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SECTION 1 

INTRODUCTION AND SUMMARY 
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1.1 Introduction 

This report presents the results of a review of the MDAC/Rocketdyne 

solar central receiver designs for both the 100 MWe commercial plant 

and the 10 MWe pilot plant. The major objective of this design review 

was to assess the adequacy of the design in meeting the requirements of the 

solar central receiver (boiler) over a commercial lifetime of 30 years. 

The MDAC/Rocketdyne design consists of an external solar heated receiver, 

composed of a multiple of modular panels arranged in parallel and 

operating on the once-through steam generation principle. Each panel 

is composed of welded tangent tubes, connected between inlet and outlet 

headers. Subcooled water enters the bottom headers, flows upward, 

------- absorbs heat, Rroduces ~aturated steam throughout the two phase 
-- --- -- -

region, and exits at the top as superheated steam. Tube size and 

material is the same for both the commercial and pilot plants. Panel 

sizes are different between the two plants. Commercial plant heat flux 

is approximately 2.8 times that of the pilot plant. Structural sup-

ports and attachments of both designs are similar. Control of final 

superheat temperature is maintained by varying the water flow to each 

of the panels, according to the thermal absorption of each panel. The 

pilot and commercial plant receiver designs are therefore similar in 

construction and mode of operation. They differ significantly, however, 

in thermal loading (heat flux). 

1.2 Summary 
, 

1.2.1 MDAC and Rocketdyne design documents were examined initially, 

and potential problem areas were identified, in order to deter-

mine the analysis procedures required in the design review. 

I-:L 



These initial observations and potential problem areas are 

listed in Reference 24. The tentative problem areas were 

identified as: 

1. Lack of CHF test data at the high flux levels. 

2. Tube wall thickness is greater than necessary. 

3. A start-up rate of temperature rise may be too high. 

4. ASHE Code Case 1592 should be used for fatigue data. 

5. Daily cyclic operation is only part of the potential fatigue 

stress problem to be addressed. CHF oscillations and cloud 

cover wi ll contribute to fatigue damage, since Inco1oy 800 

does not show an endurance limit. 

6. The weld joining tangent tubes may contribute stress concen

tration and is a potential source of cracking. 

1.2.2 Thermal-Hydraulic Analysis 

An existing C-E computer program was modified for the solar receiver 

configuration . This program performs an energy and mass balance on 

the receiver panels by a finite difference type integration of the 

heat flux curve . Outputs include tube metal temperatures, enthalpy , 

absorbed heat flux and pressure drop, as a function of panel length . 

The design parameters of the solar receiver lie outside the ranges 

of existing C- E in-house standards for predicting CHF and the 

minimum film boili ng coefficient. A literature search was con

ducted for suitable correlations of CHF and film boiling. It was 

determined that the MacBeth correlation was suitable for CHF pre

diction, and the Groeneveld correlation for film boiling. The 

Groeneveld correlation is conservative, compared to that used by 

Rocketdyne; i.e., it predicts higher metal temperatures . 

I .' 



Test data from Rocketdyne was analyzed for minimum film boiling 

coefficients. These were compared to values calculated by the 

two correlations above, and a wide variation was found. Generally 

speaking, the test data lies somewhere between the two correla-

tions mentioned above. The Rocketdyne tests were limited in heat 

flux and mass flux. Further testing is needed, particularly at 

the higher mass and heat flux levels of the commercial plant. 

Static stability analysis indicated that orificing of individual 

boiler tubes was not needed. Header sizing appears to be ade-

quate as a check showed virtually no flow imbalance due to 

header and piping orientation. 

Tube temperature calculations, using a two-dimensional steady-

state heat conduction program, indicated that the maximum tube 
-------~-

° 0 crown temperature for the pilot plant was 553 C (1027 F), in 

the superheater region. Maximum tube temperature for the com

mercial plant was 597°C (11060 F) at the minimum film coefficient 

and 626°C (115SoF) in the superheater region. 

1.2.3 Stress Analysis 

Stress analysis of the receiver panels indicated no problem with 

the pilot plant. Fatigue life in excess of 30 years should be 

achieved. The commercial plant design is subject to a reduced 

fatigue life due to the high panel temperature difference as a 

result of the CHF and film boiling problem. This causes the 

panel to tend to assume a "mattress" shape. Calculated panel 

stresses were well beyond yield (in compression) and an elastic 

analysis was conducted to simulate an inelastic analysis. 



Results, while very conservative, indicate a serious fatigue 

problem as a result of the daily start-up and shut-down cycles 

of the receiver. Fatigue cracking would be expected on the 

outer surface of the tubes. High cycle fatigue due to CHF 

oscillations and cloud cover was not addressed in this review. 

Changing tubing size and material shows some improvement in 

fatigue stress but not enough to assure 30 years life . An 

inelastic analysis is recommended to further refine and clarify 

the fatigue life of the unit . The single most important factor 

in improving fatigue life would be to eliminate the CHF and film 

boiling in the high flux commercial plant. This might be accom

plished by the use of rifled tubing in the evaporator region. An 

alternative would be a lower flux, but at some loss of efficiency . 

A review of the CHF temperature oscillation problem indicated that 

further testing will be needed to establish the magnitude and 

frequency data needed to perform a fatigue analysis. 

1.2.4 Water Chemistry Specifications 

Water chemistry specifications and procedures were reviewed . 

In general, the specifications established for the 

receiver water quality control are satisfactory. 

Additional recommendations on pH control are included, along with 

C-E procedures for lay- up of once- through boilers. 

1.2.5 Major Problems and Proposed Solutions 

Major problem areas identified include the lack of accurate DNB 

and film boiling data for this design. Further testing at the 

heat flux and mass flux levels of the commercial design is 

)- :; 



recommended. Analysis indicates that the pilot plant will not 

experience CHF, whereas the commercial plant will experience 

CHF and temperature oscillations, which may affect fatigue life. 

The pilot plant will give an optimistic view of the fatigue life 

expected in the commercial plant design , due to the CHF problem. 

Preliminary review of a "turbulator" as a solution to the CHF 

problem i n the commercia l design was undertaken. Indications are 

that a rifled tubing evaporator section and a separate super

heater section could be adapted to this external receiver with

out any adverse impact on receiver efficiency. Success of this 

method is predi cated on results of testing of rifled tubing in 

this high flux environment. 

\ - b 



SECTION 2 

THERMAL- HYDRAULICS ANALYSIS AND 
WATER CHEMISTRY 
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2.1 Introduction 

This section includes three major sub-sections. The first is a description 

of the therma1-hydrua1ics analysis of the pilot plant and commercial plant 

receiver designs. Secondly, an evaluation of the proposed 5-tube panel 

SRE retest is presented. Thirdly, the proposed plant water quality control 

is reviewed. 

The method employed for the thermal analysis consisted of modifying an 

existing computer program to conform to the geometry of the MDAC/ 

Rocketdyne receiver configuration. This thermal analysis program is 

a finite difference calculation of the energy and mass balance on 

small increments axially along the length of a receiver panel tube. 

It is a one-dimensional calculation with a correction to account for 

the 2-D radial heat flow in the tube. Output consists of tube crown 

temperature profile, fluid enthalpy, and pressure losses. As existing 

standard correlations did not cover the ranges of parameters in this 

design, a literature review was made to select applicable correlations 

for the critical heat flux and the film boiling coefficients. Output 

of the thermal program served to generate input to the 2-D temperature 

and stress finite element programs, MARC-Heat, and MARC-Stress. The 

thermal analysis program was also employed to evaluate the proposed 

retest of the 5-tube panel. Each sub-section is discussed in detail 

below. 

2.2 Thermal/Hydraulic Analysis of Pilot and Commercial Plants 

2.2.1 Review of Correlations for Critical Heat Flux and Film Boiling 

A review was made of available correlations for the calculation 

of the film boiling heat transfer coefficient. References are 



listed at the end of the report. The review was conducted with 

the objective of selecting a correlation applicable to the range 

of design parameters of the MDAC receiver design: 

Pressure 11.03 M Pa (1600 psia) 

Tube Diameter (Inside) 6.858 mm (.27 in) 

Inside Heat Flux 

Mass Flux 

Flux Distribution 

1.57 MW/M2 (498,900 BTU/hr ft 2) 

2712 Kg/M2-s (2 x 106 lbm/hr ft 2) 

Heated 1800 Circumferentially 
(Approximate cosine shading) 

Existing C-E standards for CHF and film boiling are not applicable 

to the above ranges. In addition to a correlat ion for film 

boiling, a correlation for predicting the critical quality (X ) c 

is also needed to establish the point of minimum film coefficient 

2.2.1.1 Correlation for Xc 

Results of the review indicated that the thompson-MacBeth 

correlation would be satisfactory for this analysis. It 

represents a large amount of world data in this pressure 

range . The MacBeth correlation is in two parts: one 

for low velocity, and another for high velocity . The 

transi tion from low to high veloci t y was determined as 

G> 406.8 Kg/M2-S (0.3xl06 lbm/hr ft 2) for the high 

velocity range. A description of this correlation is 

given in Appendix A. 

The high mass flow correlation is shown graphically in 

Figure 2.1, for a range of CHF and mass flow rates 
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2.2.1.2 

encountered in the solar receiver design. Figure 2.1 

indicates the "inverse mass flow effect" in which an 

increase in mass flux results in a lower critical quality, 

q/A. being constant. This is the reverse of the trend at 

higher pressures. 

The thompson-MacBeth correlation is limited to a maximum 

pressure of 13.79 MPa, (2000 psia). The "change-over" to 

inverse mass flow effect is seen in other data at about 

the 13.79 MPa (2000 psia) pressure level. Constants in 

this correlation are listed for discrete pressure levels. 

For this analysis, these constants are interpolated 

lineraly between 10.68 MPa (1550 psia) and 13.79 MPa 

(2000 psia). Figure 2.2 shows a typical low mass flow 

correlation, used for pilot plant analysis. 

Correlation for h i and ¥h . m n ml.n 

Having a method of predicting the critical quality above, 

it is now possible to predict the point of minimum film 

boiling, the minimum coefficient (h i ) and the coeffimn 

cients existing from Xhmin to full saturated steam. Of 

the various film boiling correlations reviewed, practically 

all are variations on the Dittus-Boelter equation: 

Nu = .023 R .8 prl / 3 
e 

The correlation selected was a modified version of the 

Groeneveld correlation shown in Appendix B. It assumes 

equilibrium between the liquid and vapor phases. 
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Values of h calculated for the commercial plant design 

conditions for the North panel are plotted on Figure 2.3. 

The value of h, at the calculated minimum film quality 

(Xni ), is the minimum coefficient (h .). Note that .om n ml.n 

the Prw' evaluated at the wall temperature, requires an 

iterative procedure to determine the exact value. A 

Prw = 1.0 was assumed in Figure 2.3 

This correlation is applicable for the following conditions: 

Geometry 

Flow Direction 

D, 5 to 25.4 mm 

P, 6.89 to 21.5 MPa 

2 
G, 284 to 4069 Kg/m -5 

x, % wt. 

2 0, .11 to 2 MW/m 

R Factor e 

y 

Tube 

Vertical and Horizontal 

(0.2 to 1.0 in) 

(1000 to 3124 

(.21 x 106 to 

10 to 90 

psia) 

3 x 106 

(35 x 103 to 650 x 103 BTU/hr ft 2) 

6.6 x 104 to 1.3 x 106 

. 88 to 2.21 

.706 to .976 

Accuracy of this correlation is ~ 30% against experimental 

values, the majority of which were obtained with uniform 

3600 circumferential heating. The effects of nonuniform 

1800 heating on the solar boiler will be discussed in a 

later section. 

2.2.2.2 Review of Experimental Heat Transfer Data as Reported by 

Rocketdyne/MDAC 

Certain experiments were conducted by Rocketdyne during 
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the solar receiver design development. These tests were 

reported in References 1 and 3. 

Data as reported above, in tabular form and in the form 

of plots of tube temperatures, were analy zed with the 

objective of determining the minimum film boiling coef-

ficient (h i ) and comparing these values with those mn 

calculated by the Groeneveld corr e l ation, and with the 

correlation recommended by Rocketdyne. The tests analyzed 

are given in Table 2.1. These tests came from 3 sources : 

1) electric resis tance heated SS tubing, 2) 1- and 5-tube 

panels heated with radiant heaters (horizontal), and 

3) SRE tests of 5-tube and 70-tube actual size panels 

mounted vertically and heated with radiant heaters. 

Input data was taken from tables and graphs of measured 

tube and fluid temperatures as presented in Reference 

Values of h i were back-calculated using heat f lux m n 

values determined to exist at the apparent location of 

the minimum heat transfer coefficient. Heat absorption 

to the fluid was calculated based on increase in fluid 

enthalpy . Heat flux locally was p.rorated according to 

the reported axial distribution of heater power for each 

test, in terms of power normalized against the average. 

Inside tube metal temperatures were calculated assuming 

radial flow based on measured outside crown temperatures, 

for the local calculated inside heat flux (radial f low). 

Film coefficient from the test data was then determined 

by: 



TABLE 2.1 

Rocketd~e Test Data 

I 
Predicted by 

In uts Measured Predi cted b Groeneveld Dittus-Boelter 

/0. D. /1. D._ 
'Tube L Tube O. D. I Tube 0.0 . Tube O. D. 

ft. Tube K Ppsia -3 Gx10-6 Temp . of hmin ; XDNB XF.B. Temp. hmin Temp. hmin No. '1.1 Aix10 

59J 

Rocketdyne Base Tests, 3600 Resistance Heated (Single Tube) 

.25/.12 15.75 150 1750 244 1. 55 1100 .27 .36 965 906 760 3809 

.25/.12 15.75 150 2000 244 1.55 1022 777 .28 .38 997 843 774 4103 

.25/.12 15.75 150 2400 244 1.55 824 2711 .80 . 92 861 1920 787 5245 

Horizontal Radi,ant Heated Tests, 1800 , Single Tube Tests 

11 .375/ . 305 65 150 1900 149.8 .59 820 942'.55 .64 980 467 754 1580 
12 .375/ .305 65 150 1515 175 . 8 .56 ----------------JL--------No Film Boiling---------- ----------- ------
13 .375/.305 65 150 1590 210 .75 680 67741 .55 ' .64 1023 558 779 1586 
14 .375/ . 305 65 150 ----------------------------- ----Two Phase Inlet - Most of Tube SH--------- ----- -----------------

)~ 20 .375(305 65 150 1965 145.2 . 59 850 789 .56 .66 968 475 774 1580 
21 .375/.305 65 150 2250 239 .56 1000 683 .48 . 59 1204 476 836 1792 

..... 22 .375/ . 305 65 150 1100 166.3 .62 825 618 .91 .99 960 451 757 1001 
t . 23 .375/.305 65 150 1775 143.3 .62 890 600 . 58 .67 957 465 747 1465 

SRE Tests, 5-Tube Panel Test No.6-IS, 70-Tube 12-Max. 

6 . 5/.27 56 150 1500 15.36 .054 630 614 1.0 1.0 1095 
31.

5
1 

691 181 
15 . 5/.27 56 150 1500 163 . 2 .254 1030 474 . 88 .96 1437 218 934 663 
12 .5/ .27 56 150 1395 96 . 0 . 04 1220 165 .93 1.0 3051 40 1181 181 
13 . 5/. 27 56 150 1400 124.8 .043 1100 281 .91 .99 3674 41.5 i 1356 181 
14 . 5/.27 56 150 1485 134. 4 .053 1070 336 .90 . 98 3879 41.9/ 1415 181 
16 . 5/. 27 56 150 1565 144 . 0 .043 1060 378 .89 .97 4105 42.2 1473 181 
17 .5/.27 56 150 1550 124.8 .041 .91 .99 3674 41.5/ 1356 181 
Max. .5/.27 56 150 1550 182.4 .40 1080 480 .87 .95 1221 349 889 954 

Extended SRE Tests 
1 . 5/ . 27 56 150 1543 115.2 .062 1000 342 .92 1.0 2933 50.7 I 1199 214 
2 .5/.27 56 150 1543 110.4 .062 975 352 .92 1.0 2844 50 . 51 1175 214 
3 . 5/.27 56 150 1543 115.2 .061 910 468 .92 1.0 2933 50.7 1199 214 
4 . 5/.27 56 150 1543 115.2 .058 965 383 . 92 1.0 2933 50.7 1199 214 
5 .5/ .2 7 56 150 1543 124.8 .063 920 497 .91 .99 3099 51. 3 : 1250 214 
6 . 5/ .27 56 150 1543 144.0 .063 870 754 .89 .97 3455 52.21 1350 214 



h 
(q/ A) i 

lItfilm 

These values are therefore the "measured" values of hi. 
m n 

Using the same test data inputs, an h i was calculated mn 

uSing both the Groeneveld and Dittus-Boelter (MDAC 

recommended correlation). Note that the mass flux for 

the SRE tests falls below the lower limit for the 

Groeneveld correlation, thus invalidating this correlation 

for SRE tests. 

A comparison of the calculated values and the measured 

values is presented in Figure 2.4 and Figure 2.5. 

Figure 2.4 presents the results of comparing the 3600 

uniform heated data. The 180
0

, one-side heated values 

are given in Figure 2.5. 

o 
For the 360 heated data, Figure 2.4, the Groeneveld 

equation predicts the coefficient better than the Dittus-

Boelter equation, but only one point lies within the 

± 30% error band. Dittus-Boelter predicts coefficients 

much higher than measured. 

o For the 180 heated data at the higher mass flux, the 

Dittus-Boelter predicts high coef ficients, and the 

Groeneveld correlation predicts low values. The data 

mostly lie outside the ± 30% error band. In terms of 

metal temperatures, the Groeneveld correlation is con-

servative while the Dittus-Boelter is optimistic • 

.... , \' 
.... ! i 
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2 
In the SRE tests , the mass flux was very low , 67 . 8 Kg/m S 

( . 05 x 106 lbm/hr ft
2
). The Groeneveld correlation is not 

2 6 . 2 
valid below 271 Kg/m s (.2xlO lbm/hr it) . The Dit tus-Boelter 

equation now predi cts low coefficients for these low G 

rates. This analysis points out the wide variation 

existing between these two correlation methods. It is 

recommended that further testing be carried out, with 

higher mass flux and heat flux. If possible, the range 

of variables for both the pilot plant and the commercial 

plant should be tested with enough accur acy to determine 

the CHF , transition, and film boiling per formance. 

2.2.3 Thermal-Hydraulic Analysis Program 

2.2 . 3.1 General Description 

The computer program used to determine the thermal-

hydraulic performance of an MDAC design solar panel 

employs a step-wise integrative calculational method. 

That is, the program performs an energy balance on a 

small element of the fluid, calculates heat absorption, 

the increase in enthalpy at the element outlet, the tube 

metal temperature and the fluid quality . This then 

becomes the input f or the next element . 

The program also calculates the inside film coefficients 

for each element , along with the pressure drop, using 

the homogeneous model, in the two-phase region. The 

homogeneous model for ~P calculation was selected 

because of its simplicity. It can be shown, that in the 

case where small increments of flow are considered , the 



homogeneous model agrees with the Martinelli-Nelson 

two-phase multiplier approach at the high mass flows. 

At lower flows, the agreement is within 20%. 

The program is designed mainly for the axisymmetrical 

heat flux case, with a correction factor to account for 

the 2-D heat flow to the rear of the tube. 

The program i ncorporates the flexi b i lity to allow the 

user to calcul ate : 

1. Preheat Pane l Performance 

2. Boiler Panel Performance 

a. With variable outlet conditions. 

b. With specified outlet conditions. 

3. Multiples of the above. 

Such flexib i lity allows calculations of design and 

off- design parameters . A description of the program 

is given in Appendix C. 

2.2.3.2 Receiver Performance Results 

Program output for the pilot plant and commercial plant 

maximum heat f lux cases (N pane ls) are shown in Appendix C. 

Tables 2. 2 and 2.3 show the performance distribution data 

for the pilot and the commercial plant receivers, res

pectively. Figure 2.6 is a key plan, identifying the 

location of the panels by number. The receivers are 

symmetrical about the N-S axis. Boiler panel Nos. 1-9 

were analyzed for each design. Panels 10, 11, and 12 



Panel 
No. 

1 

3 

5 

7 

9 

1 

3 

5 

7 

9 

1 

3 

5 

7 

9 

*Not 

TABLE 2.2 

Predicted Performance (Rated Steam) 
Pilot Plant 

Full Power 

Solar Ftux Flow Ap 
MW/m Kg/s KPa Stability 

(BTU/hr ft 2) (lb /hr) (psi) Index 

. 31 1.06 111 1.294 
(98000) (8419) (16.06) 

.28 .936 94.7 1.198 
(87175) (7437) (13.73) 

.25 .843 83.9 1.149 
(79250) (6697) (12.18) 

.18 .59 59.6 1.016 
(57060) (4712) (8.64) 

.13 .41 46.4 0.849 
(41210) ( 3265) (6.73) 

Half Load 

.15 .5 52.5 0.953 
(49000) (3970) (7.61) 

.14 .439 48 0.885 
(43587) (3487) (6.97) 

.13 .39 45.3 0.835 
(39625) (3114) (6.57) 

.09 .26 38.9 0.711 
(28530) (2095) (5.64) 

.07 .17 35.3 0 . 559 
(20605) (1372) (5.13) 

Min. Control Load 

.06 .15 33.6 0.532 
(19600) (1194) (4.87) 

.055 .147 35.6 0.615 
(17435) (1170) (5.16) 

.05 .088 28.,9 0.461 
(15850) (697.7) (4.20) 

.036 * * * 
(11412) 

.026 * * * 
(8242) 

capable of producing rated steam. 
, 

..... ' .:.., . . ..... 

Efficiency 

.89 

.88 

.88 

.86 

.82 

.84 

.83 

.81 

.76 

.69 

.63 

.70 

.46 

* 

* 



TABLE 2;3 

Predicted Performance (Rated Steam) 
Commercial Plant 

Full Power 

Solar Ftux Flow Ap 
Panel MW/m Kg/s MPa Stability 

No. (BTU/hr ft2) (lb/hr) (psi) Index Efficiency 

1 .85 15 2. 06 0.526 .91 
(269500) (119100) (299) 

3 . 76 13 .4 1.67 0.650 .91 
(239600) (106300) (242) 

5 .686 12 .1 1.41 0.654 .91 
(217460) (96330) (204) 

7 .52 9 . 1 .89 0.477 .91 
(164840) (72600) (129) 

9 . 37 6.4 .54 0.918 .90 
(117600) (51180) (78) 

Half Load 

1 .425 7.4 .65 0 . 720 .90 
(134750) (58890) (94) 

3 .38 6.6 .55 0.711 .90 
(119800) (52300) (80) 

5 .34 5.9 .48 0.711 .89 
(108730) (47250) (70) 

7 .26 4.4 .34 0.736 .88 
(82420) (35170) (50) 

9 .185 3 . 1 . 24 0.785 .85 
(58800) (24380) (35) 

Min. Control Load 

1 .17 2. 8 .22 1.155 .85 
(53900) (22200) (32) 

3 . 15 2. 4 . 19 1.260 . 83 
(47920) (19360) (27) 

5 .14 2. 2 .17 1.038 .82 
(43492) (17300) (24) 

7 .104 1.6 .12 1.010 .78 
(32968) (12420) (17) 

9 .074 1.0 .09 0.692 .69 
(23520) (7942) (13) 
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are preheat panels in the pilot paInt. Panels 11 and 

12 are preheat penals in the commercial plant. The 

incident flux used was as given in Reference 1 for the 

panels shown in the pilot plant. Only the north panel 

flux was given directly for the commercial plant. The 

others were back-calculated from heat absorption data 

given in Reference 1. Three loads were selected to 

give a distribution of panel performance. In addition 

to the full load at maximum incident flux, half- load 

and a minimum load were picked. The minimum control 

load for producing rated steam 5l5.6oC (960oF) was set 

at 20% of full load. This proved to be too low for the 

pilot plant south-east panels to make rated steam 

(Table 2.2). 

For these runs the bulk fluid inlet temperature was held 

constant at 2600 C (500oF) for the pilot plant and 2930 C 

(560oF) for the commercial plant. This was determined by 

running the preheater panels for full load in each case, 

and using the output as boiler input. In practice, the 

input temperature to the boiler panels would decrease with 

load. In this respect, the minimum control load may be 

too low for some of the panels indicated in · 

Table 2.2. The heat absorption may not be enough to pro-

o 0 duce 515.6 C (960 F) final steam temperature with lower 

feedwater inlet temperatures. Since the thermal program 

does not iterate for a specified outlet pressure, input 

pressure is determined approximately, and the outlet 



pressure is allowed to vary with flow rate. ' The pr ogram 

o 0 
iterates flow to produce 515.6 C (960 F) final tempera-

ture ± 2.780 C (± 50 F) . 

The ~P reported in Tables 2.2 and 2.3 is the sum of the 

friction, acceleration, and gravity components for the 

tubes only. These values do not include entrance and 

exit losses. 

The panel efficiency is defined as the ratio of absorbed 

heat (W • ~H) divided by the integrated incident heat flux 

profiles. This is a function of the back radiation and 

convection losses which are in turn dependent upon the 

tube metal temperature. This accounts for the greater 

losses, percentage-wise in the lightly-loaded panels. The 

16ss model is the same for all cases. It can be seen 

that in cases of lightly loaded panels the superheat,er 

portion may.actua11y experience a negative absorbed heat 

flux, resulting in a loss of fluid temperature in the top 

of the panels. In some cases, final temperature, 515.60 C 

o 
(960 F), cannot be obtained, even with reduced flow. Such 

is the case with the pilot plant Panels 7 and 9 at minimum 

control load . As flow is reduced to increase enthalpy, the 

metal temperature increases, increasing the losses,which 

are then more than the incident heat flux. 

Figur es 2.7 and 2.8 show plots of the incident and absorbed 

flux profiles for the pilot and commercial plant's north 

panel. Figure 2.9 shows a minimum load for the pilot plant 

. ' j '1 
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where the absorbed heat flux is largely negative in the 

superheater region. 

2 . 2.3.3 Temperature Profiles 

Figure 2 . 10 shows the temperature profile for the commer-

cia1 plant N- panel. The tube temperatures are crown tem-

peratures from the thermal analysis program. These are 

corrected for 2- D heat flow to the rear of the tube. As 

indicated, the CHF occurs at 17% quality. This puts the 

minimum film boiling coefficient at 27% quality. The 

portion of the curve i n. dashed line represents areas where 

there i s uncertainty, or discrepancy in the correlations 

used. 
o 0 The peak temperature of 593.3 C (1100 F) at 9.14 m 

(30 feet) represents a point calculated from the Groeneveld 

correlatio~ discussed previously. The distance from CHF 

to Xbmin is the transition boiling region, and is subject 

to oscillating temperature. The stable film boiling point 

is reached at 9.14 m (30 feet). Beyond the Xhmin , the 

Groeneveld correlation should predict metal temperature 

up to x = 1. 0. However, there is a discontinuity 

when switching to the single phase correlation for the 

superheater. Until this is resolved by experiment, this 

region was smoothed to the single phase correlation at 

x = 1 . 0. The highest metal temperature occurs in the 

superheater, just before the heat flux curve starts to 

decrease. 

Actual calculated temperatures are listed in Appendix C, 

on the program output sheets. The significant fact about 

" -. ./ - - ..-:.~ 
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these temperature profiles is the difference between the 

tube crown temperature and the bulk fluid temperature . 

In 2-D heat flow, the rear of the tube is at a temperature 

close to the bulk temperature. The front-to-back ~T there-

fore represents a potential thermal stress condition if the 

panel is restrained in a certain way. The magnitude of 

this ~T is the cause of the fatigue stress problem in the 

commercial plant. These temperature profiles are indica-

tions of the relative magnitude of this problem . The high 

~T' is created by a combination of high heat flux, low 

film coefficient, tube thickness, and poor metal conduc-

tivity. There are two critical locations. One is at 

film boiling where a high ~T exists. The other is where 

the superheater metal is at a higher average temperature, 

with less favorable metal properties. 

Figure 2.11 shows the temperature profile for the No.9 Com-

mercial plant panel for the fu11load condition. The lower 

flux results in a crown temperature of 47l
o

C (880oF) 

while the CHF point has moved up the panel to approximately 

10.67 m (35 feet). 

Figures 2.12 and 2.13 show temperature profiles predicted 

for the pilot plant. The CHF occurs at vey high quality 

and there is no film boiling point outside the single 

phase superheat region. Maximum temperatures at the 

000 superheater location are 560 C (1040 F) and 526.7 C 

. '. _ . b 
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(9S00 F), respectively • . TheA,T is smaller in the pilot 

plant due to reduced heat flux. Consequently, the 

thermal stresses are smaller. 

2.2.4 CHF Temperature Oscillations 

The "boiling crisis" is invariably accompanied by temperature 

excursions at the point of the onset of CHF . Precise determina-

t ion of t he magnitude and f r equency of these tempera ture excur-

sions i s virtually impossible without testing the particular 

design under consideration. A review of the literature reveals 

some general t r ends which may indicate relative orders of magni-

tude of the temperature oscillations. See Reference No. 21. 

For instance, if the crisis occurs at low quality, the temperature 

oscillations are likely to be more sever e than at high quality. 

Thus it would be expected that the pilot plant would probably not 

experience temperature oscillations at dryout. On the other hand, 

the commercial design indicates a critical quality of 17%. Accom-

panied by high heat flux, the temperature excursions may be severe. 

The mass flux with commercial plant, however, is relatively high 

and the higher mass ve locities will tend to reduce the magnitude of 

temperature oscillations (Reference 21). 

Some typical temperature oscillations are shown in the above 

reference. For instance, Figure 6 of the above reference shows 

typical strip chart reproductions of tube metal temperatures 

measured mid-way through the tube wall of a high pressure 

boiler (P = 19 mPa (2755 psia» . At heat flux levels of .52 to 

2 2 .567 MW/m (165,000 to lSO,OOO BTU/hr ft ), the peak-to-peak 

o 0 
temperatures reduce from lS . 75 C to 10 C as the mass flux 

. , :-:J 



increases from 1220 to 1763 Kg/m
2 

s (.9 x 10
6 

to 1.3 x 10
6 

lbm/hr 

ft 2). This heat flux and mass flux are lower than those calculated 

for the commercial solar receiver. Frequency is difficult to deter

mine from the charts. The traces are irregular, and a spectral 

density analysis would be needed. Figure 10 shows that the magni

tude of temperature oscillations increases with heat flux. 

The proposed 5-tube panel SRE retest has a major objective of 

measuring these temperature oscillations. This program is dis

cussed further in the next sub-section. 

A means of avoiding this problem would be the use of flow "turbu

lators", such as twisted tapes, or rifled tubes. These devices 

have been shown to be effective in certain designs in delaying the 

onset of CHF to higher qualities, thereby minimizing or eliminating 

the temperature excursions. A design study would be needed to 

assess these devices and a test program to confirm their perfor

mance for this application. Such a program will be recommended 

for use in the commercial plant design. 

2.2.5 Static Stabili ty Analysis 

Figure 2.14 illustrates the concept of static stability. Problems 

arise when the sys tem pressure curve has a zero or negative slope . 

Interactions with the pump flow/pressure curve could then cause 

flow excursions to occur. These, if severe, could cause eventual 

burnout. 

To insure stabi lity under these conditions , the slope of the ~P 

flow curve must be positive. The greater the positive slope, the 
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more stability is enhanced. Maximum slope is 2.0, the case if 

all single-phase substance is flowing . 

The stability index is defined as follows: 

log 
8Pl 
8P

O SI = 
log 

Gl 
GO 

where : Subscrip t 0 refers to a particular point i n question. 

Subscript 1 denotes a flow increment change of +5% from 

the 0 point. 

In the analysis, the 8P term includes f riction, momentum, and 

gravity terms. 

This stability index (SI) was calculated for the load conditions 

in Tables 2.2 and 2. 3 . These are plotted on Figures 2.15 and 

2.16. The absolute values of the SI are not significant . The 

fact that for all t he steady state load poi nts where rated 515.6°C 

o (960 F) steam is generated, the SI values are positive, indicates 

static stability and no orificing of the tubes is needed. 

Figures 2.17 and 2.18 show simulations of start-up conditions in 

a quasi-steady s tat e . These curves were gener ated by holding the 

flow constant at 20% of the maximum steady state load point, then 

varying the heat flux from the 20% down to zero. This would simu-

late a normal start-up 'where a pre-determined flow is established, 

and the heat flux increased until rated steam conditions are produced 

at the panel outlet. This causes the 8P to experience all points 

between full liquid phase to full steam quality phase at the panel 

outlet . Although the pilot plant results indicate the need for 

,, ' , 
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orificing, only a small negative is indicated, and this is at 

very low heat flux level ( 20% of the minimum control load). 

If tests in the 5-tube and 70-tube panels confirm no serious 

instability, then orificing would not be necessary. 

In Tables 2.2 and 2.3 each panel efficiency is tabulated for 

the load points investigated. This thermal efficiency is cal-

culated by: 

where: VI·.tJ. H = heat absorbed 

(A. 
I~ f.l CL = total incident energy available 

3.3 Evaluation of 5-Tube Panel Retest Program 

An interim conclusion (Reference 24) was that further tests were needed 

to better define the CHF/film boiling region for this design. This sub-

section describes a thermal analysis of the MDAC/Rocketdyne 5-tube test 

panel with a recommended test matrix as input. The test matrix recom-

mended is presented in Table 2.4. 

The objective of the 5- tube panel retest is to obtain more accurate data 

in the CHF, transitional, and film boiling regions . In order to select 

the instrumentation,it is necessary to predict the locations on the panel 

where the CHF/film boiling region will occur under the test conditions 

specified in Table 2.4. Toward that end, the matrix points listed in 

Table 2 . 4 were inputted to the thermal analysis program. Program outputs 

gave the temperature profiles, locations, nP's, etc. for each test point. 
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TABLE 2.4 

Test Matrix for 5-Tube Test Panel 
DOE/MDAC Solar Receiver 

Pressure In = 12.76, 11. 72, 11 MPa 
(1850 , 1700, 1600 psia) 

Temperature In = 260, 293°C 
(500, 560°F) 

2 Mass F1~ -6 Incident Heat Flux 
Kg/m s (lb/hr ft x 10 ) MW/m2 (BTU/hr ft 2 x 10-3) 

.6 (190.2) . 5 (160) .41 (130) .31 (98) 

2306 (1. 7) X X X X+ 

1763 (1. 3) X X X x+-
1153 (.85) X X X x+ 

879 ( .648) X 

732 ( .54) X 

678 ( .50) X* X X X 

597 ( .44) X 

434 (.32) X 

407 (.3) X* X* X 

271 (.2) X* X* 

207 ( .153) 

68 (.05) X* 

+ No DNB indicated . 

* 649°C (1200oF) final temperature reached before panel exit. 

. 15 (49) 
X+ 

X+ 

x+ 

X+ 

X+ 
i 

X 

X 

X* 
- - - ----



Maximum heat flux available for the test was .6 MW/m2 or 70% of the 

commercial plant maximum. A range of 5 flux levels was selected. A 

range of 12 mass flux values was selected so as to provide at least 

4 or 5 flows for each heat flux. The matrix is to be r epeated for 

12.75, 11. 72, and 11.03 MFa (1850,1700, and 1600 psia ) , and panel inlet 

o 0 temperature of 260 or 29.3 C (500 or 560 F). The upper (superheat) 

region is not of interest here, so the tests need not be carried out 

with the outlet temperatures as high as the results show. The thermal 

analysis program was stopped at 649
0

C (1200
0
F). Sometimes this occurred 

befor e the panel outlet. Sometimes superheat was not obtained, depending 

on the particular combination of test parameters. Runs are marked in 

Table 2.4 where no CHF was indicated. It is s till necessary to run these 

points , to confirm the CHF locations. Tube sizes, material, and all other 

parameters were the same as for the pilot plant receiver analysis discussed 

previously. 

Figure 2.19 shows the temperature profile for the highest heat flux, low 

flow case. Note that a 6490 C (12000 F) final temperature was predicted. 

The flux profile at the upper end need not be used in the actual tests. 

Figure 2.20 shows a similar profile for the same heat flux, but at 

maximum flow. Here the flow is so high that film boiling does not 

occur before the flux starts to drop . In this case, the flux profile 

should be shifted toward the top of the receiver, and the subcooling 

reduced . These two graphs serve to illustrate the large area of panel 

over which CHF may occur. 

Results of the analysis are shown on the next three graphs. Figure 2.21 

shows how the location of the CHF point is affected by heat flux as the 

parameter. 
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An area between 4.57 and 7 m (15 and 23 feet) was seen as including 

most of the CRF data of interest (high flux data). The area from 7 to 

10 m (23 to 33 feet) is of a lesser interest. Thermocouples were con-

centrated in the area 4.57 to 7 m (15 to 23 feet), with spacing every 

50.8 mm (2 inches). In the lesser region, spacing was selected as 

76.2 mm (3 inches). Outside these two regions, 304.8 mm (12 inches) 

spacing is satisfactory. Figure 2.22 shows that the area can be narrowed 

by reducing panel subcoo1ing. Figure 2.23 indicates the pressure effect 

on CRF location . o These curves are for an inlet temperature of 260 F 

(SOOOF). Results of this thermal analysis indicate a general region exists 

where thermocouples can be concentrated to r espond to the CRF phenomena 

over a wide range of input parameters. 

Due to the fact that a number of the test points are "off-design", the 

pressure drop curves indicate static instability in certain regions 

(Figure 2.24). In order to assure stability during these tests, it is 

recommended that orifices be installed in the S-tube panel . Figure 2.2S 

shows the minimum correction necessary . This requires orifices with a 

diameter ratio of 0.45. Tests may be run without orificing to 

check for instability . In static instabi lity, the pump characteristic 

curve plays an important role. The effect of static instability should 

be manifested by gross flow excursions, whi ch can occur bet ween parallel 

tubes. Without sufficient orificing, test points should be approached 

cautiously to avoid the possibility of an actual burn-out. Dynamic 

instabilities may also be present, which are manifested by pressure 

and flow oscillations. 
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3.4 Water Chemistry 

Since the STPS has a once-through steam generator, the water chemistry 

concepts which apply to C-E Combined Circulation (supercritica~ Boilers 

are applicable to these units. Most of these concepts which include 

volatile water chemistry, condensate polishing, and a philosophy of zero 

solids entering the boiler have been incorporated in the des i gn of 

both the pilot and commercial STPS. 

However, the proposed feedwater pH of 9.5 is too high. A pH this high 

will cause excessive corrosion in the condenser (90/10; copper/nickel). 

The pH at the preheat panel inlet of HP heater outlet should be main

tained between 9.0 and 9.2. If· the condensate demineralizers are 

operated on a hydrogen cycle, high feedwater pH ' s will result in a 

greatly increased regeneration frequency due to ammonia exhaustion of 

the cation resin. The condensate demineralizers must be operated on 

the hydrogen cycle if there is any condenser leakage. 

By its very nature, the STPS will have large load fluctuations. This 

type of operation results in increased amounts of preboiler oxide for

mation which eventually forms deposits on the heat transfer surfaces 

of the steam generator. Since the STPS will probably have to be chemi

cally cleaned at a much higher frequency than normal high pressure 

boilers, necessary connect i ons should be provided. 

In addition to the nighttime standby procedures which maintain blanketing 

steam on the high pressure heaters and deaerator, there should be layup 

procedures for the preheat and evaporator panels. For short term shut

downs this whould consis t of applying a nitrogen overpres sure (20.7-

345.5 KPa (3-5 psig)) and maintaining normal operational chemical limits. 

:2 - ./ 'I 



During long term shutdowns the unit should be filled with condensate 

quality water treated with 200 ppm of hydrazine and 10 ppm of ammonia 

(pH 10.0) and a nitrogen overpressure (20.7-34.5 KPa (3-5 psig» 

maintained. A typical layup procedure for a combined circulation unit 

is shown in Appendix D. 



SECTION 3 

STRESS ANALYSIS 

I 



3.1 Introduction 

A heat transfer and an elastic stress analysis were performed for both 

the DO~/MDAC 100 MW commercial plant and a 10 MW pilot plant solar 

receiver designs. 

2 
The maximum stress of the commercial plant is 472.3 MPa (68,500 lb/in ) 

and occurs at the film boiling point at the tube crown. This stress 

results in an estimated fatigue life of less than 200 cycles . 

The maximum stress of the pilot plant is 185 MPa (26,850 lb/in
2
). The 

est imat ed fatigue life of the pilot plant is 105 cycles. 

The results of the stress analysis indicate the flux loading on the 

commercial plant is too severe. The high flux loading causes a large 

temperature gradient through the tubes, thereby causing large axial 

stresses. Table 3. 7 summarizes the thermal cases analyzed. The fatigue 

life of the commercial plant is very low (200 cycles). Table 3.8 sum-

marizes the fatigue lives of each case analyzed. 

Two methods of reducing the temperature gradient across the tube were 

investigated, a thinner wall thickness and use of a ferritic steel. In 

each case, the gradient an~ consequently, stress were reduced. A 

thinner tube reduced the gradient 35.6oC (96oF) and the ferritic 

reduced the gradient 3l.7oC (89 0 F). The fatigue life of each was 

increased from 1100 cycles to 4500 cycles for the thin tube and from 

1100 cycles to 3500 cycles for the ferritic. A combination of both 

produced a temperature gradient reduction of 6l.7
o

C (1430 F) and a 

fatigue life of 10,000 cycles. 



A thermal transient analysis was performed on the pilot plant panel 

headers. Based on fluid temperature rise of 4820 C/hr (900
0
F/hr) for 

5 20 minutes,a fatigue life of 10 cycles was calculated . 

The stresses on the pilot plant are low and the fatigue life of the 

5 pilot plant reflects this (10 cycles). The pilot plant could operate 

2 2 
with the indicated flux .244 MW/m (77,230 BTU/hr ft ). 

This stress analysis consisted of an elastic analysis only. The ·high 

flux loading and stresses should be analyzed inelastically. The fatigue 

life assessments would not be as conservative as the ones based on an 

elastic analysis. The scope of this review did not allow this type of 

analysis. However, a follow-on stress analysis should be conducted to 

determine the degree of conservation of the elastic analysis . 

3.2 Analytical Procedures 

A heat transfer and an elastic stress analysis were performed for the 

DOE/MDAC solar receiver design review. Loading conditions for the pilot 

plant and 100 MW commercial plant were analyzed . Design recommendations 

and fatigue life of the receiver were made based on these results. 

A finite element model was generated based on panel geometry and constraint 

conditions from Rockwell International Corp . Drawing AP77-084. An 8-noded 

isoparametric element was used. Material properties for Incoloy 800Hwere 

obtained from Code Case 1592. Figures 3.1, 3.2, and 3.3 show the geometry 

and Tables 3.1, 3.2, 3.5 and Figure 3.4 show material properties. Four heat 

flux loading conditions were analyzed , three for the commer cial plant (film 

boiling points, maximum crown t emperatur.e) and one for the pilot plan t 

(maximum crown temperature) . 
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The overall procedure consisted of inputting the heat flux loading into 

MARC Heat Program and generating steady-state temperature distributions 

across the model for each flux loading. These temperature distributions 

were then input into MARC Stress via a post tape. An elastic stress 

analysis was done for each case using the appropriate boundary condi

tions, pressure loading, and material properties. Using the results of 

these stress runs, fatigue life of both plants was calculated. 

The 4 flux loading conditions analyzed are shown in Table 3.3. The first 

3 are flux loadings on the commercial plant and the last is the flux 

loading on the pilot plant. The flux distribution was input on the 

tubes using a tube shading program . The model temperatures were put 

on tape to be input into the stress program. Results of the heat trans

fer analysis were also plotted for each case. Figures 3.5 through 3.8· 

show the temperature profiles for each loading condition. 

The generated temperature distributions, pressure loads, and boundary 

conditions were input into MARC Stress. The panel geometry and the 

large front to back temperature loading necessitated the use of a 

generalized plane strain finite element. This element allowed the 

element to grow axially (strained TMEAN) without constraint while 

still calculating the therma l strains due to di fferences in temperature 

from front to back. 

The boundary conditions placed on the model are illustrated in Figure 3.9. 

Symmetry between horizontal slide locations cause the middle to be placed 

on rollers in the y direction. The horizontal slide weld point allows 

only x direction movement and symmetry forces the center line of tube to 

move the same amount. The tube rotation is fixed to zero in the z direc

tion due to axial constraints. 



TABLE 3.3 

List of Loading Conditions 

Heat Ftux Fluid Temp. Film C2eff. Pressure 
MW/m C MW/m Z MFa 

No. (BTU/hr ft 2) (F) (BTU/hr ft of) (psia) 

1 .779 328 . 021 12.5 
(247,213) (622) (3759) (1815) 

2 .779 328 5. 3 x 10 -3 12 . 5 
(247,213) (622) (940) (1815) 

3 .757 426 .Oll 11.67 
(239,862) (798) (1907) (1693) 

4 .244 432 2.6 x 10 -3 10.97 
(77,230) (809) (460) (1592) 

: -/ () 
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Table 3.4 shows the results of the elastic stress analysis for the 

highest stressed element for each loading condition (tube crown where 

the temperature loading is the highest). Stress contour plots for the 

commercial plant film boiling point are shown in Figures 3.10 to 3.13. 

These figures illustrate the stress pattern which arises for each 

case. Figure 3.14 shows the displacement of the model. 

3.3 Fatigue Life Assessment 

An assessment of the fatigue life of the commercial and pilot plant was 

made. Since an elastic analysis was performed, cyclic life had to be 

determined by using the calculated elastic strains. Fatigue life based 

on high elastic strains is very conservative. To fully evaluate the 

fatigue life, an inelastic analysis is required to determine the 

inelastic strain range. 

Due to the high elastic strains calculated, it was necessary to modify 

the elastic strains. J. L. Houtman in the Westinghouse report, 

"Structural Evaluation of the In-Vessel FFTF Plant Unit Instrument 

Tree", presented a method to approximate inelastic strain using 

elastic analysis (Reference 25). 

The procedure is as follows: 

Step 1 

Step 2 

Step 3 

Step 4 

Calculate the elastic stress . 

Calculate the elastic VonMises effective strain range. 

Determine the inelastic strain from the elastic strain by 

multiplying by the appropriate strain correction factor K 

from Figure 3.15. 

Using this strain follow up the stress strain curve to a 

maximum stress value (Figures 3.16, 3.17). Drop down from 



TABLE 3.4 

Stress Components 

Loading Condition 

No. ~ <G ~ .-..J Von Mises 
Jxy 

1 MPa -30.97 8.07 - 328 1.47 318.4 
(psi) (4,492) (1171) (-47,580) (214) (46,180) 

2 II 44.93 7. 88 -44.8 -2.19 472.3 
(6,516) (1143) (- 64,510) (-318) (68,500 

3 I' -3.02 7. 75 -363 . 11 365.6 
(-438) (1124) (-52,670) (16) (53,030) 

4 \ . 28.17 2.1 -168 . 6 -1.27 185.1 
(4086) (305) (-24,450) (-184) (26,850) 

.::: .-/7 
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this point elastically until a comprehensive yield value is 

reached. Proceed along the plastic slope back to the stress 

axis at zero strain. 

Step 5 Using the determined inelastic effective strain and the 

appropriate fatigue design curve (Figure 3.18) fatigue 

damage is evaluated. 

Using this method, the fatigue life of the two plants :are: 

Commercial Plant 

Pilot Plant 

Strain Range 

8.8 x 10-3 

1.4 x 10-3 

Cycles 

This technique calculates the first cycle strain range. Relaxation 

of this stress with time has not been taken into account. This 

method produces a conservative fatigue life. 

3.4 Thermal Transient Analysis 

A thermal analysis was done on the panel headers to determine how the 

start-up rates would effect fatigue life of the headers. The analysis 

was done on CREPLACYL, an e1astic-p1astic-creep analysis program for 

long, thick-walled cylinders. 

Input into the program includes header geometry, film coefficients, 

material properties .and fluid heat-up rates. Stress concentration 

factors due to header tees were included in the analysis. Exact 

dimensions of the panel headers could not be obtained from the design 

reports. Based on dimensioned figures, approximate dimensions were 

used (inside radius 76.2 mm (3 inches), thickness 25.4 mm (1 inch). 

The entire start-up loading profile for the unit was not contained 
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in the report, although the report stated that within the start-up 

o 0 cycle, the maximum fluid temperature rise was 482 C (900 F/hr) for 

20 minutes. 

Results of the cycling indicated header fatigue life due to this loading 

S was greater than 10 cycles. However, this is only a small portion of 

the start-up cycle. A full start-up, shut-down loading history is 

needed in order to provide a better indication of header life. 

3.S Thin Tube Analysis 

The tube thickness from the design report is significantly greater than 

the minimum wall thickness from the ASME Boiler and Pressure Vessel 

Code. Because of less metal resistance, a thin tube provides better 

heat flow to the fluid. An analysis was performed to determine what 

reduction in stress would occur if the minimum ASME wall thickness 

was used. 

From Section I - Power Boilers, Pg 27, the minimum allowable tubing 

thickness is defined as: 

PD 
t = 2S+P + O.OOSD + e 

where: P = maximum allowable working pressure 

D = outside diameter of cylinder 

S = maximum allowable stress value at the operating 

temperature of the metal 

e = thickness factor for expanded tube ends 

For the operating conditions: 

P = 11.72 MPa (1700 psi) 

D = 12.7 mm (O.S in.) 



S 47.6 MPa (6900 psi) (BOOH at l260oF) 

e = 0 

The calculated minimum wall thickness is 

t = 1.44B mm (0.057 in.) 

A thermal and stress analysis was performed using a heat flux of 

.757 MW/m2 (239,B62 BTU/hr ft2), film coefficient .011 MW/m2 (1907 BTU/ 

2 0 0 0 
hr ft F), and fluid temperature 425 C (798 F) and compared to the 

previous analysis with the same loading with the tube thickness of 

2. 54 mm (0.1 in.). 

The tube crown temperature (and the front to back temperature gradient) 

was reduced by 4l.7oC (107oF) . The axial stress was reduced 30%. This 

reduced the effective stress from 365 MPa (53,000 psi) to 293 MPa 

(42,500 psi). Using the same method as outlined in Section 4.3, a 

fatigue life of 4500 cycles was calculated. This jump in life from 

1100 to 4500 was due not only to the reduction in stress but also the 

reduction in tube crown temperature. 

3.6 Ferritic Material Tube Analysis 

Ferritic steels have a much better heat conductivity than stainless 

steels and consequently better thermal performance. However, at high 

temperatures ferritic steels have poor creep resistance. An analysis 

was done using the material properties for an advanced ferritic and 

compared to the Incoloy BOOH analysis. Table 3.6 compares the 

material properties for the ferritic and Incoloy 800H, 

Using ferritic material properties, a thermal and stress analysis was 

2 2 performed using a heat flux .757 MW/m (239,B62 BTU/hr ft ), film 



TABLE 3.6 

Comparison of Ferritic and Inco1oy 

SC/510 (950) 800R/510 (950) 

Thermal Ex~ansion 

C -1 1.404 x 10 -5 1.8 x 10-5 

(F- 1) -6 (7.8 x 10 ) (10 x 10-6) 

Thermal Conductivitl 

W/m'K 29.41 19.55 

(BTU/hr ft F) (17) (11.3) 

Specific Reat 

J/kg'K 669.9 669.9 

(BTU/Ibm of) (.16) ( .16) 

Modules of E1asticitl 

MPa .16 x 10 6 .16 x 10 6 

(psi) 6 (23.3 x 10 ) 6 (23.8 x 10 ) 

Yield Strength 

MPa 176.5 111 

(psi) (25,600) (16,100) 



TABLE 3.7 

Tube Crown Temperatures 

Thickness Crown Temp. t>T (Tube) 
Loading No. nnn in. Material °c (oF) °c (oF) 

4 - Pilot P1t 2.54 ( .1) 800H 557 (1035) 103 (186) 

2 - Comm P1t 2.54 ( .1) 800H 607 (1125) 258 (464) 

1 - Comm P1t 2.54 ( .1) 800H 497 (926) 166 (299) 

3 - Connn P1t 2.54 (.1) 800H 628 (1162) 196 (353) 

3 - Comm P1t 1.488 (.057) 800H 568 (1055) 143 (257) 

3 - Comm P1t 2.54 ( .1) 9Cr 580 (1077) 147 (264) 



TABLE 3.8 

Fatigue Life Comparison - 100 MW 

Effective 
Thickness Stress Fatigue Life 

Loading mm (in. ) Material MPa (psi) Cycles 

2 2.54 ( .1) 800H 472 (68,500) 200 

1 2.54 ( .1) 800H 318 (46,200) 5,000 

3 2.54 (.1) BOOR 365 (53,000) 1,100 

3 1.448 (.057) BOOR 293 (42,500) 4,500 , 

3 2.54 ( .1) 90r 273 (39,600) 3,500 

3 1.44B (.057) 9Cr 24B (36,000) 10,000 

/ .. '/') 
,_." ..,I ...... 



coefficient .011 MW/m2 °c (1907 BTU/hr ft 2 of) and fluid temperature 

° ° 426 C (798 F) and compared to the same loading using 800H material 

properties. The tube crown temperature was reduced by 29°C (85°F) 

The axial stress was reduced from -363 }~a (-52,700 psi) to -257 ~a 

(-37,300 psi). This reduced the effective stress 25%. A fatigue 

life of 3500 cycles was calculated. This fatigue calculation does 

not include effects of creep. Because of low creep r esistance of 

ferritics at 581°C (1077
o

F) (tube crown temperature), the calculated 

fatigue life would be reduced. 
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4.1 Introduction 

The design review of the DOE/MDAC once-through central receiver for the 

100 MWe commercial plant indicated that the anticipated service life for 

the receiver is severely restricted, due to the thermal stresses created 

mainly by the high heat fluxes incident on the north side receiver 

panels, coupled with a low film boiling coefficient. Because of the 

cyclic operating conditions expected, these high stresses have a large 

impact on the fatigue life. These thermal stresses are most severe at 

two locations on the panels, in the CHF-film boiling zone, and in the 

superheater zone of the once-through panels. Possible solutions to these 

problems areas are to: 1) lower the heat flux and thereby increase the 

receiver surface, and 2) rearrange the heat surface to take advantage of 

turbulators to enhance the evaporative heat absorption process. In the 

first solution thermal efficiency would be sacrificed, and the cost and 

weight would increase. In the second case , a preliminary analysis indi-

cates that a rearrangement of circuits is possible, which will maintain 

the same heat flux and receiver size without significant loss of overall 

effici ency . This redesign of absorption circuitry assumes the efficient 

performance of rifled tubing i n the evaporator region. 

4.2 Descript ion of Proposed Redesign 

The basic arrangement of the external central receiver remains intact, 

as seen in Figure 4.1, with 24 separate panels . Assuming symmetry about 

the N-S axis, the 12 panels are divided as follows: 1-6 are evaporator 

panels, each producing a slight superheat temperature . Each is individu-

ally controlled with sub cooled water entering at the bottom. This sec-

tion of the receiver is identical with the DOE/MDAC design except that 

the panel tubes are replaced with rifled tubes of approximately 12 . 7 mm 
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(1/2") O.D. Performance of the rifled tubing is assumed to eliminate 

DNB and film boiling. If the rifled tubing performance is proven to 

be as efficient as is indicated, nucleate boiling may exist all the 

way to 100% quality. This would allow the high heat flux to be 

retained without the associated problems with high thermal stress. 

Panels 1-6 discharge 3430 C (6S0oF) steam into a collecting header, 

where it is routed to the superheater portion of the receiver, repre-

sented by panel Nos. 7~lO. These panels have a lower average heat 

flux than Nos. 1-6, and are therefore more adapted f or superheating. 

Two possible arrangements were analyzed. One was a series arrangement 

with 3B mm (1.5") O.D. tubes and the other was a series/parallel 

arrangement using 25.4 mm (I") O.D. tubes. Both produce approximately 

Slooe (9S0oF) rated steam. See Figure 4.2 and Figure 4.3. Preliminary 

calculations indicate that the meta~ temperatures are not as high as 

in the present design, and the temperature differences are lower, 

resulting in apparent lower stress values. Again, the crux of this 

design is the potential of the rifled tubing for elimination of the 

CRF/film boiling phenomena. 

The thermal analysis program was utilized in the prediction of the per-

formance of each panel involved in the r edesign. Table 4.1 shows the 

physical dimensions of the various panels, tubes, and selected values 

of conductivity. In anticipation of lowered metal t emperatures, values 

of conductivity selected correspond to T-ll and C-steel boiler tubing. 

This assumption of carbon steel may be too optimistic. Conductivity 

decreases as temperatures rise, reflecting the conductivity of Incoloy 

BOOH for the high temperature superheater. 
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Heated 
Panel Length 

No. m (ft) 

1-6 25.6 (84) 

7 25.6 (84) 

8 25.6 (84) 

9 25.6 (84) 

10 25.6 (84) 

7 25.6 (84) 

8 25 . 6 (84) 

9 25.6 (84) 

10 25.6 (84) 

TABLE 4.1 

Alt. Design Using Rifled Tubing Evaporator 
Ext. Central Receiver - Physical Dimensions 

Series S.H. 

Width 
Ft. No. Tube OD Tube ID 

m (ft) Tubes mm (in) mm (in) 

2.158 (7.083) 170 12.7 (0.5) 10.67* (0.42) 

2.17 (7.125) 57 38.1 (1. 50) 32.36 (1.27) 

2. 17 (7.125) 57 38.1 (1. 50) 32.26 (1. 27) 

2. 17 (7.125) 57 38 . 1 (1. 50) 32.26 (1. 27) 

2.17 (7 . 125) 57 38 . 1 (1. 50) 32 . 26 (1. 27) 

Series/Parallel S.H. 

2.16 (7.083) 85 2. 54 (1.0) 21.6 (0.85) 

21.6 (7.083) 85 2. 54 (1.0) 21.6 (0.85) 

2.16 (7.083) 85 2.54 (1.0) 21.6 (0.85) 

2.16 (7.083) 85 2.54 (1.0) 21.6 (0.85) 

*Nominal ID - variable with rifled tube geometry. 

Tube Conditio~ 0 
w/m ' k (BTU/hr ft F) 

519.2 (300) 

346 (200) 

346 (200) 

259.6 (150) 

259.6 (150) 

346 (200) 

346 (200) 

259.6 (150) 

259.6 (150) 



Results of the performance analysis appear in Table 4.2. The incident 

heat flux profiles, p·rojected heated surface area, and loss model were 

not changed from the MDAC/Rocketdyne commercial receiver. The panel 

efficiencies remain high, with some reduction in the superheater panels. 

Overall receiver efficiency, however, was 93.3%. This compares favorably 

with the original receiver. The series superheater pressure drop is 

probably too high. The serials/paralle l superhea t er has a better fiP, 

and the overall efficiency is not changed. In the series/parallel 

arrangement streams of different temper atures must be mixed. This should 

not be a problem, since the temperature dif f erence is not great. This is . 

the preferred arrangement. 

Table 4.3 lists maximum metal temperatures, and temperature differences 

from the tube crown to the rear. These are representative of relative 

thermal stress levels, and they indicate a 70% reduction of stress over 

the original design. Maximum tube temperatures are somewhat lower in 

the superheater, and very much lower in the evaporator section. This 

is because of the assumption that rifled tubing wi ll be effective in 

eliminating CHF, thus allowing nucleate boili ng to exist to 100% quality . 

Figure 4.4 shows typical dimensions of a rifled tube . 

4.3 Conclusion 

Based on this preliminary analysis, it is concluded that the use of 

rifled tubing in the evaporator has a potential for significantly 

increasing the fatigue life of the commercial plant receiver , by 

eliminating CHF and film boiling, thus reducing t he panel thermal 

stress. 



TABLE 4.2 

Alternate Design Using Rifled Tubing EvaEorator 
Predicted Performance Using MDAC Solar Flux 

Taken at Sum. SolsiticeNoon 
(Series Superheater) 

P Tin 
Max. Solar 

G x 1f6 Pin out Tout F15 Mass Flow Heat Abs. 
Panel MPa MPa C C Wil/m Kg/s Kg/m s2 Wil Panel 

No. (psia) (psia) (oF) (oF) (BTU/hr ft
2

) (lb/hr) (lb/hr ft ) (BTU/hrx 10-6) Eff. % 

1 12.7 11 284 342 .85 20.6 1333 32.9 95.2* (1850) (1599) (543) (648) (269,500) (163,600) (0.983) (112.23) 

2 12.7 11.2 284 343 .83 19.5 1261 31 95 (1850) (1626) (543) (649) (254,550) (154,700) (0.93) (105.81) 

3 12.7 11.4 284 344 .76 18.4 1189 29.2 95 (1850) (1651) (543) (651) (239,600) (145,900) (0.877) (99.65) 
-~ 4 12.7 11.5 284 344 .72 17.6 1138 27.8 , 95 -.::> (1850) (1668) (543) (651) (228,530) (139,700) (0.839) (94.99) 

5 12.7 11.6 284 342 .69 16.9 1093 26.5 95.2 (1850) (1681) (543) (648) (217,460) (134,100) (0.806) (90.52) 

6 12.7 11.8 284 344 .60 14.9 962 23.3 95.2 
(1850) (1710) (543) (651) (191,150) (118,000) (0.709) (79.53) 

7 11 10.6 343 383 .52 108 2315 19.3 91.4 (1600) (1536) (650) (722) (164,840) (856,000) (1. 707) (65.91) 

8 10. 6 10 383 428 .45 108 2315 16.3 90.1 (1536) (1458) (722) (802) (141,220) (856,000) (1. 707) (55.64) 

9 10 9.4 428 470 .37 108 2315 13 86.6 (1458) (1365) (802) (877) (117,600) (856,000) (1. 707) (44.51) 

10 9.4 8.7 469 502 .30 108 2315 10 83.3 (1365) (1257) (877) (936) (93,980) _ (856,000) (1. 707) (34.24) 

*Pane1 efficiency includes radiation and still air conv. losses only. 

Total Abs. in Evap. - 582.73 x 106 BTU/hr. 

Total Abs. in SH = 200.3 x 106 BTU/hr. Overa1 unit efficiency = 93.3%. 



TABLE 4.2 (Cont'd.) 

Alt. Design Using Rifled Tubing With 
Series/Parallel Superheater 

Performance of Evap. Panels No. 1-6 Same 

P. P T. T 
Max. Solar 

G x 1f6 l.n out l.n out F1u~ Mass Flow Heat Abs. 
Panel MPa MPa C C MW/m Kg/s Kg/m s2 MW Panel 

No. (psia) (psia) i OF ) (oF) (BTU/hr ft 2) (~bJh!") (lb/hr ft ) (BTU/ht" x 10-6) Eff. % 

7 11 10.6 342 440 .52 53.9 1741 19.2 90.8 (1600) (1532) (648) (824)* (164,840) (428,000) (12.84) (65.48) 

8 11 10.6 342 422 .45 53.9 1741 16.3 90.1 (1600) (1534) (648) (792)* (141,200) . (428,000) (1.284) (55.64) 

9 10.6 9.9 431 518 .37 53.9 1741 12.8 84.9 
:, (1533) (1443) (808) (964) (117,600) (428 , 000) (1. 284) (43.66) 

10 10.6 9.96 431 498 .296 53.9 1741 10 83.3 (1533) (1445) (808) (928) (93 , 980) (428,000) (1.284) (34.24) 

*Note: Outlet streams are mixed to produce an average temperature entering the next panel-pair. 

Overall unit efficiency 93.2%. 



Panel 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

7 

8 

9 

10 

TABLE 4.3 

Alt. Design Using Rifled Tubing Evaporators 
Predicted Maximum Tube Temperatures 

Max. Tube Temp. LlT* Heat Flux 
ft 2) C (oF) C tF) l.f.il/m2 (BTU/hr 

391 (736) 69.4 (125) .62 (197,518) 

390 (734) 67.2 (121) .59 (186,595) 

389 (732) 65 (117) .55 (175,890) 

387 (728) 62.2 (112) .526 (167,023) 

382 (720) 57.8 (104) .48 (152,571) 

380 (717) 54.8 (98) .42 (133,736) 

484 (904) ,108 (194) .47 (149,761) 

517 (963) 96 (173) .40 (126,176) 

554 (1030) 90.5 (163) .32 (102,091) 

569 (1056) 71 (128) .25 (79,125) 

528 (982) 104 (187) .47 (148,167) 

497 (927) 88 (158) .40 (126,962) 

587 (1088) 81 (145) .32 (100,767) 

553 (1027) 64 (115) .25 (79,799) 

* T - Tube Crown - Bulk Liquid) 

:I: en 
(IJ 

~l 
'M 

I-< 
Q) 

en 

:I: en 
I-< 
<11 

P-< 
'-

I-< 
Q) 
en 

Note: Based on the assumption that rifled tubing allows nucleate boiling 
to exist to 100% quality. 

Max. metal temps. occur in SH region. 
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APPENDIX A 

Thompson-MacBeth Correlation 

1. The low velocity correlation for G<"0.3 x 106 1bm/hr ft 2 : 

qcrit H D-· 1 (~) 
.51 

.00633 (l-x) 
106 fg 

106 

where: qcrit critical heat flux (BTU/hr ft 2) (inside surface) 

Hfg heat of evaporation (BTU/1bm) 

D = tube LD. (in. ) 

G = mass flux (lbm/hr ft 2) 

x = critical quality 

II. The high velocity correlation for G >0.3 x 106 1bm/hr f/: 

where: Al and CI contain Y constants based on pressure ranges. 

Constants (Y) were determined from Ref. 15 at 1550 psia. 

36D' 509 (G x 10-6) - .109 [1-. 19D+O. 24(G x 10-6)+. 463D(G x 10-6~ 

41. 7D' 053 (G x 10-6) .0109 [1+. 231D+. 0767 (G x 10-6)+. 117D(G x 10-6)J 

NOTE: In the thermal analysis program, a linear interpolation is made 
between 1550 psia and 2000 psia for the above (Y) constants. 



APPENDIX B 

Groeneveld Film Boiling Correlation 

The film boiling coefficient, (h), is given as a function of quality, (x). 

where: 

h !& a D 
b 

[Reg (x+!t (l - x»)] 

h film coefficient, BTU/hr ft 2 of 
-4 a = 1. 85 x 10 , const. 

Kg sat. steam conductivity, BTU/hr ft 2 of 

D tube diameter, feet. 

Reg Reynolds Number at sat. steam condition. 

x = local quality 

pg = density sat. steam 

pl = density sat. liquid 

b = 1. 0, const. 

Prw Prandtl Number evaluated at wall temperature 

c = 1. 57, const. 

Y see below 

d = -1.12, const. 

o heat flux, BTU/hr ft 2, inside surface 

e = .131, const . 

Y 
1.4 4 

1-.1 ( p 1) (l-x)' pg -

and Xh. is given by 
m~n 

( ) 04 
.048 

Xhmin - XDNB =. 5 + 2.3 - .01 p 

where: p, pressure, is in bar. 



APPENDIX C 

Description of Thermal AnalysisProgtam 

An energy and mass balance is made for each increment of tube length. The 
heat conduction equations are written for the axisymmetric flow at the tube 
crown. The incident heat flux is assumed normal to the tube at this point. 
A correction factor is incorporated into the one-dimensi onal, axisymmetrical 
case to correct the crown temperature for the effect of 2- D heat flux and 
heat flow. The pressure drop is calculated assumi ng the homogeneous model . 

The absorbed crown heat flux is given by: 

where: tt "., absorbed heat flux, BTU/hr ft 2 

. incident solar flux, BTU/hr ft
2 

~, .. t. 

OCs solar absorptance 

(j Stefan-Baltzmann Constant 

E infrared emittance 

h ~l( / external convection coefficient 

TSI absolute surface temperature oR 

TH> absolute ambient temperature oR 

Also, by: 

where: t "4, = crown absorbed heat flux, BTU/hr ft 2 

7 s, absolute 0 surface temperature R 

TH absolute fluid bulk temperature oR 

Dc tube outside diameter, inches 

0; tube inside diameter, inches 

h ; inside film convection coefficient, BTU/hr ft 2 of 

1< = tube conductivi ty BTU i n/hr ft
2 

of 

~ correction factor fo r 2-D heat flow. 



These 2 equations can be combined into a quartic equation in Ts1 • This is 
then solved by formula from a standard math reference: 

TSI Y ., f h()l.t /6"~ 1 I / (l~ [0" if/t.;f),. 1{[Jo/ZK)LI1(/}r If//}; ijTJ , 

- r i IN~ i t 

+ ( /)" /1 K ) L" (0" If //}i ) ] J ;: o 

The 2-D correlation, r, is calculated by an equation of the form: 

where: 

~ = Bl + B2 (BIOT)B3 

Bl,B2,B3 are constants that depend on the diameter ratio. 

BlOT = HT 
K 

where: H inside film conductance 

T tube thickness 

K tube conductivity 

The incremental increase in fluid enthalpy is then calculated from the absorbed 
heat flux based on the following energy balance : 

M-Llhf 
qnet in /',A 

where: M = mass flow rate 

Llhf = change in enthalpy 

LlA = incremental area of the element 

The program then calculates the f luid quality. If this quality lies between 
o and 1, the critical heat flux is determined and compared to the absorbed 
heat flux as an indicator of the point at which CHF occurs. 

Finally, the pressure drop (LIP) through the increment of tube length is 
determined as a function of frictional , momentum , and gravitational com
ponents. The detailes of this calculation are as follows: 

f O.46/Re,2 

where: f friction factor 

Re Reynold's Number 

( 



where: 

where: 

lIP f · i rl.ct on = 4 x 10-10 111 
f Di v G

2 

III incremental tube length 

Di inside tube diameter 

v = average specific volume in increment. 

G = mass flow rate per unit area per tube. 

liP = 1.667 x 10-11 (v2 - vI) G
2 

momentum 

element outlet sp. vol. 

vI element inlet sp. vol. 

liP . gravl.ty 
III 

144 v 

liP 1 = llPf · . + liP + liP i tota rl.ctl.on momentum grav ty 

Pressure at the increment's exit is then simply: 

The inside film coefficient for use in the above equations is determined 
by the following correlations, depending on the flui d state existing in 
a particular element. 

1. Single phase, liquid and vapor: (Dittus-Boelter) 

hD .023 Re· 8 Pr· 4 
K 

2. Two-phase, nucleate boiling region : 

h = 5000 BTU/hr ft 2 of 

3. Film boiling region: (Groeneveld correlation , Appendix B) 

4. Transitional boiling region (X to Xh i ): c m n 

A linear interpolation is made be tween h i = 5000 and h i = hmin' 
from the Groeneveld Correlation. 

The program recalculates the above variables for each incr ement of the tube 
length. If desired, the program will test the final incremen t output for 
proper steam temperature. The program will then automatically adjust the 
flow rate and recalculate the above parameters until the desired steam 
temperature is achieved. 

." 



ROlLER PANEL NC. 1 
(USING GR~ENEVELD CORRELATION) 

PRrss TEMP ENTHALPY Ll 
PSIA F BTU/L8 FT 

L2 ~O.TUBES TUBE 00 'TUBE 10 TUBE LGTH INCREMtNT 
fT. IN IN FT FT 

1850. 550. 56C. 27.7 67.2 170 0.50 0.27 0.50 

CONDUCTIVITY EXT.COEFF E~ISSrVITY ABSORPTANCE 'AMB.TEMP MAX.SO(AR FLUX 
B-IN/H-SF-F B/H-SF-F' F BTU/HR-SQFT 

15 C, • 

TUBE PKESS 
LGTH 

FT PSIA 

0.501f14,.(, 
1. CO 1649.3 
1.~,O It!48.9 
2.00 1848.5 
2.5C H148.2 
3.lf) 1P.47.b 
3.5() 11147.4 
4. 0 G 1847.1 
4.50 1~46.7 
5.00 1846.3 
5.50 Id46. () 
6.', 0 IH45.6 
b.!)" I B45.2 
7.(! il 1244.9 
7.50 1244.5 
8. (I (J 1844.1 
8.50 IB4.3.8 
9.00 1.134.3.4 
9.5D 1F4.3.u 

10. e ll Hi42.6 
10.5 :) 1342.3 
11. 1:'0 11141.9\ 
11.50 1841.5 
12. 1):,) 11<41.2 
12.5;) HI4i). l" 
13. r; () 18A~.4 

13.5;) 1&4ilol 
14.00 1839.7 
14.50 1 8 3903 
15.CO 1!}38.9 
15.5C 1'138 ... 
16. 00 1H38.2 
16.5;: 1 2.37. 13 
17.LlJ 1837.,+ 
17.:~v 1P37ol 
18. 0 C If'.36.7 
18 .5 0 1836.3 
l '?:' O I t; 3S. d 
l S .5C 1 6 3:,.2 
20. CG 11'134.5 
20.5(, H33.7 
21. ' ~ li.':'>2. 2 
21. :, O j ,'l 31.7 
22 • (,'0 1 8 3 () • 5 
22 • :-'J 1 829 • 2 
23.061i'21.o 

BULK ENTHAL PY 
TEMP 

F BTU/L R 

557. 
557. 
557. 
558. 
558. 
559. 
559. 
5 lOG. 
561. 
562. 
563. 
5f',4. 
~66 • 
567. 
569. 
510. 
572. 
574. 
576. 
578. 
58 () • 
5('.3. 
585. 
5R7. 
5':1 \) • 
5e;;3. 
556 • 
598. 
601. 
604. 
6 Q6 • 
6 Je;; • 
612. 
615. 
618. 
621 • 
624. 
624. 
624. 
624. 
624. 
624. 
623. 
623. 
623. 
623. 

56[1. 
56(;. 
561 • 
561 • 
56? 
562. 
563. 
564. 
566. 
567. 
568. 
570. 
512. 
573. 
57'3. 
578. 
580 . 
582. 
585 . 
587. 
59 0. 
593. 
5%. 
59'3. 
603. 
6C6 . 
61 C. 
6U. 
617. 
621. 
625. 
63 c' • 
634. 
63'3. 
64:3 • 
648. 
653 . 
6";B. 
663" 
669. 
6 7 4 • 
6 3:' . 
&2 5" 
691. 
697. 
1U3. 

0.89 0.95 

INSIDE OLTSJDE 
FILM COFF HEAT FLUX 
B/H-SF- F 8/H-SF 

4992. 
49'32. 
4993. 
4994. 
4995. 
4996. 
4998. 
5J Cl. 
5(;03. 
5 0 06. 
5009. 
5 (1 13. 
5:; 17. 
5 ,,<'2. 
5 <1 27. 
5032. 
5 0 37. 
5044. 
Su51. 
5058. 
5066. 
5015. 
5085. 
5096. 
51 0 7. 
5120. 
SI 34 • 
5150. 
!:,168. 
5185. 
52D3. 
5222 .. 
5244. 
5269. 
<;296. 
5328. ' 
53(,3. 
:~ r,Gn. 

:' C iJ O . 
5000. 
5G '1 3 . 
50(: :,) . 

500lJ. 
5Ca'). 
S'U{Hl. 

2410. 
7051. 

11414. 
16056. 
2114 2. 
25624. 
29924. 
34388. 
39268. 
43584. 
48375. 
5301 J. 
57558. 
61891. 
f',6641 . 
71116. 
753~9. 
79846. 
84642. 
8928 9 . 
'33573. 
983'+3. 

102625. 
1 (J1401. 
11198 g . 
116118. 
120753. 
125579. 
129113 . 
13'+'+86. 
138801. 
143368. 
147908. 
152365. 
156945. 
161647. 
165847. 
17G4q1. 
174'16~. 

179'+18. 
183872,. 
1 A862 r: . 
1 9 302 F, . 
191131. 
202063. 

, 2(6186. 

.I 
100. 269500 •. 

TUBE ·CROWN BULK 
TEMP QUAL 

F 

559. 
564. 
569. 
515. 
581. 
586. 
591. 
597. 
603. 
609. 
615. 
621. 
621. 
633. 
640. 
646. 
653. 
659. 
666. 
673. 
680. 
687. 
694. 
102. 
709. 
716. 
124. 

"132 ~ 
739. 
741 . 
754. 
762. 
769. 
777. 
184. 
792. 
8JO. 
81D. 
815. 
820. 
824. 
829. 
P,34. 
839. 
84,.. 

- '84~.- ·- - -

-.19 
-.19 
-.19 
-.19 
-.19 
-.19 
-.18 
-.18 
-.18 
-.18 ' 
-.17 
-.11 
-.17 
-.16 
-.16 
-.15 
-.15 
-.1'+ 
-.14 
-.13 
-.13 
-.12 
-.12 
-.11 
-.10 
-.10 
-.09 
~.Ci8 -
';'.01 
-.06 
-.06 
-.05 
-.04 
-.03 ' 
-.02 
-.01 
0.00 
C.Ol 
0.02 
0.03 
0.04 
0.05 
0.117 
0.08 
0.09 
0 . 1'"0"" 

CR IT 
QUAL 

0.0 
o.c 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 ' 

"0.0' 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
b.O 
0-.0 
0.0 
0.0 

-·0 . ' 0- --- , .. -., S"'2 
O. O '1fi; i 
0.0 
0.0 
0.0 
O. Q 

0.0 
o.c 
0.0 
O. C 
o.c 
0.0 
0.0 
0.0 
0.0 
O.v 
0.0 
0.0 

,· tt.o----



23.50 1826.2 623. 710 • 5000. 211259. 85li. 0.12 0.0 
. . 
21f.CO 1821f.5 623. 716. 5000. 215904. 859. 0.13 0.' . 
21f.5C. 1822.7 623. 723. 5000. 220178. 863. 0.14 0.0 
25.0i) 1820.7 623. 729. 5000. 2 21f 781 • 868. 0.16 0.0 
25.50 1818.5 &23. 7~6. 50ao. 229301. 873. 0.17 0.17 
26.00 H'17.8 622. 743. 4983. 234024. . alA"~ " -~ ·if~ fa ~-"2j) .-18 
26.50 1817.0 &22. 750. 4352. 238367. .890. 0.20 0.20 
27.00 1816.2 622. 757. 3710. 242581. 906. 0.21 0.21 
27.50 1815.4 622. 765. 3(157. 246862. 926. 0.·23 0~23 
28.00 Hi14.6 622. 772. 2392. 248189. 952. 0.2li 0.2li 
28.50 1613. 7 622. 78 J. 1724. 247327. 992. 0.26 0.26 
29.00 IP.12.8 622. 787. 1059. 245224. 1076. 0.27 0.21-
29.50 1811.9 622. 794. 944. 244578. 1100. 0.29 0.29 
30.00 1811.0 622. 801. 975. 2 '1480 o. 1093. 0.30 0.30 
30.50 1810.0 622. 809. 1Ci06. 244969. 1086. 0.32 0~32 
31.00 1809.0 622. 816. 1037. 245107. 1080. 0.33 0.33 
31.50 1808.J 622. 823. 1067. 2'15252. 1074. 0.35 0.35 
32.00 1807.0 622. 8:31. 1098. 2115358. 1068~ 0.36 0.3"6 
32.50 1805.9 622. 838. 1128. 245575. 1063. 0.38 0.38 
33.00 lS01f.6 621. 845. 1158. 245632. 1058. 0.39 0.39 
33.5(j 18:i3.7 621 • 852. 1187. 2 4581 ~. 1053. O.liO 0.40 
34.00 18C2.6 621. 86 0 . 1217. 21159 02. 1011 8. 0.~2 0.42 
34.50 11'101.4 621. b67. 1246. 21f6017. 1044. 0.43 0.43 
35.00 lhOO.2 621. 8 -/4. 12.74. 2116125. 1040. 0.45 0.115 
35.50 1799. J 621. 882. 1303. 2462 14. 1036. 0.lf6 0.46 
36.0C 1797.H 621. 889. 1331. 246364. 1032. 0.lf8 0.48 
36.50 1796.5 621 • 896. 1359. 246399. 1028. a.49 0.49 
37.(,0 1795.2 621. 9G4. 1 386 . 2116481. 1025. 0.51 0.51 
37.50 1793.':> 621 • 911 • 1413 • 2116659. 1021. 0.52 0.52 
38.(,0 1792.(, 621. 918. 14110. 246627. 1018. 0.54 0.511 
38.50 1791.2 620. 926. 1466. 246709. 1015. 0.55 0.55 
39. J O 17P.9.ti 620. 933. 1492. 2'16775. 1012. 0.57 0.57 
39.5;:' 1 "/88. 3 62(;. 94 c. bIll. 246950. 1009. 0.58 (J.58 
40.r 'j 1786.'3 620. 94B. 1544. 246914. 1007. 0.59 0.59 
4D.~O 1785.4 62(;. 955. 15/',9. 246919. 1 004. 0.61 0.61 
41.00 1 783. '3 620. 962. 1593. 247108. 1002. 0.62 0.62 
'11.5171 1782.,5 620. 97,). 1 617. 247130 . 999. 0.64 0.64 
42. ;:·0 1780.& 620. 977. 1641. 247268. 997. 0.65 0.65 
42.5 .,) 1779.2 ;; 19 • 984. 1665. 24722:). 995. 0.67 0.67 
'13.0.1 1777.6 (, 1 9 • 992. HilB. 247277. 993. 0.68 0.68 
43.5;) 1775.'; 619. 999. 171 O. 2lf731'1. 991. 0.70 0.70 
4'1. (' 0 1714., 619. 10(:7. 1732. 2'17'154. 989. 0.71 0.71 
44.50 1772.5 619. 1014. 1754. 2'1746 0. 987. 0.72 0.72 
45.0u 1770.8 b 19. 1 Ci21. 1775. 247382. 985. · 0.74 0.74 
45.50 1769.u 6)9. 1029. ]795. 247517. 983. 0.75 0.75 
46.~O 1767.2 619. 1J3E-. 18 15. 247497. 9R2. 0.77 0.77 
46.50 1765.4 618. 1 04 ~. 1835. 247572 . 980. 0.78 0.78 
47.1'0 1763.6 618. 1051. 1853. 247522. eHS. 0.80 0.80 
47.50 1761.7 618. 1 u!:ifl. 1871. 247728. 977. 0.81 0.81 
48. 00 l759./;; 618. 1 D 65. 1889. 247678. 976. 0.83 0.83 
4ti.50 1757.6 618. 1073. 1'3~6. 24772,) • 975. 0.84 0.84 
49.()0 1755.;) 618. 1080. 1'~21. 247736. 973. 0.85 0.85 
49.50 175.3.'3 618. 10(;8. 1936. 24775 7. 972. 0.87 O.IH 
50. (; 0 1751.5 617. 1095. 195 (;. :?478'12. 971. 0.88 0.88 
5lJ.50 17'19.0 617. 1102. 1963. 2H9Q5. 970. 0.90 0.90 
51.DO 1747.7 G 17. 1110. 1975. 21;7834. 969. 0.91 0.91 
51.50 1745.6 617. 1117. 198'1. 21;7926. 969. 0.92 0.92 
52. >J 174.3.5 61 7. 1124. 1c:.93. 247927. 96B. 0.94 0.9'1 
52.~jj 174103 617. 113 2. ]'3'38. 247839. 9&7. (1.95 G.95 
53.UO 1739.1 616. 113 '3. 2 iJ:l l. 247819. 967. 0.97 0.97 
53.5:; 1736.5 616. 1147. 1 9S19. 247910. 967. 0.98 0.98 
54. r J 1734.6 616. 1154. 1'1%. 24781G. 967. 1.GC 1.00 

t; <if ~ -



54.50 1732.8 6 i8. 1161. 1959. 2471'+ 1. 969. T.ar-' 'I. 0 tj '- 'i7 
55.;)0 173().8 622. 116<1. 3541. 2'1910 C • 912. 1.02 1.00 
55.50 1728.9 626. 1176. 3'1D;). 21188BB. 919. 1.04 1.00 
56.0u 1726.8 631. 11&:3. 3276. 248714 ti- 526. 1.lt-S · I.GD 
5&.5J 1724.8 635. 1191. 3167. 2IfB1'+5. 933. 1.01 1.00 
57.CO 1722.7 6'10 • 1198. 3069. 248602. 911 o. 1.08 1.00 
57~50 1720.6 645. 1206. 2'377. 248333. 948. la 09 1.00 
58.00 1718.4 650. 1213. 2B89. 2'18215. 955. 1.11 1. 00 
58.50 1716.2 656. 122 ('. 27119. 248164. 964. 1.12 1.00 
5-:9 .. 0 0 1714.0 662. 1228. 2695. 241131. 9"'2. ' r.;n' T~ 1ft) '--. >; 1,$ , 
59.50 1111.7 668. 1235. 2601. 2416£02. 981. 1.15 10 DO 
60.0u 11(19.3 674 • 12413. 2522. 247458. 990. 1.16 1.00 
£00.50 1706.9 681. 125 I) . 2'143. 247214. 1000. 1.18 1.00 
61.0 0 1704.4 681. 1257. 2369. 24&942. 1009. 1.19 1.00 
61.50 11':'1.9 694. 1265. 2298. 2'16686. 1019. 1.20 1.00 
62.00 1699.3 1()2. 1212. 2246. 2416523. 1028. 1.22 1.00 
62.50 1696.1 709. 1279. 2203. 246334. 1038. 1.23 1.00 
63.90 169'+.1 717. 1281. 2163. 246059. 1 0'+ 1. 1.24 1.00 
63.50 1691.4 725. 1294. 2127. 245859. 1057. 1.26 1.00 
64.00 16118.6 733. 1301. 2094. 245607. 1066. 1.27 1.00 
64.50 1685.'1 142. 1308. 2064. 245454. 1076. t.28 1.00 
65.00 1683.0 750. 1316. 2036. 245180. 1086. 1.30 1.00 
65.50 16811.1 759. 1323. 2011. 244837. 1096. 1.31 1.00 
66.(0 1677.2 768. 133(). 1988. 244535. 1105. 1.32 1.00 
66.50 1674.2 718. 1338. 1967. 244340. 1116. 1.34 1.00 
67.00 1671.2 787. 1345. 1'348. 244016. 1126. 1.35 1.00 
67.50 1668.1 196. 1352. 1930. 239621. 1130. 1.36 1.00 

6"8.00 1665.U 806. 1359. 1915. 2 32271. 1130. 1.38 1.00 
68.50 1661.8 815. 1366. 1901. 224996. 1130. 1.39 1.00 
69.00 1658.6 824. 1372. 1889. 217163. 1129. 1040 10 DO 
69.50 1655.4 833. 1378. 1879. 210507. 1128. 1.41 1.00 
70.jO 1652.2 841 • 1384. 1869. 2(13250. 1121. 1.42 1.00 
70.50 1648.9 85(' • 1390. 1861. 1%058. 1126. 1.43 1.00 
11.0il 1645.5 858. 1396. 1k54. 188892. 1124. 1.44 1. OIJ 
11.50 1642.1 866. 1401. 1848. Ul1561. 1122. 1.45 1.00 
12.00 1638.7 873. 1406. 1842. 174424. 1120. 1.46 1.00 
72.5G 1635.3 881. 1411. 1837. H:7HO. 1111. 1.47 1'.00 
73.00 1631.9 888. 1416. 1833. 160046. 1114. 1.48 1.00 
13.50 1628.4 895. 1421. 1830. 152154. 1111. 1.48 1.00 
14.CO 1624.9 901 • 1425. 1826. 145631. 1108. 1.49 1.00 
74.50 162103 9G8. 1429. 1824. 138'+26. 1104. 1.50 1.00 
75.CO 1611.1 914. 1 43 ~. 1821. 131249. 1100. 1.50 1.00 
15.50 161'+.2 919. 1437. 1819. 124139. 1095. 1.51 1.00 
76.00 161il.5 925. 1440. 1817. 116945. 1091. 1.51 1.00 
76.50 1H6.o, 9 3() • 1443. 1816. 1 {l9861. 1086. 1.52 1.00 
77.eli 1603.3 934. 1446. 1814. 1 {12794. 1080. 1.52 1.00 
77.5(; 1599.6 939. 1449. 1813. 95562. 1014. 1.53 1.00 
78. (1 C 1595.9 943. 1452. 1812. e8386. 1068. 1053 1.00 
78.5 C 1!)92.2 946. 1454. 1811. 81306. 1062. 1.54 1.00 

. .. ; 

79.GO 15il8.5 950. 1457. IS1C. 74273. 1055. 1.54 1.110 
79.50 1584.7 953. 1459. 1809. 67146. 1048. 1.54 1.00 
80. ,]() 15~1.O 955. 1460. 1809. !:9981. 1041. 1';54 ' 1.00 -, --: - -~ 

:~. 

80.:'0 1577.2 958. 1462. 1808. 52833. 1033. 1.54 1.00 
81. CO 1573.4 960. 1463. 1807. 45791. 1025. 1.55 1.00 
81.50 1569.7 962. 1464. 1806. 38151. 1017. 1.55 1.00 
82.00 1565.9 963. 1465. 1806. :"1611. 1008. 1.55 1.00 
82.50 1562.1 964. 1466. 1805. 24655. 999. 1.55 1.00 
83.00 1558.3 964. 1461. 18,,4. 11491. 989. 1055 1.00 
83.50 1554.5 965. 1467. 18C4. 10428. 980. 1.55 1.00 
84.00 155 ilo 7 965. 1467. 18J3. 3341. 969. 1.55 1.00 

MASS FLO '~ =C.ll~ll[ C6L tj/HR G :: ,) .1162E 07LP./HR-SQ FT HMIN = Q14.38B. 

5-7 



( IIC(J 100 ) (, "'-1- ~~) 
(Z(,'1Jn) (4n4) 

1t. ~ ·9011 

CUMULATIVE PRESSURE DROP 
FRICTION MOMENTUM GRAVITY 

PSI PSI PSI 

Q.2083 
0.4166 
0.6250 
0.8335 
1.0'+20 
1.2507 
1.4595 
1.6685 
1.8776 
2.0870 
2.296 7 
2.5066 
2.7167 
2.9272 
3.1381 
3.3493 
3.5609 
3.7728 
3.9852 
4.1981 
4.'+114 
4.6252 
'+.8395 
5.0543 
5.2696 
5.'+856 
5.7020 
5.9191 
6.1369 
6.3557 
6.5756 
6.7967 
7.0191 
7.2426 
7.4674 
7.6935 
7.9213 
8.1579 
8.4037 
R.65B9 
8.9237 
9.1985 
9.4834 
9.7789 

IG.085t: 
10.4';22 
13.731)7 
11.0708 

0.0001 0.1577 
0.0004 0.3154 
0.0008 0.4730 
0.0014 0.6306 
0.0023 0.7881 
0.0033 0.9454 
O.OOH 1.1026 
0.0058 1.2596 
0.0073 1.4164 
0.0090 1.5730 
0.0109 1.7294 
0.0130 1.8854 
0.0152 2.0412 
o • 0 17 6 2 • 1 96 7 
0.0202 2.3518 
0.0230 2.5066 
0.0260 2.6609 
0.0291 2.8H9 
0.0324 2.9685 
0.0359 3.1216 
0.(1395 3.2142 
0.0434 3.4264 
0.0414 3.5781 
0.0516 3.7292 
0.0560 3.8798 
0.0605 4.0298 
0.0652 4.1792 
0.0701 4.3281 
0.0764 4.4762 
0.0843 4.6235 
0.0924 4.7699 
0.1007 4.9152 
0.1093 5.0596 
0.1182 5.2029 
0.1274 5.3453 
0.1312 5.4865 
0.1505 5.6265 
0. 2637 5.761 3 
0.4798 5.8910 
0.8016 6.0160 
1.2321 6.1364 
1.7743 6.2524 
2.4~13 6.3644 
3.2G61 6.4123 
4.l017 6.5765 
5.1213 6.6771 
6.2681 6.7142 
1.5453 6.8680 

5-/0 

0& .. 



11.~228 8.9560 6.9586 
11.7870 10.5036 7 . 0'+62 
12.1636 12 . 1912 7.1309 
12.7035 i2.3286 7 . 19'00 
13.26B~ 12.4685 7.2465 
13.85B8 12.6110 7.3006 
14.~752 12.7560 7.3523 
15.1179 12.9019 7.4020 
15.~870 13.0474 7.~497 

16. 82~ 13.1916 7.49'56 

17.~OH 13.3355 7.5398 
17. 517 13.4797 7.5825 
18.7256 13.6240 7.6237 illm

, 
13.7684 7.6636 

\ 20 3525 13.9130 7.7022 
\21 2056 14.0577 7.7397 
\ .0851 14.2027 7.7760 
22.9911 14.3477 7.8112 
23.9237 H.~929 7.8454 
2,+.8830 14.6382 7.8787 
25.8690 14.7837 7.9111 
2£,.8818 111.9294 7.9426 
27.9215 15.0751 7.9733' 
28.9881 15.2211 8.0033 
30.0818 15.3671 8.0325 
31.2027 15.5134 8.0610 
32.3508 15.6598 8.0888 
33.5262 15.8063 8.1160 
34.7290 15.9530 8.11125 
35.9592 16.0999 8.1685 
37.2169 16.2469 8.1939 
38.5023 16.3940 8.2187 
39.8154 16.5413 . 8.2'+31 
41.1562 16.6888 8.2669 
42.52'+8 16.8364 8.2902 
43.92H 16.98'+3 8.3131 
45.3461 17.1322 8.3356 
'+6.7988 17.2803 8.3576 
48.2797 17.4285 8.3791 
49.7889 17.5770 8.'+003 
51.3265 17.7256 8.4211 
52.8925 17.8743 8.4415 
54.4870 18.0232 8.4616 
56.1102 18.1723 8.4813 
57.7621 18.3215 8.5006 
59.4429 18.4709 8.5196 
61.1525 18.6205 8.5383 
62.8912 18.7102 8.5567 
64.6590 18.9201 8.5He 
66.4559 19.0702 8.5926 
68.2822 19.2205 8.6101 
70.1379 19.3709 8.621'+ 
72.0231 19.5216 8.6444 
73.9380 19.6723 8.6611 
75.8826 19.8233 8.6775 
77.8569 19.9H5 8.6937 
79.8613 20.1258 8.7(l97 
81.8956 20.2772 B.7254 
83.9601 20.4289 8.7409 
86.0549 20.5807 8.7562 
87.6736 20.7972 8.7712 
89.3259 21.0612 8.786C 

~-/I 



91.0151 21.328. 8.800. 
92-.-1lt26 21.59~5 8.8H5 
94.5011 21.8538 8.8282 
96.3099 22.1201 8.8417 • 
98.1531 22.3A12 8.8550 

100.0'+17 22.6476 8.8679 
101.9773 22.9119 8.8806 

1"03.9604 ~3~1785 8.8931 
.... .. _ 0 • • 

105.9923 23 •• 480 8.9053 
108.0742 23.7161 8.9172 
110.2()69 23.9859 8.9290 
112.3918 24.2561 8.9405 
114.62H 2 •• 5284 8.9518 
116.8967 H.8015 8.9629 
119.2154 25.0762 8.9738 
121.5192 25.3511 8.98.5 
123.9885 25.6275 8.9950 
126 •• 440 25.9039 9.005. 
128.9460 26.1817 9.0155 
131 •• 951 26 •• 589 9.0255 
134.0916 26.1317 9.0353 
136.7361 27.0168 9.0H9 
139.4290 27.2966 9.05H 
142.17(J6 27.5771 9.0637 

AT: ~3fof 144.9611 27.8530 9.0729 
1H.7998 28.1210 9.0fU 9 
150.6857 28.3809 9.0908 
153.6179 28.6329 9.0996 
156.5955 28.8766 9.1082 
159.6174 29.1125 9.1168 
162.6827 29.3394 9.1252 
165.1901 29.5591 9.1335 
168.9388 29.1102 9.11H1 
112.1275 29.973. 9.1498 
115.3552 30.1685 9.1518 
178.6207 30.3549 9.1658 
181.9229 30.5336 9.1137 
185.2606 30.7041 9.1814 
188.632.6 30.8656 9.1892 
192.0377 31.0194 9.1968 
195.4747 31.1652 9.20.4 
198.9423 31.3030 9.2119 
202.4393 31.4328 9.2194 
205.9646 31.5547 9.2268 
209.5168 31.6684 9.2341 
213.0'348 31.7739 9.2414 
216.6982 31.8710 9.248 7 
220.3258 31.9596 9.2559 
223.9763 32.0389 9.2631 
227.6482 32.1094 9 .2102 
231.3403 32.1715 9.2713 
235.0512 32.2252 9.28.3 
238.7796 32.2704 9.2914 
242.5241 32.3071 9.2984 
246.2833 32.3353 9.3053 
250.0559 32.3548 903123 
253.8404 32.3658 9.3192 
257.6353 32.,3681 9.3261 !.7t. , ... , 

IHR-SF-F 

A~#' .210,003<1 

.5"-1"-.. 



BOllER PANEL NO. 1 
(USING GROENEVELD CORRELaTION) 

PRESS TEMP ENTHALPY l1 l2 NO . TUgES TUBE 00 'TUBE ID TUBE lGTH 
PSIA F BTU/lb FT FT' IN IN FT 

1600. 5J5. 493. 0.50 0 . 21 0.50 

C:ONDUCTIVITY EXT .COEFF EMISSIVITY ABSORf'TANCE 'AM8. TEMP HAX';SO(AR -Flwr--7+®: 
B-IN/H-SF-F B/H-SF-F' F BTU/HR-SQFT \~ 

150. 

TURE PRESS 
LGTH 

FT PSIA 

0.50 159,}.8 
I.Oil 159';.6 
1.~O 1599.5 
2.00 1599.3 
2.50 1599.1 
3.00 1598.'1 
3.50 15':HI.b 
4.00 1598.& 
4 • 5 0 1 598. II 
5o!lO 1598.2 
5.501S98.1 
6.001597.':1 
6.501591.-' 
7.00 1!J97.b 
1.50 15'37. Ii 
8.00 1597.2 
8.50 1591.1 
9.r,o 159&.':1 
9.50 1596.a 

10.(,0 1596.& 
10.50 1~91).5 
11.00 1596.3 
11.5£) 1596.2 
12.~ij 15'J&.J 
12.5~ 1595.9 
13. CiJ 1595.7 
13.50 1595.5 
14.eO 1595.3 
14.50 1595.1 
15.rO 1594.9 
15.5J 1594.7 
16. r O 1':·94.5 
16.50 1~,'iIl.j 

17.CO 159'+.0 
11.50 15Q3.B 
18.PO 1593.:) 
113.50 1:93.3 
19.(0 FJ93. " 
1 9.:. 0 1 592.1 
20.00 1592.4 
2C.S\) Ei92.1 
2 1 • J ,1 1 '.) J 1 • " 
21.5 j 15')lo't 
22.f.} 1~:ol.1 

22.50 E," .).7 

3. 

BULK ENTHALPY 
T DIP 

F BTUlLr 

~ C5 • 
506. 
5C7 • 
509. 
512. 
516. 
520. 
525. 
53~. 

536. 
542. 
550. 
557. 
566. 
575. 
!:'84. 
5 cJ5. 
6 U:. • 
6 0~. 
(, ~5 • 
6 {i 5 • 

605. 
605. 
605. 
(,05. 
605. 
I) ,14. 
6 D 4 • 
f, D 4 • 
(,;)4. 

b [,4 • 

(, 0'1 • 
b i) 4 • 
£, D4 • 
6lJ4. 
(1)4 • 

& 0l+ • 
ti J 4 • 
6 04 • 
6(;4. 

(,(i4. 
b '.' 4 • 
I', L 4 • 
(, "II • 
f t'f q • 

,+93 . 
495. 
497 . 
500. 
503. 
501l. 
513. 
519. 
526. 
534. 
5'+? 
552. 
562. 
573. 
584. 
597. 
610. 
624 . 
639. 
65 1, • 

61(;. 
686. 
101 . 
717. 
732 . 
748. 
763. 
179. 
19,+ • 
810. 
13 2~; • 
B41 ' 
SSt. 
872. 
887. 
9 ~: 3 # 

<;l l f) " 

',3 11. 

949. 
%5. 
98'). 
':1 ',H: • 

1f;11. 
1 t'2 7 .. 
1 .-- 4;>. 

0.89 0 . 95 

INSIDE OUTSIDE 
FILM corF HEAT FLUX 
B/H-SF - F 8/H - SF 

11B1 . 
1182 . 
111'2. 
118'+. 
1185. 
1187. 
1190. 
1193. 
1191. 
1201. 
1205. 
1.210. 
1215. 
1222. 
1229. 
1237. 
12,+7. 
1261. 
5CO(l. 
SClull. 
~')oo. 

5000. 
500G. 
5000. 
~, DOO. 

soon. 
~)uac. 

5000 . 
5000 . 
S!1UC. 
'Se ne,. 

500«. 
5[i{) [' . 

:',00[. 
5il O':' . 
'J [,r, G • 

500e. 
soon. 
500e. 
50 0 c.. 
l- :) r' ..... 
, . : ' . \0 ~ • 

~. , .... r (" . • 

275'? • 
7'+08 . 

12144 . 
16725. 
21321. 
25991 . 
30586 . 
35167. 
39752. 
44523. 
48995. 
53623. 
~18 06 3. 
1'2662. 
£:7147. 
71678. 
7631 i) . 

e084 0. 
f!6 53 2 . 
89685. 
8969 1 . 
89709. 
8972 0 . 
89732 . 
697'+5. 
P.9157. 
139 7 1 n. 
E9341. 
f:9361 . 
8937(,. 
89391. 
1.'9407. 
['9424. 
894,+2. 
89'+6 r. 
89'+79. 
P9498. 
1'951 ';I. 
::l 954 () . 
P9562. 
89585. 
F960o. 
F963:3 • 
2<;653. 
°9(j85. 

--5-/3 

. t 

100 . - 98000. 

TUBE 'CROWN BULK 
TEMP QUAL 

f 

509. 
518. 
527. 
537. 
5'+1. 
558. 
569. 
51l1. 
594. 
608. 
621. 
636. 
650. 
666. 
682. 
698. 
115. 
733. 
699. 
702. 
702. 
702. 
702. 
702. 
702. 
102. 
7tJ 2. 
702. 
702. 
702. 
702. 
702. 
102. 
702. 
702. 
1(12. 
702. 
702. 
1 .. 2. 
702. 
7Z!2. 
702. 
1D2. 
1C2. 
7\:2. 

-.24 
-.24 
-.2'+ 
-: .23 
-.22 
-.21 
-.21 
-.19 
-.18 
-.17 · 
-.15 
-.13 
-.11 
-.09 
-.07 
-.05 
-.03 
0.00 
0.03 
0.06 
0.09 
0.11 
0.14 
0.17 
0.20 
0.23 
!J.26 
b.29 
'1032 
0.34 
0.37 
0.40 
0.43 
0.46 
0.49 
0.52 
0.54 
0.57 
0.60 
0.63 
0.61', 
0.69 
0.72 
0.74 
0.77 

eRIT 
QUU"'- -'T"'1 

0.0 
0.0 
0.0 

---0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0';0 
0.0 
o.c 
0.-0 
0.0 
0.0 

- 0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o. o· 
0.0 
0.0 

-0'.0 
0.0 
0.0 
0.0 
0.0 
1).0 
0.0 
0.0 
0.0 
() • 0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
o.c 

. .- .. ): ... . _'---



2;3.UO 1590.'t 6 (1,+ • 1 [15 !.l. 5[~(f\J. F571? 7[2. 0.8 U li.v 
23.50 159u.w 6 (-4. 1013 • 5fJO;t. f.'974 0. 7C2. 0.83 0.0 
21+.013 15P9.b &, C4. 1069. 5000. 89768. 702. 0.86 0.0 
24.!:l() 1589.2 t C4 • 1104. SOD". 89351' • 702 .• 0.89 0.0 
25.,)0 1~f\8.8 b 04 • 112: • !:l(,OC. 89388. 1()2. 0.92 0.0 
25.!>O 1588.4 60'1 • 1135. 5UQiJ • P9420. 702. 0.95 0.95 
26.00 1588.3 60'1. 1151. 5003. 1"9663. 702. 0.97 0.97 
26.50 1588.2 (, n5. 1166 .. 2534. 11912D. 720. 1.00 0.97 
27.00 1588.1 (,14 • 1182. 838. 87856. 790. 1.03 0.97 
21.50 1588.(., 624. 119"7. 75r,. 87512. 805. 1.06 0.97 
28.:;0 1587.<; 635. 1212. 704. P7297. 821. 1.09 0.97 
28.50 1527.1 b48. 1227. 665. 87002. 838. 1.11 0.97 
29.00 1587.6 661 • 1 2/f 2 • 629. 86723. 855. 1.1'+ 0.97 
29.50 1587.5 615. 1257. 590. 86373. 874. 1.17. 0.97 
30.00 1581.4 6'31. 1212. 556. 1'6:152. 894. 1.20 0.97 
30.5() 1587.2 707. 1287. 527. 85646. 914. 1.22 0.91 
31.00 1587.1 724. 13 D 1. 5 ']9. IJ5261. 933. 1.25 0.97 
31.50 1587.U 142. 1316. 495. F4857. 953. 1.28 0.97 
32.nO 1586.8· 761. 1331. 483. 84'+59. 972. 1.30 0.97 
32.50 1586.1 781. 1345. '+13. E4081. 992. 1.33 0.97 
33.00 1':>86.5 8 CO. 1359. 465. 8164'8. 1007. 1.36 0.91 
33.50 1:;86.4 819. 137.5. 459. 16326. 1013. 1.38 0.97 
34.00 ]586.2 837. 1385. 454. 11()23. 1019. 1.40 0.91 
34.50 158601 854. 139(, • 450. 65192. 1023. 1.43 0.97 
35.00 1585., 811. 1.401. 448. 60543. 1025. 1.44 0.97 
35.50 151'!5.7 885. 141 b. 446. 55314. 1027. 1.46 0.97 
36.CO 1585.6 899. 142'.,. 444. 50147. 1027. 1.'+8 0.97 
36.50 1585.4 911 • 1433. 1+43. 45001. 102.7. 1.'+9 0.97 
37.00 1585.3 922. 1q4':. 443. 39900. 1025. 1.51 0.97 
37.50 1585.1 932. 144(, • 442. 34741. 1021. 1.52 0.97 
38.00 1584.9 9'f(). 1451. '+42. 29707. 1017. 1.53 0.97 
38.50 1584.8 947. 1455. 442. 24657. 1010. 1.53 0.97 
39.0(, 1584.6 953. 145g. 442. 19688. 1003. 1.54 0.97 
39.50 1584.4 ,:)57. 1461. 442. 14698. 995. 1.54 0.97 
4U.iJlJ 1~8403 96(;. 1463. 442. 9120. 985. 1.55 0.97 
4u.!JO 15P4.1 961 • 1464. 442. 4785. 913. 1.55 0.97 
41.00 1583.':1 961. 1464. 442. -102. 961. 1.55 0.91 

M,t.SS FLOW =D.(l419E 04L!";/HR G = iJ. 3 (2 ~E OSlE<lHR-SQ FT HMIN = 265.068 

--



Jt :; . t'i" 

CUMUlA TI VE PRESSURE DROP 
FRICTION MOMENTUM GRAVITY 

PSI PSI PSI 

0.0082 0.0000 0.1104 
0.0165 0.0001 0.3,+ 07 
0.0248 0.0002 0.5105 
0.0330 0.0003 0.6798 
O.~413 0.0004 0.8'+85 
0.0497 0.0006 1.0162 
0.0581 0.0008 1.1829 
0.0665 0.0010 1.3485 
0.0750 0.0013 1.5127 
0.0835 0.0016 1.6754 
0.0921 !I.0020 1.8366 
0.1007 0.0023 1.9960 
0.109,+ 0.0027 2.1536 
0.1183 0.0032 2.3093 
0.1272 0.0036 2.'+630 
0.1361 O.OOH 2.61'+6 
0.1452 0.0046 2.7639 
0.1544 0.0054 2.9108 
0.1648 0.0159 3.0'+00 
0.1766 0.0366 3.1549 
0.1896 0.0675 3.2584 
0.2040 0.1087 3.3525 
0.21% 0.1600 3.4388 
0.2365 0.2215 3.5185 
0.2548 0.2932 3.5925 
0.2743 0.3751 3.6b16 
0.2952 0.4672 3.7263 
0.3173 0.5695 30 7873 
0.3407 0.6820 3.8H9 
0.3655 D.8tl46 3.8994 
0.3915 0.9374 3.9513 
0.4188 1.0805 4.0007 
0.4474 1.2337 4.0478 
0.4774 1.3971 4.0929 
0.5[)86 1.57D7 4.1361 .- 0.5411 1.75115 4.1176 
0.5749 1.9486 4.2175 
0.6101 2.1529 4.2559 
0.6465 2.3674 4.292'3 
0.6843 2.5922 ,..3281 
0.7233 2.8272 1+.3633 
0.7637 3.0725 4.3967 
0.8054 3.3280 4.4291 
0.8484 3.5939 4.4605 
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0.8927 3.8700 4.4910 
u.QS65 4.1564 ".52115 
0.985::! 4.4532 4.5493 
1.0334 4.7602 4.5773 
1.0830 5.0776 4.6045 
1.1338 5.4052 4.6311 
1.1860 5.7432 4.6569 
1.2826 5.7534 4.6709 
1.3576 5.7641 4.6845 
1.4353 5.7810 4.6976 
1.5164 5.7982 4.7102 
1.6008 5.8155 4.7223 
1.6889 5.8329 4.1340 
1.7811 5.8503 4.1452 
1.8778 5.8677 4.1560 
1.9190 5.8852 4.7664 
2.0839 5.9027 4.7165 
2.1921 5.9203 4.7862 
2.3052 5.9318 4.7957 
2.4217 5.9553 4.8049 
2.5421 5.9728 4.8137 
2.6663 5.9898 4.8224 
2.7943 6.0058 4.8308 
2.9258 6.0206 4.8390 
3.0605 6.0343 " .8470 
3.1983 6.0469 4.8549 
3.3388 6.0584 4.8626 
3.4820 6.0688 4.8702 
3.6214 6.0181 4.8771 
3.7749 6.0864 4.8851 
3.9242 6.0935 4.8'.:125 
4.0751 6.0996 4.8'.:197 
4.2273 6.1047 4.9069 
4.3806 6.1087 4.9141 
4.5347 6.1117 4.9212 
4.6894 6.1137 4.9283 
4.8445 6.1146 4.9354 
4.9997 · 6.1146 4.9425 /( . () 1" Gr 
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TYPE OF IHUTDOWN 

Pr..operatiGniI ",lad 
Pust Hydro ISet Nott 1) 

Pre·Operation.1 Period 
Post Chemical Cleaning 

Short Outage. 
4 OavsOl usa 

Short Outage • 
4 Davs or Less 
Unit Partially 
Drained for 
Repl!irJ 

~ngOu.· 
Longer than 4 0Iys 

Longau,.-
Longer ..... 4 Ooyo 
Unit Partially 
Drained for 
Repairs 

RECOMMENDED LAY-UP PROCEDURES 
C-E DRUM TYPE UTILITY UNITS 

PIIOC£OURE 

With the 1CDnOm11 .... WltlrWatls. tuPtrtut.ter •• nd reheat., filled 10 ovllfflowing 1. 
preuurize the unit with nltrogtn to 5 PSit pressure (See Notes 4 & 5 •. 

1. Introduce demineralized or condensate qu.litV water containing 10 ppm 
0' ammonia ,nd 200 ppm of hvdrazine Into thl superheater, reheater. 
fecdwater heaten. (tube side' and associated piping, economizer and 
wbMwaU, (Refer to Notes 3 & 41 . 

2 . Nitrogen up the superheater, feedwater heaters Ishell side) alld drum. 
Maintain 5 psig nitrogen pressure (See Note 51. 

2-
1. Maintail . Ihe ume hydr,llin. and ammonia concentrations IS those pres.nt 

during normal operBlion. 

2. Establish and maintain , 5 psig nitrogen C8P on the superhe.ter .nd the 
stum drum lSee Note 6), 

3. Nitrogen cap the !ohell side of the feedwallr healers. 

1. Drain and open only those sections requiring repain. 

2. Isolate remainder of unit undl'lr 6 psig nitrogen pressure where possible 
(Se. Note 5). 

3. Maintain the Slme hydrlzine and ammonia eoneenttltioN for Wlter 
remainmg in lhe cycle II those pretellt during nor ...... operation. 

4. Nitrogen COIp the thfoll sid. of the ferdwitt, heaters. 3. 

1. Fill the sus)efheater and relleater with demineralized or condensate qulfity 

i w.ter containing 10 ppm of ammonia ond 200 ppm of hydrnine. The pH 
of the soluthn shoo·!:t l-e apprCtximately 10.0. Add the fill wat ... to the 4. 

i outlet of Ihe non.flrainabfe sectiolls (~e Note 4). 
, 

f' Increase the hydrazint and ammonia conaontration in the waterw.lIs, 
econominr Illd 'eedw.lter heaters (lutH! 5KJe) and auocllted piping to 200 

I ppm anti 10 ppnl rcspeetively ISee Notes 2, 3. and 4). 5. , 

t 
Euablish .nd maintain t 5 ps~ nitrogen c .. p on the superheater and steem 
drum (See Nolt 5). 

Nitrogen cap the shell sida of the. feedwiilt...:r he.te". 

l' Orain and open only those sections n:qutfiny repeil'1. 

2. Fill the superheater and rehealer (if not requiring: dr~lninv for ,.p.in) with 
demineralized Of conde .... -.atf' 'lu .. htv w:.ler containing 10 ppm of ammonia 

, 8nd 2QO ppm of hydrilziM. The pH of the solution should be approximately 

I 
10.0. Add the fill waler to the outlet of the non-drair."ble sections (Se. 
Nott4). 

I 
S. lncre. the hydr.zine and ammonia concentrations In the tube sKla 01 th8 
I 'et.-dw.t~r htllters il,d the undrainltd circuiU of the economizer and water-

i walls to 200 ppm and 10 ppm relj.IeCti\·.IV ISett Notes 2, 3 & 4,. 

~. Estiilbli5h and maint .. in a 5 pstg llitrogen up on the undrained sections of 

I 
th.~ unit, 'Nhere possible (See NOlP, 5). 

5. Nitrogen cap the 'Sh,,11 5ide of the feedwater heaters. 

6. Aflef coo,ph.:tion of the r"pair. fiJIllle dlained 1(.'clll:IIIS with dentincralill'1 
or cl)rwens.iltfi quali1V ~oItl:r cooI.Jining 10 ppm of ammonia and 200 ppm 
ot hyd',lZine. Cap with ni1fugen (&:e Notes 2, 3. & 4). 

NOTD 

All _'nobI. _1_ to be ............ icolly __ lei .. Iilled 
with dtminer.lized 01 condenutl QUatity wat.r containing 10 ppm of 
ammonia and 200 ppm of hydrlZine. This should produce I $Olutio" pH of 
.pproxim.tely 10.0. The superheate, should be tilled tint. to owerfla. 
into the boiler drum. Then the economiHr and wlterwan, an be fi\lt'd 
through normal fill connections ISet Note 21 with deminfOralited or 
tandem,ate quality water. or if not .... ailable. any source of clean, filtered 
water m.y be used. This water should also contain 10 ppm of ammonl' 
and 200 ppm of hydruine. 

Hydrazine end ammonia should be Idd~d in • manner Ih,t reSults in , 
uniform concentration throughout. They may be adJt:d to the system in 
leveral ways, as fO( tXilmple: 

I. By pumping concl!ntrated solutionl through 1M chemil.Oll feed 
equipment and blend filling to .chiev8 Ule desi,fli concenlrllions. 

b. If condenser leakage is not a causa lot shutdown, concentl.ted 
aotutions can be introduced directly into th. hotwell ""her. tho!Y c.ln 
be mixed to .chieve th. desired conc;.entrationl. II conden!oate 
demineriillilers are employed, lhey mun be hYp.lued durini thtl 
operation. 

it I, important to h3vt Ihe fluid temperltuf' in the cycle be10w 400°F 
belOle .ddition ot hvdr.uine. If this temptratur. it exce£'ded. the 
h.,draline will decompose. 

The lube side of copper .1I0y fe,m·.-ater heaters should be filled ~jth 
demineralized Witt( containing 0.5 ppm of emmenia .nd 50 ppm of 
hydr • .tine. 

If freezing is a prnblem. the w.te, in dr.inabl. circuits can be dIsplaced 
with nitrogen and d'le unit 'ayed up under 6 ~ig nItrogen PfHwr •• 
Auxiliary hot m.y bt ii1Pplitd to keep me non-drainable ~ctions .from 
fn:ezing. 

NitrOtjen cap should be app:ied through the drum vent, wperhutff outle( 
header drain/vent, and reh~ater outlet header drain/ ... ent, as the unit is 
COOled, when pres$Urr drops to 5 psig. Admis.s.ion 0' ,ir through 
atmospheric vents shouki be avoi~. 
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