply to the low mass flux for the pilot plant for both the maximum and 
minimum panel power conditions. For the commercial pl ant, the same film 
boiling correlation is selected for the minimum power case; however, for 
the maximum panel power, the mass flux is sufficiently high so that the 
Bishop, et a1. 13 film boiling correlation for equilibrium flow is selected. 

The parameter C1 in Equations (3) and (4a) is included in the rate equations 
to permit a variation of the fraction of tube surface over which thermal 
conditions are considered uniformly distributed in the circumferential direc
tion. The inner wall temperature, Twi ,I' and the outer wall temperature, 
Two ,I' are considered average temperatures associated with a circumferential 
surface area fraction corresponding to C1• 

10 



TABLE 1 - Heat Transfer Correlations Used in GE Solar 
Receiver Thermal Analysis Program, STAP 

REGION AUTHORS OF CORRELATION 

Preheat Engineering Sciences Data 
Unit (1967, U.K.), Ref. 7 

Subcooled boiling and nucleate 
boil i ng 

CHF - Maximum panel power 
- Pilot plant 
- Commercial plant 

- Minimum panel power 

Film boiling 
- Maximum panel power 

- Pilot plant 
- Commercial plant 

- Minimum panel power 

Superheat 

Tube Thermal Conductivity 

11 

Thorn, et al. (1965, U.K.), Ref. 8 

Wolf, France & Holmes (1977, GE), Ref. 9 
France, et al. (1978, ANL), Ref. 10 
Biasi, et al. (1967, Italy), Ref.11 

Groeneveld & Delorme (1976, AECL), Ref. 12 
Bishop, Sandberg & Tong (1965, W), Ref. 13 
Groeneveld & Delorme (1976, AECL), Ref. 12 

Heineman (1960, ANL) Ref. 14 

Huntington Alloy Handbook, Ref. 15 



The outer wall temperature, Two 2' used in the heat loss Equations (2c) and , 
(2d) is expressed in terms of Two ,I' and the fluid temperature, TH, as: 

(5) 

The maximum outer wall temperature, Two ,3' is similarly expressed as: 

(6 ) 

Coefficients C1, C2, and C3 are introduced to account in a simplified manner 
for circumferential heating effects. 

The axial variation of temperature and pressure of the fluid is determined 
from a step-wise application of an energy balance equation. Based on the 
assumption that tube wall axial conduction heat transfer is negligible, the 
heat from Equation (1) must be absorbed by the water/steam flowing inside the 
tube under steady-state conditions. An energy balance yields: 

(7) 

For water/steam, the enthalpy, H, can generally be expressed as a function of 
temperature and pressure. 

For single-phase fluid: 

(Sa) 

12 



For two-phase fluid: 

(Bb) 

(Bc) 

Since pressure is coupled with the thermal equations through Equations (B), a 
momentum equation is needed to complete the solution of the thermal-hydraulic 

problem. 

The friction, acceleration, and gravity terms of the momentum equation for 
steady two-phase separated flow with constant mass fl ux and small t:, z are: 16 

t:,P = ac 

llPgr = - -} (aVPg + (l- av ) Pf)llZ 
c 

(9) 

(10) 

(11 ) 

The coefficient of friction, f, is calculated using an approximation to the 
Moody chart: 17 

f = 0.0055 (1+ (20,000 Er + 106) 1/3) 
Di Re 

13 

(12 ) 



The two-phase multipliers used are: 

For X<O 

For O<X<X - c 

For X <X<l c -

,,2 = 1 
'f'fo 

2 ( (~)0.7) 2 
¢ fo = 1 + G ¢ hom 

2 = ( (l-X )l/n) n (~ _ 
¢ fo 1 - I-Xc v f 

where n = G 6 for G in lb/h-ft
2 

0.94x10 

( 13) 

(14) 

(15) 

The film boiling two-phase multipliers, ¢ 2fO ' for Xc <X ~ 1 was developed from 

data presented by Miropol'skii. 18 The value for the nucleate boiling term is 

after Tarasova16 for low qualities and matches the Miropol'skii data well up 

to the CHF quality. After CHF, the two-phase multiplier is no longer the 

almost linear function of quality it is before CHF, but follows the curve 

of Equati on (15) wi th "n" a functi on of mass fl ux. The pressure drop corre

lations used in the analytical model are summarized in Table 2. 

The void fraction, a v ' in Equations (10) and (11) is related to the slip 

ratio, S, as follows: 

(J, = v 

The slip ratio is calculated using the following correlation: 

-0.6P 
S = (102 e r - 1.1) (X + 0.01) +1.1 

IFr + 1.88 

14 

(16) 

(17) 



TABLE 2 - Correlations Used to Calculate Two-Phase Pressure Drop 
in Solar Receiver Thermal Analysis Program, STAP 

Slip ratio 

Coefficient of friction 

Two-phase multipliers 
Nucleate boiling 
Film boiling 

15 

AUTHORS OF CORRELATION 

Marchaterre and Hoglund, Ref. 19 

Moody, Ref. 17 

Tarasova, Ref. 16 
Miropol tskii, Ref. 18 



Here, P r is the thermodynami c reduced pressure and Fr is the Froude number. 

This slip ratio equation is a close approximation to a correlation presented 

in graphical form by Marcharaterre and Hoglund. 19 

The pressure drop across each element is calculated from the momentum equation 

components, Equations (9) through (11). The steam/water properti es in the 

momentum equation for each element are determined from Equation (8) using the 

conditions at the upstream end of the element, node j-l. 

2.2 DESCRIPTION OF THERMAL PERFORMANCE, CODE, STAP 

The thermal-hydraulic analysis computer program STAP was developed to predict 

thermal performance of a panel of a solar-electric central receiver based on 

the analytical model presented in the previous sub-section. Given any mass 

flow rate, incident radiation, and inlet conditions this code will predict 

both outer and inner tube wall temperature distributions along the tube, the 

pressure drop, the maximum outer tube wall temperature, and the water/steam 

properties, such as, quality, temperature and pressure along the tube length. 

Since non-linear terms are in the model equations, an iteration scheme was 

selected to solve the equations. 

Some of the key characteristics are discussed below: 

1. 

2. 

Use Two ,I,j-l' T H,j-l' and Pj - 1 derived for the previous node to 

calculate T 0 2 ° from Equation (5). w , ,J 

Substitute the newly derived T 2 ° into Equation (2) to calculate wo, ,J 
the heat absorbed by water/steam from Equations (1) and (2) and the 

current water/steam enthalpy, Hj' from Equation (7). 

3. Depending on whether the steam/water is single-phase or two-phase, 

use either Equation (8a) or Equations (8b) and (8c) to determine the 

current steam/water temperature TH JO and quality Xo , J. 
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4. Calculate Two ,l,j from Equations (3) and (4) using the newly derived 

TH .• ,J 

5. Use the newly calculated TH,j and Two ,l,j to update Two ,2,j with 
Equation (5) as in step 1. 

6. The whole iteration process, steps 1 to 5, continues until the 
calculated Two ,l,j for consecutive interations are within some 
specified tolerance. 

7. After the tube wall temperature converges, substitute all newly 
derived thermal properties of water/steam into Equations (9) through 
(17) to calculate the current water/steam pressure Pj" The whole 
process can be marched from the tube entrance to the tube outl et. 

2.3 DETERMINATION OF TWO-DIMENSIONAL EFFECTS COEFFICIENTS 

The coefficient C1 in the heat transfer rate equations, Equations (3) and 
(4), was initially varied between 0.5 and 1.0 for the pilot plant maximum heat 
flux case and performance predictions were, subsequently, made with STAP. The 
therma 1 condi ti ons predi cted at CHF and at the maximum temperature 1 ocati on 
were then used as boundary conditions for a two-dimensional finite element 
model of a half section of the tube (r-6 plane). The finite element model 
corresponds to Model A presented later in this report as part of the thermal
stress cycling analysis. Inner and outer wall temperature distributions were 
determined by running the model on the latest GE thermal-stress analysis code 
TASA-Ol. 20 The results of these runs showed that, even though the heat flux 
on the outer wall surface was confined to the top side of the tube receiving 
incident solar radiation, the heat flux on the inner wall was nonuniformly 
distributed all around the tube. Consequently, C1 was selected equal to 1.0 
for the final performance evaluation. 

17 



The values of C2 and C3 were determined by first running STAP with C1 = 
1.0 and estimated values of C2 and C3• The predicted thermal conditions 
at CHF were then used as boundary conditions for the two-dimensional finite 
element model of the tube which was, subsequently, run on TASA-01. The 
temperature Two ,1 was then determined as an integrated average over the 
total outer surface and T 2' as an integrated average over the top portion wo, 
of the outer surface area which is exposed to solar radiation. Values of C2 
and C3 were then determi ned from Equati ons (5) and (6). Th is process was 
iterated between STAP and TASA-01 to obtain final values. 

Theoretically this type of correction for the tube wall temperatues should be 
applied to each node. However, since the conditions at the CHF locations are 
most important for the subsequent thermal-stress cycling analysis, the tem
peratue coefficients were evaluated only at the CHF locations. These co
efficients were then applied over the total tube length. 

2.4 THERMAL PERFORMANCE RESULTS 

2.4.1 Model Verification 

The thermal performance model was verified by predicting the thermal ¥p",-erLJf,-,o,-,-r~-___ _ 
mance for a boiler tube experimentally tested by Rocketdyne. 21 The single 
boiler tube, 7.8 mm (0.305 in.) i.d., 19.8 m (65 ft) long, made of 304 SS, 
was heated with radiant electrical heaters. For the evaluation with STAP, the 
CHF correl ati on recently determined from GE experimental work9 and the non
equilibrium film boiling correlation after Groeneveld and Delorme12 were used. 
The other heat transfer correlations used for the evaluation correspond to 
the summary gi ven in Table 1. The experimental heat fl ux was reduced 5% to 
obtain an energy balance and to account for possible thermal losses. Values 
of C2 and C3 were assumed to be the same as determined for the pilot receiver 
panel with maximum heat fl ux condi ti ons. Predi cted temperature and mass 
quality distribuitions are shown in Figure 5a. The predicted water/steam 
temperature agrees well with the measured temperature over the complete length 
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Measured Temperature (Test 11) 
o Tube Heated Surface, Top 
[]Tube Insulated Surface, Bottom 

Predicted 
Model: C1 = 1.0, C2 = 1.41, C3 = 1.75 
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~-.---.- Water/Steam Temp. 
--- - Qua 1 ity 

= 7.75 mm (0.305 in.) 
= 800 kg/s.m2 (0.59 x 106 1b/h.ft2) 
= 

q " = a 

Figure 5a. Xc Based on GE CHF Correlation 

Figure 5. Comparison of Thermal Performance Predictions 
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of the heated section. The predicted outer wall temperatue is Two ,3 which 
corresponds to the maximum outer wall temperature. This predicted maximum 
temperature agrees well with the measured temperature near the bottom of the 
heated section. However, a significant difference exists in the region 
immediately after CHF. The CHF location is indicated by an abrupt increase in 
outer wall temperature at 8.9 m (29.2 ft) corresponding to a predicted quality 
of 0.44. The experimental outer wall temperature indicates that CHF occurs at 
12.2 m (40.0 ft) corresponding to a quality of 0.74. The disagrement between 
the predicted and experimentally indicated CHF quality and locations may be 
the result of the effect of nonuniform circumferential heating. All of the 
correl ati ons used are based on uniform ci rcumferenti al heati ng. Addi ti onal 
experimental data are required to verify current correlations or provide new 
correlations for the severe circumferential nonuniform heating associated with 
solar boiler tubes. An additional calculation was performed with STAP with 
the CHF quality adjusted to 0.74 to correspond to the experimentally indi
cated qual i ty. Results from thi s run are presented in Fi gure 5b wi th the 
resulting agreement in the predicted and experimental CHF location. 

2.4.2 Receiver Panel Performance Predictions 

The thermal performance predicted for the receiver tubes with maximum heat 
flux are presented in Figures 6 and 7 for the pilot plant, and Figures 8 and 
9 for the commercial plant. The results are summarized in Table 3. For 
the pil ot plant the mass fl ux is reduced by 12% from a value of 460 kg/m2s 
(0.339 X 106 1 b/h· ft2) prov i ded by Sandi a to a fi nal value of 405 kg/m2s 
(0.299 X 106 lb/h·ft2) to maintain the outlet temperature at a specified 
value of 516°C (960°F). The inlet pressure of 10.54 MPa (1528 psia) is also 
slightly reduced from a value of 10.69 MPa (1550 psia) provided by Sandia to 
maintain the outlet pressure at a specified value of 10.45 MPa (1515 psia). 
For the commercial plant a reduction in mass flux of only 5% was required to 
maintain the specified outlet temperature. However, the inlet pressure had to 
be increased significantly to 13.24 MPa (1920 psia) to maintain the specified 
outlet pressure at 11.14 MPa (1615 psi). This adjustment was necessary as the 
GE predicted pressure drop of 2.1 MPa (300 Psi) is three times as large as the 
value initially provided by Sandia. 
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Pl ant 
Heat Flux Condition 
Tube 
Material 

Di mm 

Do mm 

Length m 
Model 

C1 
C2 
C3 
View Factor, F 
Operat i ng Conditions 

Ti °C 

T 
0 °C 

Pi MPa 

Po MPa 

qi ~max MW/m2 

qa ':max MW/m2 

G kg/ s ·m2 

(l 06 lb/h · ft2) 

Two ,max °C 

Xc 

qa~ ave MW/m2 

Qa kW/tube 

Q/Q i 

Table 3 - Summary of Thermal Performance 
Analysis Results 

Pilot Commercial Commercial 
Maximum Maximum SO% Maximum 

Pilot 
Minimum 

Incoloy 800 Incoloy 800 Incoloy 800 Incoloy 800 

6.83 6.S3 6.83 6.83 

12 . 70 12.70 12 . 70 12.70 

12 . 5 25.5 25 . 50 12.5 

1.0 1.0 1.0 1.0 

1.41 1.68 1. 68 1.071 

1.75 2.36 2. 36 1. 128 

0. 64 0.64 0.64 0. 64 

288 274 274 288 

516 516 516 500 

10 . 54 13.24 12.60 10 . 47 

10.45 11. 14 11. 14 10 . 45 

0.295 0.850 0. 680 0.053 

0.266 0.784 0.624 0.038 

405 2210 1750 32 .6 

(0 . 299) ( 1. 63) ( 1. 29) ( 0. 024) 
578- 586 568 612 

0.89 0. 30 0. 33 1.00 

0.200 0. 549 0. 436 0.016 

31. 7 177 . 7 141 . 2 2.53 

0.86 0. 91 0. 90 0.37 
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Commercial 
. Minimum 

Incol oy SOO 

6.83 

12.70 

25.50 

1.0 

1. 184 

1.335 

0.64 

214 

516 

10.32 

10 . 24 

0.072 

0. 056 

97.9 
(0 . 0722) 

592 

1.00 

0. 028 

S. 96 

0.58 



The predicted thermal conditions at CHF for the pilot and commercial receiver 
panels for maximum heat flux were used in subsequent thermal-stress cycling 
analysis to evaluate the tube fatigue life. The maximum incident heat flux of 
0.295 and 0.85 MW/m2 for the pilot and commercial plants resulted in cor
responding maximum absorbed heat flux values of 0.266 and 0.784 Mw/m2. respec
tively. Analysis of a case with 80% maximum incident heat flux for the 
commercial plant receiver was conducted after the thermal-stress cycling 
analysis showed that the fatigue life for the commercial receiver tubes with 
100% maximum heat flux was lower than the required 30-year design life. The 
results for the commercial receiver with 80% maximum incident heat fl ux are 
also summarized in Table 3. 

The thermal performance predicted for the receiver tubes with minimum heat 
flux are presented in Figures 10 and 11 for the pilot plant and Figures 12 and 
13 for the commercial plant. The results are also summarized in Table 3. For 
both cases. the heat losses exceed the incident heat flux near the tube outlet 
and result in negative absorbed heat flux values. The total absorbed heat 
flux is only 37 and 58% of the incident heat flux (see Table 3) for the pilot 
and commercial receiver panels. respectively. The steam outlet temperature 
for the pilot plant is 500°C (932°F) instead of the specified value of 516°C 
(960°F). This is the maximum outlet temperature achievable by varying the 
mass fl ux. The mass fl ux for the pi 1 ot pl ant was determi ned by i tera ti on to 
achieve a steam outlet temperature as close as possible to 516°C. resulting in 
32.6 kg/m2s (0.024 X~106 lb/h·ft2) compared with a Sandia supplied value of 
43.7 kg/m2s (0.0322 X 106 lb/h·ft2). For the commercial case with minimum 
heat fl ux. Fi gures 12 and 13. the specifi ed outl et temperature of 516°C is 
achieved with a mass fl ux of 97.9 kg/m2s (0.0722 X 106 1 b/h·ft2) compared 
with a Sandia supplied value of 116.3 kg/m2s (0.0857 X 106 lb/h·ft2). 

Results of the thermal analysi s for both the maximum and minimum heat flux 
cases are used in dynamic stability evaluations described in a later section 
of this report. 
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3. THERMAL-STRESS CYCLING ANALYSIS 

3.1 TRANSITION BOILING CHARACTERISTICS 

The flow structure with CHF and a transition ' boiling region for a solar heated 
steam generator tube is illustrated in Figure 14. The flow preceeding the CHF 
point is dispersed annular flow which is characterized with a film of liquid 
water adjacent to the tube wall. The heat transfer process is very effecttve 
and is called nucleate boiling, even though bubble nucleation may be sup- ' 
pressed, by analogy to pool boiling. As the liquid film evaporates, it 
decreases in thickness and at CHF the film finally breaks up into rivulets and 
dry spots. After the rivulets have evaporated the wall is covered with bulk 
vapor containing entrained droplets, and heat transfer is by film boiling with 
a heat transfer coefficient considerably lower than for the wet region imme
di ately preceed i ng CHF. Because of the 1 oca lly unstable flow conditi ons of 
the transition boiling zone, oscillations occur, which, in turn, produce 
temperature oscillations in the tube wall temperatures and thermally induced 
stresses which can significantly reduce tube life and even lead to fatigue of 
the tube wall. 

Temperature oscillations in the transition boiling zone were recently measured 
by Argonne National Laboratory (ANL) during a sodium heated generator test. 22 

Thermocouples were embedded in the tube wall to measure temperature response. 
Two types of temperature oscillations were observed. Relatively high fre
quency fluctuations that are inherent in the transition boiling region were 
superi mposed on lower frequency fl uctuati ons wi th 1 arger ampl i tude whi ch are 
system induced. These temperatue fl uctuati ons cause the stress osci 11 ati ons 
and potential fatigue damage. 23- 26 The frequency of the system induced 
fluctuations and the length of the transition boiling zone movement are 
pecul iar to each individual system. Because of the current lack of system 
detail for the solar heated receiver subsystems, the analysis in this report 
i s restricted to the effect of the inherent fluctuations in the transition 
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boiling zone. Typical inherent oscillations in the transition boiling zone 

from the ANL test are presented in Figure 15. The average period of these 

oscillations is about 3 seconds. 

Temperature oscillations in the transition boiling zone were also recently 

measured by Rocketdyne during an electrical radiant-heated steam generator 

test. 21 Typical temperature oscillation measurements with a thermocouple 

mounted on the outside of the tube wall are shown in Figure 16. These oscil

lations have a period of about 8 seconds. Higher frequency oscillations may 

have been damped out by the tube wall. Also, because of the short duration of 

the temperature oscillations it is possible that the oscillations may have 

been influenced by small changes in the system parameters of water pressure, 

flow rate or inlet temperature to the test section. 

For the thermal-stress cycl ing analysi s presented in this report the 8-s 

period observed during the Rocketdyne test was selected as an upper limit and 

the 3-s period observed during the ANL test, as a possible lower limit. 

Consequently, the analysis is performed for both periods. 

3.2 ANALYTICAL MODEL 

A rivulet mode1 24 ,25 previously described for a sodium heated steam gene

rator tube is used to describe the temperature oscillations in the transition 

boiling zone for the solar heated receiver tube. The temperature oscillations 

determined during the ANL test presented in Figure 15 were modeled with 3.7 

rivulets and 21% wetness (circumference wetted by rivulets). Variation of the 

number of ri vul ets and the percent wetness has a di rect effect on the tem

perature oscillations as shown in Figure 17. 

Because of the lack of detailed temperature oscillation measurements for the 

sol ar heated receiver tubes, it was decided to use a similar rivulet spacing 

and the same percent wetness as determined for the ANL test tube for the 

current analysi s. However, because solar heating is one-sided, two possibl e 
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alternate rivulet arrangements are considered as illustrated in Figure 18. 
For Model A, the back side of the tube, which is insulated, remains wet at all 
times while two rivulets oscillate on the front side. For Model B, the front 
side is the same as for Model A; however, the back side now also has two 
oscillating rivulets, resulting in a total of four rivulets uniformly distri
buted around the circumference. 

A general purpose finite element thermal-stress code, TASA_01,20 was used for 
both the thermal studies and the subsequent cyclic stress evaluation. The two 
finite element models corresponding to Models A and B are shown in Figures 19 
and 20, respectively. The vari ati ons of heat transfer coeffi ci ents on the 
inner surface are also illustrated in the Figures. 

It was anticipated that the thermal and stress gradients would be higher at 
the inner surface of the tube during the temperature oscillations. Hence, the 
finite element models were constructed with smaller elements toward the inside 
wall. In the two-rivul et case, Model A, the back hal f of the tube is assumed 
not exposed to temperature oscillations and no large gradients of either 
temperature or stress were anticipated. Hence, large elements, as shown in 
Fi gure 19, were used for the back half of the tube for Model A to reduce 
computational costs. 

Only elastic stress analysis was performed. This was based on the considera
tion that at a case of high cycle fatigue as for the CHF induced oscillations, 
elastic behavior must prevail for the tube to endure the large number of 
stress reversal cyc 1 es. Temperature dependent materi al properti es ( thermal 
conductivity, coefficient of thermal expansion, Young's modulus, and Poisson's 
ratio) were used to obtain accurate results. These properties were taken from 
the Huntington Alloy Handbook,15 and the ASME B&PV Code Case 1592. 27 

It was also assumed that plane cross sections of the tube remain plane at all 
time and that the tube can expand and contract along the longitudinal direc
tion (i.e., the generalized plane strain approach was used). This assumption 
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Figure 18. Rivulet Models for Evaluating Temperature Oscillations 
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inhibits the warping of a tube cross section and may increase the stress at a 
local hot spot or a cold spot and, also, may increase the stress range at such 
locations between temperature extremes. 

Since the tube geometry and the thermal loading are symmetrical about the 
mid-longitudinal plane of the tube, e = 0 and 6= 180 Q

, only half of the tube 
is considered for analysis. To simulate this symmetry, the cut boundary was 
not permitted to deform circumferentially nor allowed to possess a rate of 
change of radi al deformati on wi th respect to the e coordinate. However, the 
tube was permitted to deform radially according to its thermal expansion. 

3.3 THERMAL ANALYSIS 

The analysis to evaluate temperature responses as a function of time was first 
performed for the recei ver panel tubes wi th max imum heat fl ux for the pi lot 
and commercial plants. Analyses were performed with Model A (2 rivulets) and 
Model B (4 rivulets) with 8-s and 3-s periods. The boundary conditions 
consisting of fluid pressure and temperature, heat transfer coefficients, and 
heat flux are summarized in Table 4, based on results from the overall thermal 
performance analysi s presented in Secti on 2. A heat fl ux cond i ti on corre
sponding to 80% maximum heat flux for the commercial plant receiver was 
selected after the thermal-stress results showed that the fatigue life for the 
commercial plant with maximum heat flux is less than the required design 
1 ife. 

Temperature response of the outer and inner walls as a function of time at the 
location of maximum temperature oscillation are presented in Figures 21 and 22 
for maximum heat flux conditions for the pilot and commercial plants, respec
tively. Conditions are analyzed with Model A with a period of 8 s and with 
Model B with periods of 8 and 3 seconds. Maximum temperature oscillations 
occur on the inner wall surface near the radial plane of maximum heat flux. 
As the transition wave changes from nucleate boil ing to film boil ing, the 
temperature increases on both the inner and outer walls. Conversely, with the 
change from film boiling to nucleate boiling the temperature decreases on both 
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Table 4. Boundary Conditions For Thermal 
Oscillation Analysis 

Pilot Plant Commercial 
Maximum Maximum 

Heat Flux Heat Flux 
Tube 

Material Incoloy SOO Incoloy SOO 

Di nun 6.S3 6.S3 

Do mm 12.70 12.70 

CHF Condition 

Pi MPa (psia) 10.5 (1520) 13.0 (1SS0) 

TH °C (OF) 314 (59S) 331 (627} 

hn kW/m2C(Btu/h·ft2F) 59.0 (l0400) 133.5 (23530) 

hf kW/m2C(Btu/h·ft2F) 2.21 (390) 7.77 (1370) 

q." Mw/m2 
1 

0.295 0.S50 

q .. MW/m2 
a 0.266 0.76S 

Model and Oscillation A-S A-S 
period, s B-S,3 B-S,3 
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Plant 
SO% Maximum 
Heat Flux 

Incoloy SOO 

6.S3 

12.70 

12.4 (1800) 

327 (621) 

111. S (1971 0) 

6.5S (1160) 

0.6S0 

0.61S 
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walls. The rate of temperature change on the outer wall is about the same for 
both changes in the heat transfer coefficient. However, on the inner wall the 
temperature change corresponding to the transition from film boiling to 
nucleate boiling occurs much faster than for the inverse change from nucleate 
to film boil ing. The faster temperature response for the former condition 
results from the much shorter time constant for nucleate boiling compared with 
film boil ing. The heat transfer coefficients for nucleate boiling and film 
boiling, summarized in Table 4, have ratios of 27 for the pilot plant and 17 

for the commercial plant. 

Representative temperature contours for the maximum heat flux conditions are 
presented in Fi gures 23 through 25 for the pil ot pl ant and in Fi gures 26 

through 28 for the commercial plant. Parts a and b represent contours during 
the fi rst and second half of the oscill ati on peri od, respectively. These 
contours illustrate the oscillating rivulets in the upper half of the tube for 
Model A, presented in Figures 23 and 26, and over both halves for Model B, 
presented in Figures 24 and 25 for the pilot plant and Figures 27 and 28 for 
the commercial plant. Temperature contours obtained every tenth of the 
oscillation period were used to obtain an indication of the radial and cir
cumferential temperature gradients and, thus, guide the selection of candidate 
conditions with maximum and minimum gradients for subsequent stress analysis. 

Quantitative results for maximum temperature oscillations are summarized in 
Table 5. The maximum temperature difference, t. L~Tw)max' between the maximum 
and minimum temperature difference across the tube wall is a parameter ap
proximately proportional to an alternating stress amplitude. The results 
show only slightly more severe conditions obtained with Model B then Model A. 
Al so the effects on temperature gradients resul ting from a change in the 
oscillation period from 8 to 3 s is small. This latter effect is in agreement 
with previous results using a sinusoidally oscillating trapezoidal wave front 
model. 23 However, as the oscillation period is further decreased, or fre
quency increased, a drop in the temperature gradi ents 1 eadi ng to reduced 
alternating stress levels is expected. 
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Figure 24. Temperature Contours of the Pilot Plant Receiver Tube, Run 102, Model B, ~ = 8 s. 
Units: (OF). Conversion: (OC) = (OF - 32)/1.8 
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Figure 25. Temperature Contours for the Pilot Plant Receiver Tube, Run 103, Model B, ~ = 3 s. 
Units: (OF). Conversion (OC) = (OF - 32)/1.8 
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Figure 26. Temperature Contours for the Commercial Plant Receiver, Run 21. Model B. T = 8 s. 
Units: (OF), Conversion (OC) = (OF - 32)/1.8 
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Figure 27. Temperature Contours for the Commercial Receiver Tube, Run 201, Model B, T = 8 s. 
Units; (OF). Conversion; (OC) = (OF - 32)/1.8 
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Figure 28. Temperature Contours for the Commercial Reciever Tube, Run 202, Model S, T = 3 s. 
Units: (OF). Conversion: (OC) = (OF - 32)/1.8 



PLANT 

Pilot 

Commercial 

HEAT FLUX 

Maximum 

Maximum 

80% 
Maximum 

TABLE 5 - Thermal Oscillation Results 

RUN 
NO. 

12 
102 
103 

21 

201 

202 

301 

MODEL 

A 
B 
B 

A 

B 

B 

B 

53 

OSCILLATION 
PERIOD 

s 

8 

8 
3 

8 

8 

3 

3 

II T i ,max 
°C 

41.9 
42.9 
41. 7 

75.2 

75.9 
74.3 

64.7 

llT W,max 
°C 

71.2 

72.3 
72.8 

177.9 
178.8 
178.1 

147.2 

ll(llTw)max 
°C 

33.9 

34.9 
35.8 

62.3 
62.8 
63.1 
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3.4 STRESS ANALYSIS 

3.4.1 Discussion of Method 

The results of the thermal analysi s with temperature distribution throughout 

the tube cross section were used as input to the stress analysi s. A two

dimensional Cartesian coordinate system was used to define the stress compo

nents. The stress analysis was performed with a finite element generalized 

plane strain model by using the stress portion of the computer code TASA-Ol. 20 

In the generalized plane strain analysis there are four stress components to 

be considered: the normal stress component °22 which is perpendicular to 

the boundary forming the 1 ine of symmetry of the cross section, the normal 

stress component ° 11 whi ch is perpendicul ar to component a 22 in the cross

sectional plane, the shear stress °12 which lies in the plane of these 

two normal stresses, and the axial stress °33 which is along the axial 

direction of the steam tube and is perpendicular to the cross section. All 

the stress components obtained from the analysis are cyclic with respect to 

time. Maximum stresses at the inside wall surface occur in the region where 

the rivulet oscillates with maximum heat flux (e = 0 in Figure 18) and at a 

time instance when the rivulet region is fully wet. The minimum stresses 

occur in the same region when it is fully dry and the rivulet is about to 

appear, i.e., at the end of the film boiling time period. 

Several series of stress analyses were performed to predict the design life of 

the steam tubes. Analyses were performed for the receiver panel tubes for the 

pilot and commercial plants. The thermal boundary conditions and the thermal 

results which form the basis for the stress analysis are summarized in Tables 

4 and 5, respectively. 

Analys is results show that Model B (4-ri vul et model) gives sl i ghtly hi gher 

stress than Model A (2-rivulet model). This is in agreement with the thermal 

results which also show the maximum A(llTw) to be slightly higher for Model 

B. Hence, only the Model B stress results are summarized in this report. 
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The stress computation model in the TASA-01 code can perform a plane strain 
analysis instead of a generalized plane strain analysis. In the plane strain 
analysis, all plane cross sections remain plane and axial (perpendicular to 
the cross section) movement is completely inhibited. Length of a tube between 
any two cross sections would remain constant even with temperature changes in 
the tube. This restraint obviously creates high compressive axial stress when 
the tube temperature is much higher than the reference (stress-free) tempera
ture. A more realistic model is the generalized plane strain model in which 
pl ane cross secti ons remai n pl ane but axi a 1 movements of the cross secti ons 
are allowed. To obtain stresses corresponding to the generalized plane strain 
model from the stresses of the plane model, the following method is used: 

G CY.. = lJ 
I 

- CYij (18 ) 

Here, aij is anyone of the four stress components, superscript G indi
cates generalized plane strain model, superscript P indicates plane model, and 
superscri pt I i ndi cates an isothermal case. The stresses of the isothermal 
case are obtained by taking the average temperature over the tube cross 
section at the instance of the cycle when the stresses are calculated as input 
and performing a plane strain analysis. After the operation of the right hand 
side of Equation (18), the stresses due to the restrained axial movement are 
rel i eved and the resulti ng stresses are those that woul d be obtai ned from a 
general i zed pl ane strai n computati on. Note that even though the restri cti on 
of the plane strain model is in the axial direction, stresses in other direc
tions may be affected due to the effect of the Poisson's ratio and other 
geometrical boundary conditions. 

Fatigue damage to the steam tube is caused by oscillation of strain (which can 
be related to stress oscillation) during a temperature oscillation cycle. To 
calculate this stress oscillation, the maximum and the minimum stresses during 
a cycle must be known. The concept of stress intensity (the maximum difference 
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of any two principal stresses) was used to reduce a three-dimensional stress 
state into a one-dimensional stress for the purpose of calculating this stress 
osci 11 ati on. 

Design fatigue curves of Incoloy 800H are shown in Figure 29 from the ASME 
code Section III, Subsection NA28 and in Figure 30 from ASME Code Case 1592. 27 

The latter is for application at temperatures above 427°C (800°F). Since, at 
the location of the highest stress oscillation (inside tube wall surface near 
8 = 0, Fi gure 18), the temperature is never hi gher than 427°C (800°F) (see 
Figures 21 and 22), the former curve will be applied in the current analysis. 

3.4.2 Stress and Fatigue Results 

The commercial plant temperature oscillations in the transition boiling region 
were analyzed with 8-s and 3-s periods. Figures 31 and 32 shown the stresses 
for an 8-s period at the instances of maximum and minimum stress intensity, 
respectively. The location is near the line of tube symmetry at e = 0 with 
maximum heat flux and rivulet oscillation. It is seen that the shear component 
a12 is small due to symmetry. 

The principal stresses can be calculated from the stress components as follows: 

Sl = all + a 22 + ~( a11 - a22 )2 + a 12 
2 

2 2 -
( 19) 

S2 = all + a 22 V( all -
a22 t + a 12 

2 
2 2 

(20) 

Note that the axial stress, a33 , is a principal stress, S3. 
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In accordance with the maximum shear stress theory as a failure criterion, the 
alternating stress amplitude, Salt' and the mean stress, Sm' can be calcu
lated from the principal stresses based on the procedures provided in the ASME 
Boiler and Pressure Vessel Code, Section III, Subsection NA. Since the design 
fatigue curves are based on experimental tests involving a complete stress 
reversal, i.e., zero mean stress, an equivalent alternating stress amplitude, 
S ,with adjusted zero mean has to be calculated. The calculation is based eq 
on the procedure (modified Goodman's Diagram) established in ASME Boiler and 
Pressure Vessel Code for Design by Analysis in Section III and VIII, Division 
2. The ultimate tensile strength of 455 MPa (66 ksi) for Inco10y BOOH is 

used. The calculated results of Salt' Sm and Seq are tabulated in Table 6. 

It is of interest to note that the steam pressure, being constant, will not 
contri bute to the alternating stress, Salt' but wi 11 contribute to the mean 
stress, Sm. However, from Table 6, it is noted that the quantity Sm + Salt for 
all cases for the commercial plant is greater than the yield stress of 116 MPa 
at 427°C (16.B ksi at BOO°F). Under these circumstances, the correction by 
Goodman's method is done wi th a modi fi ed mean stress equal to cry - Sal t/2, 
where cry is the yield stress. This correction is thus independent of the 
calculated mean stress. For this reason, the stress components (such as shown 
in Figures 31 and 32) are better exhibited with respect to the temperature 
variation alone to enhance the fact that the stress oscillation is induced by 
temperature variation only. These stress components for the commercial plant 
with an B-s period are shown in Figures 33 and 34 for the instances of maximum 
stress and minimum stress, respectively. 

The commercial plant with a 3-s oscillation period was analyzed with the same 
method. The stress components are shown in Figures 35 and 36 and the results 
are also summarized in Table 6. The equivalent stress amplitude is very close 
to that obtained for the 8-s period. 
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Plant 

Commercial 

0"1 
N 

Commercial 

Commercial 

Pilot 

CON D I T ION S 

Heat Flux Model 

Maximum 

Maximum 

80% of 
Maximum 

Maximum 

B 

B 

B 

B 

TABLE 6 - Stress Results for the Thermal-Stress 
Cycling Analysis 

Oscillation 
Period 

s 

8 

3 

3 

8 

Alternating Stress 
Amplitude wi Mean 

Stress ' 
Salt' MPa, (KSI) 

100.87 
( 14.63) 

104.25 
( 15.12) 

84.60 
( 12.27) 

44.68 
( 6.48) 

Mean Stress 
Sm' MPa, (KSI) 

95.98 
(13.92) 

99.70 
(14.46) 

70.74 
(l O. 26) 

1.03 
( 0.15) 

Equivalent Alternating 
Stress Amplitude with 
Adjusted Zero Mean 

Seq' MPa, (KSI) 

105.49 
( 15.30) 

108.18 

( 15.69) 

91.91 
( 13.33) 

44.88 
( 6.51) 
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Figure 35. Stress Components at .Maximum ~Tw for the Commercial Plant 
with Model B at 3-s Period and Without Pressure Load 
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Fi gure 36. Stress Components at Minimum ~Tw for the Commercial Plant 
with Model B at 3-s Period and withou t Pressure Load 
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The equivalent stress amplitudes of both the 8-s and the 3-s cases are 

used in Figure 29 to find the allowable design fatigue cycles of 7x107 cycles 

and 6x107 cycles, respectively. These are converted into 47 years and 15 

years, respectively, based on an operati ng schedul e of 10 hours per day and 

330 days per year. Table 7 summarizes these results, based on ASME Code 

Section III, Subsection NA. Similar results based on the ASME Code Case 1592 

fatigue curve are also presented in Table 7 for comparison purposes. As 

discussed in Subsection 3.4.1, the results based on the Section III, Sub

section NA fatigue curve apply for the current situation. 

A case with reduced heat flux for the commercial plant receiver tubes was 

selected for analysis to achieve at least a 3D-year design life with a 3-s 

period. Figure 29 shows that a stress reduction of 12% from the previous 3-s 

case is required to obtain this longer life. It was estimated that a 20% 

reduction in heat flux was needed to assure a 12% stress reduction. When this 

was done, the stress was actually reduced by 15% and a tube life of 51 years 

was obtained, as shown in the summary of Table 7. The corresponding stress 

components are shown in Figures 37 and 38. 

Similar stress analysis was applied to the conditions of the pilot plant with 

an 8-s oscillation period. The stress components at the maximum and minimum 

b.Tw are shown in Figures 39 and 40, respectively. The corresponding equi

valent stress amplitude is only 44.88 MPa (6.51 ksi). This stress amplitude 

is much lower than the "endurance limit" of the fatigue curves and indicates a 

fatigue life much longer than 30 years. Based on the results of the studies 

on the commercial plant with 8-s and 3-s oscillation periods under similar 

heat transfer conditions, it was concluded that the stress magnitudes for the 

pilot plant with a 3-s period would be very close to those of an 8-s period 

and the correspondi ng fati gue 1 ife woul d al so be much longer than 30 years. 

The stress and fatigue life results are summarized in Tables 6 and 7. 
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TABLE 7 - Fatigue Life of Receiver Tubes with 
CHF Temperature Oscillations 

ASME B&PV CODE 
SECTION III ASME B&PV CODE 

Heat Osci 11 ati on SUBSECTION NA CASE 1592 
Plant Flux Model Period Cycles Years Cycles Years 

s 

Commercial Maximum B 8 7xl07 47 5xl06 3.4 

0'1 Commercial Maximum B 3 6xl07 15 4.5xl06 1.1 co 

Commercial 80% of B 3 2xl08 51 2xlO7 5 
Maximum 

Pilot Maximum B 3&8 »30 »30 
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4. HYDRAULIC STABILITY INVESTIGATION 

4.1 POSSIBLE MODES of INSTABILITIES 

Components which transfer heat and experience phase change of the working 

fluid are candidates for both static and dynamic instability problems. The 

most cODlllon types are the static Ledinegg and the dynamic density-wave in

stabilities. Static instability is possible when the channel pressure drop 

versus mass flow rate characteristic has a negative sloping region and occurs 

when the pump characteristic has multipl e intersections with the channel 

characteristic. The dynamic density wave instability results from interaction 

between flow and void generation. The solar receiver panels are investigated 

for both types of instabilities in this work. 

In a system consisting of combinations of parallel and series segments, 

several modes of dynamic instabil ity can occur. The important consideration 

in the analysi s of thi s case is the choi ce of the constant-pressure poi nts or . 

boundaries of the system. For a solar receiver consisting of multiple tubes 

in parallel in each panel, and, in turn, multiple panels in parallel with each 

other, at least three modes of instability could occur in a selected panel. 

In the first mode, only those few tubes which happen to receive a sl ightly 

higher heat flux or lower flow rate in any particular panel oscillate, or the 

tubes osci 11 ate out of phase in such a manner that the constant-pressure 

boundaries are now the receiver panel inlet and exit. In th.is case the piping 

upstream and downstream of the panel headers does not participate and has no 

effect on the dynamics of the system. 

In the second mode, all the tubes in a particular panel oscillate in phase, 

with oscillations between boiler panels out of phase. In this case the 

constant pressure boundari es become the common mi xi ng pl ena upstream and 

downstream of the panels. 
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In the third mode, all the tubes and panels oscillate in phase. In this case 
the rest of the loop (i.e., the inlet piping from a selected constant pressure 
point to the boiler panel inlet and the exit piping from the boiler panel exit 
to the constant pressure point) participates in the dynamics of the system 
and, therefore, should be included in the mathematical model. The constant 
pressure pOints in this case are selected as the inlet and exit of a large 
mixing chamber. For this mode of oscillation the actual resistance of the 
piping is important. 

The investigation of dynamic instability in this report is restricted to the 
first mode, i.e., inter-tube oscillations in a particular panel. Based on 
loop inspection, it is believed that this is the most likely mode of instabil
ity. The liquid single-phase flow resistance resulting from the control valve 
and the filter upstream of each boiler panel has a stabilizing effect, and,· 
therefore, should contribute to make the second and third modes more stable 
than the first mode. 

4.2 STATIC LEDINEGG INSTABILITY 

The mass flow rate of the maximum and minimum heat flux conditions for the 
pilot and commercial plant receivers was varied and the pressure drop calcu
lated with the thermal performance code, STAP. The pressure drop as a func
tion of nondimensionalized mass flux for all four cases is presented in Figure 
41 from 0.8 to 1.2 times the nominal mass flux. The results show complete 
positive sloping regions for the pilot plant receiver panels indicating no 
static Ledinegg instability. For the commercial plant receiver panels, short 
fl at regions o.ccur for both the maximum and minimum heat fl ux cases. However, 
the slope of the pump characteristics is probably still less than the channel 
characteristics, i.e., 

() L1 p\ 
aG~ump 

dL1P\ 

< aG{hannel 
(21) 

Consequently, no Ledinegg instability would occur for the commercial plant. 
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4.3 DYNAMIC INSTABILITY MODEL 

A relatively simple analytical model of a boiling channel was used to determine 
the occurrence of density wave instability in the solar receiver panels. The 
analytical tool, NUFREQ2, used for this analysis is a modified version of a 
frequency-domain model and code, NUFREQ, developed primarily for BWR stability 
investigations.29 ,30 This code is capable of modeling a loop or portions of 
a loop consisting of a heated section, an unheated outlet riser, an unheated 
single-phase inlet portion, and a circulation pump, as illustrated in Figure 
42. The various parts of the system can have an arbitrary orientation. The 
boundary condition used is that the pressure drop between two pOints is 
constant. The stability and dynamic response are investigated by oscillating 
the heated-secti on- inl et flow rate and exami ni ng the pressure drop perturba
ti on between the boundary poi nts by cal cul ati ng the correspondi ng trans fer 
functions. 

The mai n modi fi cati ons to the NUFREQ code incl ude a change to account for 
axial variation of the heat flux in the single-phase liquid region, and an 
addition to include a superheat steam region. The former modification was 
previously added for appl ication of the model to sodium-heated steam gene
rators. 31 The modification to add the superheat regime was included as part 
of the current work to permi t appl i cati on to once-through steam generators. 
The model for the superheat regime includes both a heated region and an 
adiabatic riser. The analysis is similar to that performed in the two-phase 
boiling regime and is summarized in Appendix A. 

The pilot plant and commercial plant panels were modeled to achieve an adequate 
dynamic representation of their features. 

The main features and assumptions of the code and model are enumerated and 
discussed below: 

(a) Constant-pressure system - The pressure gradi ent along the channel 
is considered to be small so that selective pressure dependant 
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properties are assumed constant. These properties include: liquid 
density, gas density in the two-phase flow region, specific heat in 
the subcooled region, and the latent heat of vaporization. 

(b) Homogeneous two-phase flow in thermodynamic equilibrium - The 
NUFREQ2 code util i zes a simpl e homogeneous two-phase pressure drop 
model. Subcooled boiling in the single-phase region is not consi
dered. In order to realistically represent the pressure drops in 
the si ngl e-phase, and two-phase and superheat regi ons of the panel 
tubes, the values initially calculated by NUFREQ2 were corrected to 
match the output from the panel thermal-hydraulic performance code, 
STAP. The effect of subcooled boil ing in the single-phase region 
was partly included by adjusting the friction factor. 

(c) Axial variation of heat flux - In the single-phase region the axial 
variation of heat flux is considered (in the modified version of 
NUFREQ) while uniform heat flux values are assumed in the boiling 
region and the superheat region. For steam generators exhibiting 
strong axial variations of the heat flux, it is important to 
predict correctly the location of the boiling boundary (point where 
flow reaches saturation under assumed equilibrium conditions). 
I ndeed the 1 ocati on of thi s poi nt strongly i nfl uences the dynami cs 
of the boiling channel. The effect of nonuniform heat flux distri
bution on the pressure drop in the two-phase region is probably less 
important since most of the frictional pressure drop occurs near the 
exit of the channel and, therefore, depends mostly on the exit 
quality rather than the axial quality distribution. 

(d) Tube wall - The tube is assumed uniformly thick, thereby neglecting 
the effect of the weld on the back side between each two adjacent 
tubes. A sensitivity analysis is used to check this assumption. 
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(e) Circumferential variation of heat flux - The heat flux is uniformly 

distributed around the circumference of the tube, thereby, neglect

ing the effect of one-sided heating. A sensitivity analysis is used 

to check this assumption. 

(f) Unheated secti ons at the i nl et and outl et of the tubes - The un

heated horizontal portion (0.43 m for the pilot plant and 0.46 m for 

the commercial plant) of the tubes at the exit was modeled as a 

horizontal riser. The outlet bend was represented with a loss 

coefficient. The total resistance of the unheated inlet piping 

(including the inlet contraction, the resistance of the pipe and any 

local resistance from bends) was accounted for as an inlet orifice 

loss. There is no approximation involved in such a representation 

of the system. 

4.4 DYNAMIC STABILITY EVALUATION 

The stability of the pilot and commercial plant receiver panels was examined 

by oscillating externally the inlet flow rate and observing the response of 

the pressure drop perturbation. The system crosses the threshold of instabil

ity for a certa instate (i.e., for a set of operati ng condi ti ons) and at a 

gi ven oscill ati on frequency, when the cal cul ated pressure drop perturbati on 

between two points of imposed constant pressure vanishes. Under those con

ditions, since the boundary conditions imposed on the system are satisfied 

with oscillatory flow, the system becomes unstable. Denoting by Of'.Pl' Of'. P2' 

and Of'.P3 the pressure drop perturbations in the single-phase liquid, two

phase boiling, and single-phase gas portions of the system considered, at the 

threshold of instability, for a certain frequency w, we have 

(22) 

A convenient stability criterion can be developed from Equation (22) and 

illustrated in terms of the Nyquist plot. The Nyquist plots of this report 

represent the ratio (oL'lP2(w) + Of'.P3 (w))/oL'lP1(w). The system becomes un

stable when the locus of the "open-loop transfer function" crosses the real 

axis to the left of the -1 point. 
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4.4.1 Pilot Plant 

The Nyquist plots for the pilot plant receiver panels with no inlet orificing 

for maximum and minimum heat flux conditions are presented in Figures 43 and 

44, respectively, and the results are summarized in Table 8. The results show 

that the system is unstable for both conditions. The oscillation period for 

onset of instabil ity is 9.4 s for the maximum heat flux condition. For the 

minimum heat flux condition, several periods are likely for the onset of 

instability, from a high value of 76 s to a low value of 6.4 s. 

The ratio of steady-state values of the single-phase liquid frictional pres

sure drop, APt,fr' to the total pressure drop, APtot,fr' can be used as 
a rough parameter correl ati ng stabi 1 ity. Criteri a based on the val ue of 

thi s rati 0 requi red for stabil i ty vary wi dely in the 1 i terature. 32 One of 

the most notable is the Griffith criterion which states that two conditions 

must exist before density oscillations will occur: (1) the ratio of the exit 

specific volume to the specific volume of the inlet liquid phase should be 

greater than three and (2) the pressure drop in the liquid phase should be 

less than one-third the total pressure drop. 

For the pilot plant cases, the ratios of specific volumes are about 23 and the 

pressure drop ratios lIPt,f/lIPtot,fr' summarized in Table 8, are 0.031 and 

0.018 for the maximum and minimum heat flux conditions, respectively. Thus, 

the Griffith criterion confirms the possibil ity of dynamic instabil ity as 

predicted with NUFREQ2. 

The degree of instability of a system can be examined by progressively varying 

some parameter and observing the approach toward stabil ity. In the present 

case, this was done by increasing the loss coefficient, Kor ' for a tube 

i n1 et orifi ce, thereby i ncreasi ng the i nl et pressure drop. For the maximum 

heat fiux condition, cases were run with Kor = 50, 100, 125, and 150. The 

results show that Kor = 125 is the lowest Kor-value at which the system 

is stable. The Nyquist plot for this case is presented in Figure 45. For the 
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TABLE 8 - Dynamic Stability Results 

Maximum PRE D I C TED 

Incident LiP£'zfr llPor Heat Flux Period for 
Plant MW/m2 Kor State Instability LiPtot,fr KPa (psi) 

s 

Pilot 0.295 0 Uns tab 1 e_ 9.4 0.031 0 
0.053 0 Unstable 76,8.9,6.4 0.018 0 

0.295 125 Stabl e 0.21 14.4 ( 2.09) 
0.053 1500 Unstable 36. 0.58 1.1 ( 0.16) 

Commercial 0.850 0 Unstable 4.9 0.044 0 
0.072 0 Unstable 85,35,22.5 0.033 0 

0.850 125 Stable 0.27 414 (60.1 ) 

0.072 1500 Stable 0.10 9.1 ( 1.32) 
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minimum heat flux condition, Kor was increased to 1500 and the predicted 
performance shows the system still unstable, as illustrated with the Nyquist 
plot in Fi gure 46. The dynami c stabil ity resul ts wi th ori fi ci ng are al so 
summarized in Table 8. The orifice diameter corresponding to Kor = 125 and 
1500 are estimated as 3.3 mm (0.129 in.) and 2.4 mm (0.093 in.), respectively. 

The instability for the minimum heat flux condition was not investigated for 
Kor greater than 1500 because the resulting small orifices are prone to 
plugging by deposition of scale. 

The low mass flux of 32.6 kg/s o m2 (0.024x106 lb/h.ft2) for the pilot plant 
receiver tubes with minimum heat flux may contribute to flow regime instabil
i ti es. The i nl et and exi t vel oci ti es of 0.043 m/s (0.14 ft/s) and 1. 0 m/s 
(3.3 ft/s) are very low. An estimate of the associated flow regime indicates 
that the tubes may experience unstable, chugging slug flow. 

4.4.2 Commercial Plant 

The Nyquist plots for the commercial plant receiver panels with no inlet 
orificing for maximum and minimum heat flux conditions are presented in 
Figures 47 and 48. The results show that the system is unstable for both 
cases. The results are also summarized in Table 8. The ratios of exit to 
inlet specific volumes are greater than three and the pressure drop ratios, 

LlP t,fr/LlPtot,fr' also summarized in Table 8, are less than 0.33 and, there
fore, confirm the instability according to the Griffith criterion. 

Inlet orificing was increased, as for the pilot plant, to observe the system 
approach to stability for the commercial plant cases. The cases become stable 
with values of Kor = 125 for the maximum heat flux condition and Kor = 1500 
for the minimum heat flux condition. The corresponding Nyquist plots are 
shown in Figures 49. and 50 and the results are summarized in Table 8. 
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4.4.3 Sensitivity Runs and Code Validations 

Conditions for the pilot plant receiver panels for the maximum heat flux 
condition were varied to assess the sensitivity of the results predicted with 
NUFREQ2 to some of the model assumptions. A case was run with the tube wall 
thickness increased to account for the tube-to-tube welds which were neglected 
in the original model. A comparison of these results with the original model 
resu1 ts shows nearly i denti cal instabil i ti es accordi ng to the Nyqui st plots. 

The effect of variation of heat flux around the periphery of the tube was 
neglected in the original NUFREQ2 model. To check the validity of this model 
simplification, a case was run with the heated perimeter decreased by two and 
the heat f1 ux increased by two. A compari son of the new results wi th the 
original model results again shows nearly identical instabilities. It is 
concluded that the circumferential heat flux variation has negligible effect 
on the stability predictions. 

The effect of nonuniform axi al heat fl ux di stri buti on near the exi tin the 
superheat region was neglected in the original NUFREQ2 model by using a 
uniform heat flux throughout the superheat region. A case was run to check 
the effect of this simplification in the model. The lower heat flux region 
near the exit was modeled with an adiabatic riser and the heat flux in the 
heated two-phase region was increased to obtain the same tube exit conditions. 
A comparison of the new results with the original model results shows nearly 
identical instabil ities with a sl ight increase in the oscillation period for 
onset of instabi1 ity from 9.4 s for the original case to 12.0 s for the new 
case. 

The NUFREQ2 code was also checked by running a case for conditions correspond
ing to a 5-tube panel test, conducted by Rocketdyne with electric radiant heat 
to simulate solar radiation. 1 The test tube material and cross section are 
identical to the pilot and commercial tubes. However, the test tube is 17 m 
(56 ft) long compared with 12.5 m (41 ft) for the pilot plant and 25.5 m 
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(83.7 ft) for the commercial plant. Operating conditions for Test No. 15 are 
compared with the pilot plant maximum heat flux condition in Table 9. While 
the conditions are comparable, they are not identical. Since there is a 
significant difference in subcooling and tube length it is not known, based 
upon inspection, which system might be more stable. 

NUFREQ2 predictions for the 5-tube panel test show that the test panel is 
unstable with an oscillation period of 14 s for the onset of instability. 
Reference 1 indicates that no instability was observed for this test. Conse
quently, there is a discrepancy. It is bel ieved that the assumptions and 
simplifications in the NUFREQ2 code are sucti<that the predictions are conser
vative, i.e., the predicted orificing to obtain stability is overpredicted. 
This conservatism could be removed with an improved state-of-the-art stability 
code. In particular, the two-phase flow model which is assumed homogeneous in 
NUFREQ2 could be improved with a separated flow model. 

The NUFREQ2 code is a linearized frequency-domain code and, therefore, cannot 
predict the ampl itude of the oscillations at the threshold of instabil ity. If 
these amplitudes were small it is quite possible that they would not have been 
observed without ad hoc instrumentation. It is, therefore, possible that a 
mild inter-tube instability did exist for the test conditions, but it was not 
observed because of inadequate instrumentation. An inter-tube instability can 
generally be observed by measuring individual tube flow rates or outlet 
superheated steam temperatures. Measurements of overall inlet-to-outlet 
plenum pressure drop or individual plenum pressures may not reveal inter-tube 
oscillations. In fact, the NUFREQ2 model assumes that the plenum regions are 
constant pressure points. 
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TABLE 9 - Comparison of Test Conditions 
and Pilot Plant Conditions 

Pilot Plant 5-Tube Panel 
Maximum Heat Flux Tes t No. 15 

(Ref. 1, p. 6-53) 

Tube length m 12.5 17 

Mass Flux, kg/s'm2 405 346 
106 lb/h·ft2 (0.299) (0.255) 

Absorbed power, kW/tube 31.7 33.1 

Average absorbed heat flux, MW/m2 0.20 0.15 

Inlet Temperature, °C 288 232 
(oF} (550 ) (450) 

Inlet Pressure MPa 10.54 10.10* 
psia (1528 ) (1465)* 

* The pressure is given in Reference 1, p. 6-45, as 400 psig. 
Following discussions with E. Cull of Sandia, this value was changed 
to 1465 psia. 
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5. WATER CHEMISTRY EVALUATION 

It is becoming increasingly evident that the chemical ionic content of steam 

generating water plays a key role in the performance of electric power gene

rati ng pl ants. Recent hi story shows that turbi nes and steam generators can 

sustain disabling degrees of damage which require lengthy outages and expen

sive modification or repairs. 

Material selection in power generating plants has become paramount. Copper is 

a particular metal that has drawn attention. Problems have been experienced 

with balance of plant performance because of the high copper concentration, 

and ammonia-copper presents a delicate balance problem in the condenser. It 

has been postul ated that Cu C12 may increase the corrasi on rate of Incoloy 

800. Al so, copper in feedwater transfers with steam and deposits on turbine 

blades or plates out as metallic copper in the boiler region which presents 

difficulties during subsequent cleaning operations. Therefore, it is recom

mended that the 90-10 copper-nickel all oy condenser in the MDAC sol ar pl ants 

be replaced. Titanium is an attractive substitute. Experiences to date have 

been outstanding. Failure modes for Titanium condenser tubes include mecha

nical and vibration damage, both of which can be controlled with proper 

design. Titanium cost is high and its thermal conductivity is low. However, 

because of its resistance to corrosion, erosion, and impingement attack, thin 

wall tubes can be utilized making cost and effectiveness comparable to other 

condenser tubes while negating the problems mentioned above with copper based 

materials. Another candidate for condenser material is Type 304 stainless 

steel. It has been used rather extensively for fresh water service. One 

weakness is the susceptibility to pitting corrosion. 

A review was made of modern boiler water practices for the purpose of specify

ing water purity for the Solar Thermal Power System. In the operation of a 

once-through system, where entering contaminants either foul boiler tubes or 

carryover in soluble form into the turbine which has little tolerance for 
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deposits, marginal feedwater is unacceptable and, since blowdown is not 
possible in this design, initial high water quality is necessary. Full flow 
demineralization (condensate polishing) is proposed to protect the boiler and 
turbine from the effects of such intrusions. The addition of volatile species 
ammonia and hydrazine was used in the cycle for pH and oxygen control. 
Condensate polishers afford high flow rates and although their primary func
tion is to remove dissolved species, they also act as mechanical filters for 
suspended corrosi on products (resulti ng from condenser 1 eakage) • Full flow 
condensate polishing has the following advantages: 

1. Protection against condenser leakage. 
2. Decreased turbine fouling rate (therefore, increased efficiency). 
3. Longer intervals between system cleaning. 
4. Decreased system startup time. 

Economically, full flow condensate polishers represent a high capital cost 
investment and further cost 1n regeneration; however, increased plant avail
ability more than offsets initial capital outlay. 

The recommended feedwater speci fi cati on usi ng state-of-the-art methods are 
listed below: 

Total Sol ids 
Dissolved oxygen 
Silica 
Iron 
Copper 
pH at 25°C 

Hydrazine 
Conductivity (cation) 

at 25°C 

Sodium 
Chloride 

50 ppb (maximum) 
7 ppb (maximum) 

20 ppb (maximum) 
10 ppb (maximum) 
2 ppb (maximum) 
9.3 to 9.6 

5 ppb (maximum) 
0.3 micro/mho/cm (maximum) 

2 ppb (maximum) 
2 ppb (maximum) 
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The silica is controlled to avoid harmful deposits on the turbine. The pH 
range is chosen to protect a carbon steel feedwater train; ammonia is used to 
adjust the pH. The iron and copper values limit the amount of acceptable 
corrosion and depositabl e materi al from the preboil er system. The conduct;
vity value is to guard against break-through from the demineralization columns 
of potenti ally harmful salts from condenser 1 eaks. The hydrazi ne 1 imi tis 
imposed to avoid overfeeding with consequent release of hydrogen. Also 
included is a requirement that the sodium concentration be less than 2 ppb in 
order to limit the amount of potential caustic in the system. 

It is recommended that an instrument system to measure ion concentrations in 
the water be installed. The recent introduction of an ion exchange-chromato
graphic technique with conductimetric end point detection affords a sensitive 
technique for both anion and cation measurements. Ion exchange chromatography 
is now being introduced in u.s. power plants with an objective to adopt it as 
a conti nuous on-l i ne anal yti cal method. General El ectri c has taken steps to 
actively participate in this introduction and will be in a good position to 
assess its merits and recommend adoption to the power plant chemistry instru
mentation system. 
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6. TESTING RECOMMENDATIONS 

Tests conducted by Rocketdyne1,21 to support the receiver panel design were 

reviewed. Tests with a single tube and with a 5-tube panel with 19.8 m (65 

ftl length were conducted in the horizontal position21 and tests with a 

single tube, 5-tube panel, and a 70-tube panel with 17.1 m (56 ftl length 

were conducted in the vertical position. In no cases were the operating 

conditions proposed for the pilot pl ant or the commercial pl ant receiver 

panels for either maximum or minimum heat flux conditions duplicated. Also, 

the test sections were generally not instrumented in sufficient detail to 

provi de the data needed to val i date the performance predi cti ons presented in 

thi s report. Consequently, tests to dupl icate the proposed operati ng condi

ti ons are recommended. Addi ti onal tests at a range of condi ti ons are also 

recommended to provide a data base for model verification. The models can 

then be used with confidence to evaluate off-design conditions not tested. 

Data from the following specific types of tests are needed to validate the 

analyses in this report and, thereby, support the receiver boiler panel 

design. 

a. Thermal performance - Overall thermal performance for the proposed 

design conditions should be verified with thermal performance tests. 

Thermal performance at off-design or part-load conditions not tested 

can be predicted with thermal performance correlations and an appro

priate model. The correlations used in this report are based on 

uniform circumferential heating. The large nonuniform circumferen

tial heat flux which occurs in the solar-heated receiver panels, 

could have an effect on the correlations. The largest uncertainty in 

performance predictions for once-through units generally results from 

uncertainties in the CHF correlations and the film boiling corre-

1 ati on. Consequently, it is recommended that at 1 east these corre

lations be verified. 
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b. Temperature oscillations associated with CHF - The thermal-stress 

analysis presented in this report is based on a rivulet model origi

nally conceived to simulate the temperature oscillation amplitude and 

frequency measured during CHF tests conducted at ANL with a sodium

heated steam generator tube. The oscill ation ampl itude varies with 

the number of rivulets and the percent wetness. It is not well-known 

how the amplitude and frequency vary with mass flux and heat flux. 

Consequently, test data for both the pilot and commercial plant tubes 

for condi ti ons correspondi ng to the worst temperature osci 11 ati ons 

are needed to verify the current model or form the basi s for a new 

model. Test data should include measurement of at least amplitude 

and frequency of the temperature osci 11 ati ons. It is recommended 

that these temperatures be measured with thermocouples embedded in 

the tube wall similar to the arrangement used in a sodium-heated 

steam generator tube tested by ANL.22 The closer the thermocoupl es 

are to the inside wall surface the better the measurements are 

because less high frequency oscillations are damped in the tube 

wall. 

c. Dynamic stabil ity tests - The NUFREQ2 code predicts that inter-tube 

dynamic instabilities exist for both the pilot and commercial plant 

for maximum and minimum heat flux conditions without inlet orificing. 

Multi-tube panel tests are requi red to val idate these predictions, 

whi ch are believed to be conservati ve, at the proposed operati ng 

conditions. The panels should be instrumented to measure individual 

tube flow rates or pressure drop from inlet plenum to a point at 

about the middle of the tubes, and individual tube superheated steam 

outl et temperatures. 
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The scope of the testi ng recommendati ons porti on of thi s report is 1 imi ted 
primarily to giving objectives for the type of testing needed to provide 
performance validation of the analyses presented in this report and, thereby, 
support the receiver boiler panel design. Detailed test planning which 
includes specification of hardware, instrumentation, and test conditions is 
necessary to achieve the objectives. These aspects are not addressed in this 
report. It is recommended that personnel who are to be involved in final 
evaluation of data, also be involved in the detailed test planning or a review 
and comment phase of such planning to assure test adequacy. 
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7. SUMMARY AND CONCLUSIONS 

Analyses and reviews to evaluate selective features of receiver designs 
proposed by McDonnell Douglas Astronautics Company for a 10-MWe pilot and 
100-MWe commercial solar electric power plant have yielded the following 
principal results: 

a. Thermal performance analysis - Overall thermal performance conditions 
are pred i c ted for max i mum and mi ni mum hea t fl ux cond it ions fo r the 
pilot and commercial plant receiver boiler panels with a steady-state 
code, including parameters to take into account some two-dimensional 
effects. Empirical correlations utilized in the code are summarized 
in Tables 1 and 2. Thermal performance resul ts are in turn summa
rized in Table 3 and boundary conditions for the subsequent thermal
stress cycling analysis, associated with temperature oscillations in 
the transition boiling region, are summarized in Table 4. 

b. Thermal-stress cycling analysis - A rivulet model initially developed 
to simul ate the measured temperature osci 11 ati ons in the transi ti on 
boiling region of a sodium-heated steam generator tube formed the 
basis for two models for the solar-heated tubes. Model A has two 
rivulets oscillating on the front side of the tubes, i.e., the side 
exposed to solar radiation, and Model B has four oscillating rivulets 
equally spaced all around the periphery of the tube. A general 
purpose finite element thermal-stress code was used to evaluate 
temperature and stress oscillation magnitudes for the pilot plant 
receiver with maximum heat flux and the commercial plant receiver 
with maximum and 80% of maximum heat flux conditions. The results of 
the analysis show that the fatigue life for the pilot plant receiver 
tubes is longer than the required design life of 30 years. However, 
for the commercial plant tubes with the maximum heat flux condition, 
the fatigue 1 ife is predicted equal to 15 years based on ASME Code 
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Section III, Subsection NA. An analysi s for the commercial plant 

with a reduced heat flux condition corresponding to 80% of the 

maximum heat flux condition results in a fatigue life of 51 years. 

c. Stability analysis - Results from a frequency-domain model, NUFREQ2, 

show that inter-tube instabilities exist for the maximum and minimum 

flow conditions for both the pilot and commercail plant receiver 

tubes without inlet orificing. When inlet orificing is applied and 

the orifice coefficient is increased to Kor = 125, both cases 

correspondi ng to the maximum heat fl ux condi ti on for the pi 1 ot and 

commercial pl ants become stable. For the minimum heat flux condi

tions, orificing must be increased to Kor = 1500 before the commer

cial plant receiver tubes are stable. Even for this large value of 

Kor the minimum heat flux condition for the pilot plant is still 

unstable. The extremely low velocity conditions specified for 

minimum heat flux operation are unusual and merit special consi

derations; chugging instabilities may develop under such conditions. 

d. Water chemistry evaluation - A review of water chemistry practices 

proposed for the solar-heated recei vers resul ted in several recom-

mendations. It is recommended that the 90-10 copper-nickel alloy 

condenser be replaced with a substitute unit made from titanium or 

Type 304 stainless steel. Also, full flow demineralization (conden

sate polishing) is proposed to protect the boiler and turine from the 

effects of contaminants. Recommended feedwater specifications are 

also given. 

e. Testing recommendations - Testing recommendations are made to provide 

data to validate the analyses presented in this report and, thereby, 

improve the thermal-hydraulic design basis for the solar-heated 

recei vers. Tests shoul d be conducted to i ncl ude the proposed pi lot 
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and commercial plant receiver conditions corresponding to the maximum 
and minimum heat flux ·conditions. Specific tests should be conducted 
to: (1) determi ne overall thermal performance and val i date se 1 ecti ve 
correl ati ons, whi ch have a substanti a 1 impact on the accuracy of 
performance predictions, in particular the CHF correlation which may 
be affected by nonuni form ci rcumferenti al sol ar heati ng; (2) deter
mine amplitude and frequency of temperature oscillations in the 
transition boiling region following CHF; and (3) evaluate inter-tube 
stability. 
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English Letters 

Di 
Do 
C1' C2' C3 
F 

f 

Fr 

91' 92, 93 
G 

h 

hf 
hn 
H 

k 

kor 

q 

qc 
qe 
qr 
q .. 
a 

q ." 
1 

Q 

P 
Pr 
Re 
5 

51' 52' 53 
5alt 
5eq 
5m 
T 

T . 1 Wl, 

NOMENCLATURE 

Inside diameter 
Outside diameter 
Parameter defined when introduced 
Radiation view factor 
Coefficient of friction 
Froude Number 
Functions 
Mass Flux 
Heat transfer coefficient 

Film boiling heat transfer coefficient 
Nucleate boiling heat transfer coefficient 

Entha 1 py 
Tube wall thermal conductiyity 

Orifice loss coefficient defined as the total pressure 
loss across the orifice nondimensiona1ized with the tube 
inlet dynamic pressure 

Heat transfer rate 
Convective heat loss 
Emitted radiation heat loss 
Reflected radiation heat loss 
Absorbed heat flux based on projected outside tube area 
Incident heat flux based on projected outside tube area 
Heat load 
Pressure 
Thermodynamic reduced pressure 
Reynolds Number 
51ip ratio 
Printipa1 stresses defined when introduced 
Alternate stress 
Equivalent alternating stress with zero mean stress 
Mean stress 

Temperature 
Inner wall temperature averaged over the fraction Cl of 
the circumferential inner area. 

HIll. 



T wo,l 

T wo,2 

T wo,3 
u 

u 

v 

w 
X 

Z 

11Z 

Greek Letters 

(J.v 

11P 

11 T i 

Hw 
11 (11Tw)max 
t 

E:r 
e 
(J 

(J33 

(J12 

(Jy 
'[ 

2 
.fifo 

fl,2 
fJ fo,h 

Outer wall temperature averaged over a fraction Clof 
the circumferential outer area. 
Outer wall temperature averaged over the top half of 
the area. 

Maximum circumferential outer wall temperature 

Velocity 
Combined heat transfer coefficient for the tube wall 
and the inner thermal film 
Specific volume 
Mass flow rate 
Mass quality 
Axial location along tube from water inlet at the 
start of the incident heated region 
Length of tube element 

Absorptivity 

Void fraction 
Pressure difference 
Temperature oscillation range on inside wall 
Temperature difference across the tube wall 
11T -11T· at a specified location w,max w,mln 
Emissivity 
Roughness 
Angle measured from the direction normal to the panel face 
Stefan-Boltzman constant 
Normal stress component in the plane of the tube cross 
section and perpendicular to the line of symmetry 
Normal stress component in the plane of the tube 
cross section and perpendicular to 
Normal stress component in the tube axial direction 
Shear stress 
Yield stress 
Time period 
Two-phase frictional multiplier based on pressure 
gradient for total flow assumed liquid 

Value of ~~o for the homogeneous model 
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Subscripts 

a 

ac 
amb 
ave 
c 
f 

fr 
g 

gr 
H 

i 

inc 

j 

1 

L 

max 
min 
o 

tot 
wi 
wo 

Absorbed 
Acceleration 
Ambient 
Average 
Refers to conditions at the CHF location 
Liquid 
Friction 
Gas 
Gravity 
Water 

Inlet 
Incident 

Counter 
Liquid 
Loss 
Maximum 
Mi nimum 
Outlet 
Total 
Inside of tube wall 
Outside of tube wall 
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APPENDIX A 

ADDITION OF A SUPERHEATER MODEL TO THE STABILITY 
ANALYSIS OF THE NUFREQ CODE*· 

A.l INTRODUCTION 

The NUFREQ code computes the pressure drop perturbations in a boiling 
channel caused by perturbations of the inlet velocity, inlet enthalpy, external 
heat flux or external pressure drop. From these calculations, the onset of 
instabilities due to density-wave oscillations can be predicted. The present 
work extends the calculations of the NUFREQ code to incorporate a superheat 
region extending beyond the boil ing region. At constant pressure, the fluid 
in the superheat regime is assumed to have a linear specific volume - enthalpy 
relationship and an analysis similar to that of the boiling regime is presented 
for the superheat regime. 

This Appendix presents only the additional formulation needed to treat 
the superheat region. The basic approach to the stability analysis can be found 
in Ref. 1. 

* Work reported in this section was performed by Mr. K. C. Chan under the 
direction of Dr. G. Yadigaroglu of the University of California, Berkeley, 
under Consultant Agreement for the Fast Breeder Reactor Department, General 
Electric Co., P.O. No. 190-KBA14. 
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• 

A.2 NOMENCLATURE 

English Letters 

Area, ft2 

Hydraulic diameter, ft 

Friction factor 

g Acceleration of gravity, ft/s2 

Gravitational constant, lbm'ft/lbf ,s2 

G Mass flux, lbm/ft2 

h Enthalpy, Btu/lbm 

Velocity, ft/s 

Slope of a specific volume - enthalpy line at constant pressure 

KEX1T Exit loss coefficient 

L Length, ft 

P Pressure, psia 

PH Heated perimeter, ft 

q" Volumetric heat generation, 

s Laplace transform variable, 

t Time, s 

v Specific volume, ft3/1bm 

Btu/ft3s 
-1 

s 

y Axial location from start of superheat region, ft 

z Axial location from heated inlet, ft 

Greek Letters 

n Superheat boundary, ft 

A Boiling boundary, ft 
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v 

p 

w 

Transit time in boiling region, s 

Transit time in subcooled region, s 

Relative time defined when introduced 

Superheat transfer functions 

Density, lbm/ft3 

Density of saturated vapor, lbm/ft3 

Defined when introduced 

Defined when introduced 

Subscripts 

f Liquid 

H Heated region 

i Inl et 

0 Steady state 

R Riser 

s Superheat region 
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A.3 THEORETICAL ANALYSIS 

In the superheat region, the specific volume-enthalpy line of the gas 
at constant pressure has approximately a linear behavior with a slope ko' as 
shown in Figure A.l. Thus, superheated steam at approximately constant pressure 
can be treated as a perfect gas. 

SLOPE = ko 

hs 

Figure A.l. Vs - hs Lines for Steam at Constant Pressure 

The equation of continuity for the superheat region can be written as: l 

Ops ajs 
- + P = 0 Dl; s . az 

(1) 

where l; = t-t', (2) 

and t' is the time at which the fluid particle crosses the superheat boundary. 

The superheat region energy equation can be written as; 

DhS = q" PH (3 ) 

Dl; Aps 

From the relationship illustrated in Figure A.l: 

1 (4) 

]13 



Substituting Eq. (4) into (3) and integrating, yields: 

wnere w = k q"P o H 
A 

The superheat region momentum equation can be written as: 

-.!!E. = Ps Djs + fpsj/ + .!L P
s dz gc ~ 2gcDH gc 

(5) 

(6 ) 

(7) 

This equation can be integrated for the heated region and the 
adiabatic riser. After linearization and Laplace transformation, one 
obtains: 

oAP H s, 

ollPR = 

f" 2 
J s .!L 
-2 D + gc J 0 P s} dz 

gc H 

_ { fPfjs 2(11) 

2gc DH 

+ j/(LH) 
+ 2gc 

[op (LH)J} (8) 

fLR [ fjs 2(LH) 
LH 2gc DH 

+ .!L J aPR dz 
gc 

f j (l ) 
+ s H oj } dz (9) 

gc DH R 
R 

llll 



To carry out the integration, one has to find 

Eqs. (l) and (5) give; 

= w (10) 

For the constant heat flux, Eq. (5) can be integrated to yield: 

(11 ) 

where n 

Here, n is defined as the characteristic reaction frequencyl in the two-phase 
region, n is the location of the superheat boundary, and Ais the location 
of the boiling boundary. Eq. (11) can be perturbed and Laplace transformed 
to yield: 

Similarly, for the riser: 

cS j = 
R 

(12 ) 

(13) 

The acceleration term, cS( ~i ) is found by taking the material derivative 
of Eq. (11). After linearization and Laplace transformation, one obtains: 
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(l_e-S]..lo) n[-n oA + oj.] + s oj. + w {-won 
1. 1 

For the riser, one obtains in a similar manner: 

. (1 -sv) . } - w 15 J . -e 0 + s oJ. 
1 1 

(15 ) 

The density perturbation is obtained by linearizing and laplace
transforming Eq. (5): 

-wI;; o p = -p we ·01;; g 
(16) 

The differential o~ can be eliminated by perturbing the identity 

z ; y + net) (17) 

For constant z, one obtains from Eq. (17): 

dz = 0 = Ciy + 0 n (18) 

SUPERHEAT Y 

TWO-PHASE 

nCt) 

l' 
SINGLE-PHASE, ACt) 

~ 
z 

tINLET 
Figure A.4. Flow Regions 



Integrating Eq. (11) yields: 

yet) = eW tft 
t' 

t' , e-W 
. {j.(t'-ll-V) + n(n(t'-Il-v)->.(t'-ll-v)]}dt' 

. 1 

Eq. (19) can be perturbed by using the following relationship: 

Using Eqs. (20) and (18), o~ in Eq. (16) can be eliminated to yield: 

-2 (w~ + nil) -s (110 + v ) 
ops = _p...:..f_we _____ { e 0 (l-e(w-s)~J oj. + on} 

S-w 1 

The differential on is obtained by using the relationship: 

'n "- ::: I 
(az)o at z = no 

and from Ref. 1, one obtains 

on = e-SVo [l_e(n-s)llO] oj. 
s-n 1 

In the adiabatic riser, 

AH (z-LH) 
A js (LH) } 

Eqs. (8) and (9) can now be integrated to yield: 

(19) 

(21) 

(22) 

(23) 

(24) 

(25) 

Where the E'S are the appropriate superheat-region transfer functions 
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