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1.0 INTRODUCPPON 

This report evaluates the performance o f  the Defense Waste Processing 

Included is  a proposed 
Facility (DWPF) feed preparation system using Hanford Waste Vitrification 
Plant (HWVP) process c r i te r ia  and feed properties. 
t e s t  plan t o  verify performance o f  the equipment identified i n  the evaluatfon. 
The HWVP i s  being designed t o  vi t r i fy  high-level liquid defense waste currently 
stdred i n  double shell tanks on the Hanford si te .  The following sections 
describe the background and objectives and the approach used i n  this evaluation, 

I. 1 BACKGROUNO AN0 OBJECTIVES 

defense waste i n  the United States. The f i r s t  plant t o  be constructed i s  the 
DWPF i n  South Carolina, 
f o r  the HWVP. The feed preparation system will receive high-level waste and 
concentrate the waste by evaporation. 
added t o  the waste, and the slurry i s  fed to the melter. The feed preparation 
system must maintain a homogeneous feed within chemical component speci f i  cations 
t o  f u l f i l l  the quality control requirements of the final glass product. 
addition, process specifications must be attained t o  meet time cycle 
requirements and design production rates, 
adapted for  the HWVP feed preparation system due t o  the similarity af the 
waste t o  be processed. However, differences i n  waste composition and process 
requirements warrant an evaluation of the DWPF feed preparation system. 

the DWPF feed preparation system t o  the HWVP and t o  propose a t e s t  plan t o  
verify equipment performance as necessary using suitable HWVP feeds. 
Transferral of DWPF feed preparation technology t o  HWVP design requires 
evaluation o f  DWPF design and equipment performance data, evaluation of HWVP 
process development data, engineering analysis and final assessment. Proper 
appl ication o f  these elements could improve equipment design and reduce 
equipment cost. 
i f  DWPF equipment performance cannot be assured using HWVP feed properties or 
process requirements. 

The HWVP will be the second vitPification plant for solidification of  

The design of the DWPF is being adopted as appropriate 

Glass formers and chemicals are then 

In 

Technology from the DWPF i s  being 

The prfmary objective of this study is  t o  evaluate the adaptability of  

Verification o f  process equipment performance w i  11 be necessary 
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Settfon 4 evaluates the DWPF feed preparation system as i t  applies to the 
HWVP and identifies euqipment that requires testing, 
test plan far demonstrating process performance of the equipment identi fied 
i n  Section 4, Appendfx A provides a technica9 background on f lud mixing, 
heat transfer, and flufd transport. Appendix 8 contains supporting 
cal cul at1  ons. 

Section 5 proposes a 
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2.0 CONCLUSIONS AND RECOMMENDATIONS 

Full-scale testing of the feed preparation system will be required t o  
vert fy process performance of the equa’pment The differences i n  feed properties 
and pmacess requirements between HWVP and DWPF are too uncertain and vary too 
greatly t o  assure acceptable process performance, In addition, testing i s  
necessary t o  evaluate situations that have occurred during ful l-scale testing 
a t  the VX fac i l i ty  i n  the DWPF,. Phe OWPF staff  have concurred w i t h  the need 
%e perform testing t o  confirm process performance. 

nedtral 1 zed current acid waste (HCAW) , pl utoni um ff n i  stti ng pl ant (PFP) waste, 
0; complex concentrate (CC) The OWPF w i  11 blend the Savannah River Plant 
(SRP) waste to  produce a uniform feed. 
performance o r  design requi rements are compared bel ow (NCAW is the i n i t i  a1 
feed t o  the HWVP). 

The HWVP will need the f lexibi l i ty  t o  process a variety ob feeds: 

The feed C O I I ~ O R ~ ~ ~ ~  that affect process 

Solids 
* Mercury 

Organics 
Elements 

HWVP NCRW Feed 
nominal 1 y 2 w t %  
none detected 
2 w t %  TO6 
more fr than DWPF feed 

DWPF Feed 
nomi nal 1 y 13 w t X  
3 w t %  max 
1 t o  3 w t X  organics 

These feed components can affect design requirements and equipment 
performance. 
meet time cycle design requirements. T h i s  means the boiling heat transfer 
rate must be higher for  HWVP feeds. Moreover, dilute feed from the receipt 
and lag storage tank (RLST) will be added continuously t o  the SRAT i n  the HWVP 
while i n  the DWPF i t  is added i n  batches. Mercury has not been discovered i n  
analysis of NCAV feed t o  date. Therefore, the mercury removal and pur i f i ca t ion  
equipment of the DWPF may not be necessary i n  the HWVP. The organics i n  the 
DWPF feed are suspected of  plugging the condenser tubes and causing a low solids 
decontamination factor (DF) between the slurry and condensate. 

The more dilute HWVP feed requires a higher evaporation r a t e  t o  

milar organic levels t o  the DWPF feed, b u t  of 
of these other organics w i l l  have t o  be assessed 
emental species and particJe size,  distribution, 

The HWVP feed contains s 
different types. The affects 
by testing. Differences i n  e 
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and shape can affect slurry properties l ike viscosity and the potential for  
foaming. These properties, i n  t u r n ,  impact slurry mixing, homogeneity, and 
condenser $01 ids DFs. 

testing a i  t h e  OWPF that may require equipment testing using HWVP feeds: 
In addition t o  differences i n  feeds, a few problems have surfaced dur ing  

0 severe impeller, coil ,  and vessel erosion due t o  mecbanical abrasion 
between soils and supports, erosion o f  the lower impeller blade, and 
slurry abrasion o f  the vessel bottom, 

hpe7 9 er speeds 
0 a large vessel heel o f  residual slurry whlch is increased by higher 

0 inaccurate volume measurement while the tank i s  being agitated 
e a low solids OF between condensate and process slurry a t  HWVP evaporation 

0 condenser tube plugging during TNX feed preparation campaign #3 from 
rates o f  10 gpm caused by excessive foaming of the slurry 

organics and solids. 

Listed below are the key factors that HWVP feed preparation system testing 

0 impeller, co i l ,  and vessel erosion 
0 slurry homogeneity throughout the feed preparation cycle 
e variable feeds 
* high evaporation rates 

high vessel heel 
accurate 1 eve1 measurement 

0 adaptation o f  the DWPF melter feed system t o  the lower HWVP feed rates 
e low solids DF between the condensate and the process slurry 

s lur ry  foaming 

must address : 

The OWPF SRAT/SME/MFT vessel design was discussed i n  a meeting w i t h  PNL 
and HWVP Technology and Design personnel. In the meeting i t  was suggested 
that the feed preparation evaluation recommend modifications t o  the DWPF design. 
The modi f i cati  ons were conf i ned t o  mai ntai n the external vessel dimensions 
and the concept of the coil and agitator system. 
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The recommended mdif9cations are t o  increase the impeller diameter and 
change the. type of impeller and modify the coi 1s t o  increase the heat transfer 
surface area and reduce erosion. These modifications will improve the following 
key factors: 

0 bower impeller, coil and-vessel erosion by reducing impeller cavitation, 
coil movement, and slurry velocities. 

0 Expand the system flexdbility t o  process m r e  diffdcult feeds. 
0 Increase the evaporation rate by adding heat transfer surface area. 
0 Reduce the vessel heel by lowering the impeller speed. 

The equipment l is ted below will be necessary t o  verify feed preparation 
system performance. 

A full-scale, prototypic vessel representing the SRAT, SME, and MFT -- 
the vessel will include a variable speed agitator, condenser w i t h  solids 
de-entrainer, heat transfer system, transfer pump, slurry sampler, and 
melter feed system. The 'full-scale system wi l l  Include additional 
instrumentation to  completely monitor process performance. 

model the SFHT, FSHT,' and slurry mix evaporator condensate tank (SMECT) . 
e An existfng 9-ft-diameter vessel will be used as a hold tank and can 

Since the HWVP will be processing a variety of feeds, verifying equipment 
performance for a single feed i s  inappropriate, 
for  equipment performance would verify process performance for  any feed whose 

Establishing a process envelope 

properties f4t  the requirements. An operating e 
based on full-scale testing. The operating enve 
variables (e.g. e steam pressure, impeller speed, 
(e.g., viscosity, particle size, etc,) w i t h i n  wh 
performance i s  expected, The ou tpu t  of the t e s t  

Verify equipment performance. 
e Establish an operating envelope. 

velope will be established 
ope w i  11 define process 
etc.) and fluid properties 
ch acceptable process 
program will be as follows: 

Pruvide guidance i n  equipment operation f o r  variations i n  feed properties 

0 Provide experimental data for s ta t is t ical  modeling o f  the melter feed 
o r  process requi rements , 

tank, which could be used for waste form qualification. 
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3.8 TECHNICAL INFORMATION 

T h i s  section describes the process requirements, physical and rheological 
properties o f  the HWVP and DWPF process s lurr ies ,  and equipment performance 
requirements. 
process Plow scheme and how the equipment operates as a system. The physical 
and rheological proparti es section (Sect1 on 3 -2) contains tab1 es s f  process 
f luid physical properties w i t h  a discussion o f  s lwry  rheology and foaming. 
Equipment performance requirements (Section 3.3) specify process operating 
conditions for the HWVP. 

The process description section (Section 3.1) outlines the 

3 1 PROCESS DESCRIPTION 
The overall function o f  the Peed preparation system is to  receive the 

HWVP feed from the R U T ,  prepare the feed for  vi t r i f icat ion,  and transfer i t  
t o  the melter as shown i n  Figure 3.1, I n  the current process, the Peed is  
prepared by concentrating it and adding formic acid i n  the SRAT. 
concentration is  performed i f  necessary, the slurry is  sampled, and the formated 
and concentrated slurry is transferred to  the SME. Slurries o f  glass f r i t  
are added i n  the S#E, followed by additional concentration. The slurry i n  
the SME is  analyzed t o  ensure that i t  meets the speciffcations f o r  a melter 
feed and t h e n  transferred to  the MFT. The MFT serves as a holding tank for  
the melter feed; the melter feed system delivers a controlled flow of slurry 
t o  the melter. The condensate from the Concentration steps i n  the SRAP and 
SME i s  sent t o  t h e  SMECT. 

The SRAT, SME, SMECT, and M F T  are identically s l ted tanks w i t h  a 12-ft 
ID and an 11,000-gal maximum capacity. Agitation i n  the SRAT, SME, and MFT 
is provided by a top-mounted agitator using two impellers. 
minimal agitation and is  mixed w i t h  an a i r  sparger. 
SRAT and SME are heated and cooled through separate immersed helical coils 
carrying steam o r  cooling water. The MFT slurry will not require concentration 
and therefore has .only a cooling coil to  remove decay heat. The SMECT requires 
no co i l s  since i t  only receives condensate. Vapor evolved i n  the SRAT, SME, 
and SMECT is condensed by vessel-mounted, water-cooled vertical tube condensers. 
All condensate is  normally routed to  the SMECT, The SRAT condenser i s  also 
capable of returning condensate directly to  the SRAT tank during total  reflux 

F u r t h e r  

The SMECT requires 
The tank contents i n  the 
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FIGURE 3.1 Process Flow Diagram o f  the HWVP 
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operation. Non-condensable gas f r o m  the SRAT and SME condensers are vented 
to  the formic acid vent condenser (FAVC) on top o f  the SMECT. Non-condensable 
gases from the FAVC are routed t o  the formic acid vent header (FAVH) . 
through a sample cel l .  
gpm* 

The SME wlll be capable of receiving feed directly from the RLST and 
performing appropriate process operations t o  deliver design feed to  the MFT. 
The SRAf will also be able to  deliver melter feed to  the MFY, bypassing the 
SME. The SME t ank  contents will also be transferable back t o  the SRAT. The 
SRAT and SHE contents can be transferred back t o  the RbSf (HWVP fDP 1986). 

All tanks will have sampling sys.tems composed o f  a recirculating loop 
Pntertank transfer will be designed for  a flow of 100 

3.1.1 Receipt and Laq Storaqe Tank 
The RLST stores HWVP feed containing 2 t o  15 w t %  total  solids w i t h  a 

nominal concentration of  2 w t %  solids ( W P  TOP 1986). I t  is an underground 
double shell tank whose contents are well agitated w i t h  a j e t  pump t o  create 
uniform tank composition. Tank contents are sampled fop feed analysis. Cooling 
is provided t o  maintain contents a t  less than 122°F ( 5 O O C ) .  RLST contents 
can be delivered t o  the SRAT o r  SME a t  the design transfer flow of 100 gpm o r  
a t  a controlled low f l o w  of 1 to  10 gpm. Line flushing will f o l l o w  a slurry 
transfer. 

3.1.2 Slu r ry  Receipt and Adjustment Tank 
In the SRAT the 

feed is concentrated up t o  150 g waste oxide (WO)/L. The feed i s  then cooled 
The HWVP feed is transferred from the RLST t o  the SRAT. 

1Q 
has 
and 
the 
boi 

o 3OoF and 90 w t %  formic acid is added a t  a controlled rate. 
been shown by Savannah River Laboratory (SRC) to  improve slurry rheology 
also serves as a reductant. Once the formic acid addition is  complete, 
tank contents are placed on total  reflux for  2 t o  6 hours w i t h  a 1 t o  3 gpm 
up. The reflux completes t h e  formic acid reaction; After refluxing, the 

Formic acid 

contents are cooled and analyzed for  chemical composition. I f  the analysis 
indicates no further adjustment is  necessary (eg. more formic acid, feed 
addition o r  dilution, o r  further concentration), then the feed i s  pumped t o  
the SHE. The process line is flushed w i t h  water following the transfer. 
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3.1.3 Slurry Mix Evaporator 

SRAT. 
The SFHT contents a re  f r i t  and d i lu te  formic acid Prom the canister 
decontamination process. The SME contents are then Concentrated, followed by 
another SFHT transfer and concentration step. Frit addition i s  completed by 
adding fresh frit frola the precess frit slurry feed tank (PFSFT). 
contents are  concentrated up to  500 g TO/b t o  a final volume o f  6000 to 8000 
gal, cooled t a  below 122°F and sampled. Once the feed composition requirements 
are met, tank contents may be transferred to the melter feed tank, followed 
by a l ine  f l u s h .  
feed directly from the RLS? and concentrate and formate it. 

The SME n o m l l y  receives concentrated and formated WVP feed from the 
After receiving SRAT feed, the SFHT contents are transferred to  SME. 

The tank 

Provision-is also available for  the SME to  receive HWVP 

3.1.4 Me1 t e r  Feed Tank 
As required, SME tank contents are transferred to  the MFT. The tank 

contents are agitated sufficlently t o  achieve homogeneity. Samples are then 
taken and analyzed fo r  accountability and to  determine the melter feed 
composition. The tank  contents are  agitated continuously . Tank contents are 
maintained below 12ZoF, whish will require cooling coi ls  t o  remove decay heat. 

feed loops. Each loop recirculates melter feed a t  100 gpm w i t h  a side stream 
draw through a cmss flow strainer.  The nominal feed rate  i n  each loop is  
0.25 gpm w i t h  a range of 0.10 t o  0175 gpm. The flow rate  a’s controlled by 
varying the pump speed. 

accumulation. 
performed, 

The curmnt me1 t e r  feed system consi sts o f  two identi ca7 reci rcul a t i  ng 

The Peed l ine is periodically flushed to  prevent plugging and solids 
I f  the feed pumps are s h u t  down, a ful l  system water P lush  i s  

3.1.5 91 urry MI x Evaporator Condensate Tank 

The condensate temperature i s  less than 122’F and no cooling is  required. 
contents are agitated w i t h  an a i r  sparger before and during sampling and while 
transferring. The condensate i s  held for lag storage, sampled and routed t o  
the appropriate process waste system. Prior to transfer, a sample is analyzed 
to determine whether the tank contents should be routinely sent t o  the 

Condensate is  received from the SME and SRAT condensers, and the FAVC. 
Tank 
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decontami nation waste treatment tank (QWTT) for a c t h i d e s  concentration, o r  
routed t o  the recycle collection tank (RCT) . The transfer l ine normally does 
not require flushing following a transfer. 

3,2 

fluid mixing, heat transfer, and fluid transfer. Chemfcal composition is  
important for materials selection and in its affect on physical properties 
and rheology. All o f  the physical property data for HWYP slurries are fo r  
simulants based on the expected chemical composition o f  HWVP feed. Tables 
3.1 through 3.4 l i s t  the process fluid physical and rheologfcal properties 
and the source o f  the data. The tables fnclude information on the simulated 
HWVP feed (Table 3.1) , the MWVP simulated slurry during the SRAT cycle (Table 
3.2),  the HWVP simulated meltar feed (fable 3 . 3 ) ,  and simulated QWPF slurries 
(Table 3-4).  

The physical and rheological properties of the BblPF process slurries 
{i.e., SRAT product and melter feed) are not as comprehensive as for the HWVP 
p~ocess slurries. 
apparent viscosity, yield stress,  consistency index and f low behavior index, 
and the sett led solids shear strength. 
i ncl ude s l  urry densi t y  , total, sol ids , total suspended sol ids  , heat capaci t y  , 
boiling point, pH, maximum particle diameter, mean particle diameter, interface 
sett l ing rate  ("inter. s e t t l .  rate" in the table), and ultimate settled solids 
height. The sett l ing rate of the interface (instead o f  the particles) is 
measured because the s l  urrf es are too tut-bid t o  observe i ndi v i  dual parti sl es . 
The ultimate sett led solids height is the final he ight  (in % o f  total height) 
o f  set t led solids, The interface sett l ing rate indfcates how quickly settled 
solids will develop and the ultimate solids height indicates the height of 
the sett led sol ids  level. The interface sett l ing rate reflects a m i n i m u m  
sett l ing rate since the interface contains the smallest particles. 
comparison, a maximum sett l ing rate would be expected w i t h  f r i t  i n  dilute 
formic acid. 
f t / m i n ,  which i s  not considered a fas t  sett l ing rate for normal processing. 

PROCESS SLURRY PHYSICAL AND RHEULOGICAL PROPERTIES 
Slurry rheology and physdcal properties are important since they affect 

The rheological properties i n  the tables include: the slurry 

The physical properties i n  the tables  

In 

The sett l ing rate of frit i n  dilute formic acid i s  less than I 
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Table 3.2 Physical Properties o f  Simulated SRAT Slurry 

(a) Larson, e t  a1 . 1986. 
(b) Blair, Puls ipher ,  and Farnsworth 1986. 

Feed Description 100 g WB/b 
W i  thou% fomi c 
acid .addition' 

Oata Source (4 
Pkysi ea1 Properti es 

Apparent viscosity (cP) 
a t  various shear rates 
-1 

10 (50 RPM agitator) 
25 (I30 RBM agitator) 
183 

s 

2 Y i el d stress , dyneism 

Consi stency i ndex, eP 

F1 ow behavior index 

51 urry density , g/cc 

Total solids, w t X  

Total susp. solids, w t %  

Settled solids shear 
strength , dyneiem 

Inter. s e t t l .  rate, cm/h 

Ultimate sett led solids 
height, X total height 

Heat capacity, callgm O C  

Boiling po in t ,  "C 

PH 

-_ 
Oa 

12 

18 

00 

1.08 

12 

0- 

23 

-0 

o .a3 

101 

11.3 

27 

8.2 

66. 

0.92 

101 

6.7 

109 g WQ/L 
without formi c 
acid addi t i  on 

94 
43 

i. 13 

11 

_s 

0- 

1.09 

12 

-0 

e- 

-- 



Table 3.2 (cont.) 
Feed Oescription 145 g WO/L w/o 

formic acid 
(OWPF S M T  
s 1 urry ) 

Data Source (a) and (e9 

Physical Pmperti es 

Apparent v i  scosi t y  (cP) 
a t  varlous shear rates 
sec"l 
IO (50 RPM agf tatos) 
25 (I36 RPM agitator) 
183 

2 Yield stress I dyne/cm 

Consistency index, eP 

F1 ow behavior index 

Slurry density,  g/cc 

Total solids, w t %  

Total susp. solids, w t %  

Settled solids shear 
strength, dyne/= 

Intev, s e t t l .  rate, cm/h 

U l  timate sett led so7 ids 
height, % total height 

Heat capacity, cal/gm "C 

Roiling poin t ,  O C  

PH 5.5 

l a )  Larson, D. E., e t  ar. 
(b) Blair, Pulsipher, and Farnsworth 1986. 
(e) House, C. M. 1986. 

1986. 

151 g WO/t w i t h  168 g WO/b w/o 
0.992 g formic formic 8t (216 g 
actd per g WO & . WO/b w /  0.092 g 
(I%WPF SWT slurry) formic per g WO) 

428 
180 
34 

43 (<Io) 
-0 

P_ 

f * % 3  (1,IO) 

17.3 (25.8) 
s- 

85-7 

0 

97 

0.80 

102 

6.4 (5.4 

2,100 (2,100) 
1,100 (940) 
198 (176) 

298 (239) 

-0 

-0 

1.17 (1.19) 

21.0 (23.5) 

-0 

'(481) 

-- 



Table 3.3 Physical Properties o f  Simulated HWVP and DWPF Melter Feed. 
(HWP waste oxide:glass oxide ratio o f  1:3) 

Feed Bescri ption HWVP me7 ter sl urry 
at 390-430 g TWL 

Physical Properti es 

Apparent viscosity (cP) 
a t  various shear rates 
-1 s 

10 (50 RPM agitator) 
25 (130 RPM agitator) 
183 

2 Yield stress dyne/cm 

Flow behavlsr index 

Slurry density, g/cc 

Total SolidS, w t %  

Total susp. solids, wtX 

Settled solids shear 
strength, dyne/cm 

Inter. settle rate, cm/h 

Ultimate settled solids 
height, X total height 

Heat capacity, cal/gm "6 

Boiling point, "C 

PH 

. 80 - 900 
30 - 60 

9 14 

7 - 9  

3 - 9  

-0 

1.27 - l e 3 0  

33 - 36 
9- 

220 

1.6 

75 

0.76 

101 

6.5 - 8.3 

HWP melter slur~y BWPF melter 
a t  480-550 g TO/b slurry 

530 - 850 1,OQO (est.) 
250 - 370 440 (est.) 

22 - 36 95 ( e s t . )  

17 - 58 100 

-- __ 
1031 - 1.34 I .33 

40 - 41 48 

c- 

0.2 

00 -- 
101 -- 

6.5 - 8.4 5.6 

l a )  Larson, 0. E., et al'. 
(b) Blair, Pulsipher, and Farnsworth 1986. 
(c) ilouse, C. M., 

1986. 

1986. HWVPDWPF Technology Exchange Meeting 
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fable 3.4 Physa'cal Properties o f  OWPF Feed 

Feed Description Formated SI udge 

Data Source (a) and (b) 

Physical Properti es 

Consistency index, cP 5 - 162 

Yield stress, dyne/cm 15 * 58 2 

Density, g/cc 1.12 - 1.26 

Total solids, w t X  18 - 25 

Transfer veloclty, f t /sec 3 - 10 

Heat capacity, cal/gm "6 0.73 - 0.90 
Feed Description Formated sl udge 

Data Source (4 
Phys i  cal Propert< es 

Particle size,  pi approx. 10 

Densi ty  g/cc 1*6  

10 - 46 1 

25 * 150 None 

1.23 - 1.46 Iel - 1.2 
48 - 50 20 - 30 
3 - 10 4 - 10 

0.65 - 0.79 -- 
Me1 t e r  feed 

(4 

-80 t o  +325 mesh 

2*43 

l a )  DWPF Basic Data Report 1985. 
(b) Martin 1983. 
(c) Bechtel specification for  DWPF, job no, 13239, spec. M-13, App. B ,  Rev 1. 
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The general physical properties are as follows: the process slurry specific 
gravity ranges from‘f.0 w i t h  low solids t o  1.4 w i t h  high solids. Before formic 
acid addition the slurry pH is from 11,s t o  13..5 and af te r  formic acid addition 
the pH is from 4 t o  6.  The total  sol.ids varies from 2 t o  50 w t % ,  The set t l ing 
velocity for  the slurry particles is very low while the f r i t  particles have a 
set t l ing velocity up to  0.5 f t / m i n  i n  1% formic acid, 

signifieant differences from simulated HWVP slurr ies’  physical properties. 
Howiver, rheological properties o f  the DWPF and HWVP simulated feeds are 
dissimilar. The following section introduces slurry rheology by describing 
Row slurry rheology i s interpreted and measured and out1 1” nes di fferenses between 
DWPF and HWVP slurrdes. 

The available OWPF slurr ies’  physical properties do not demonstrate any 

3.2.1 Slu r ry  Rheoloqy 

heterogeneous. Homogeneous s lurr ies  are composed o f  small particles (generally 
less than 40 pm) that  can be treated as a unfform fluid. The HWVP waste slurry 
particles are  less  than 30 pm and the waste slurries are homogeneous. 
par t ic les’  se t t l ing  velocity i s  too low to  create s t ra t i f icat ion during normal 
processi-ng. However, 1 arge agglomerates o f  parti cl es w i  1 1 s e t t l  e rapidly i n  
the waste s lurr ies  and collect  in low velocity regions of a vessel e 

Heterogeneous sl u r p i  es contain parti c1 eo whose setdl i ng vel oci t i  es are h i g h  
enough t o  cause s t ra t i f icat ion.  The f r i t  particles range up to  180 pm i n  
size and have a set t l ing velocity high enough t o  cause s t ra t i f icat ion.  

- Sn 1% formic acid has the h ighes t  se t t l ing velocity and the process f r i t  
s lur r ies  are heterogeneous. The melter feed (composed o f  frit and waste 
sf  urries) i s homogeneous during normal processing based on 1 aboratory settl i ng 
times. T h i s  is  due to  the high viscosity and small particle size of the melter- 
feed sl urri es. 

The rheology o f  s lur r ies  is important for  analyzing mixing i n  the feed 
preparation vessels, particularly a t  the low shear rates produced i n  an agitated 
t a n k  (1 t o  30 s”). 
temperature, % solids, par t ic le  size and shape, and solution chemistry. In 
addition, the HWVP feed preparation process is a series of batch operations: 
consequently, the properties of the s lurr ies  are constantly changing. These 
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changing f luid properties can have different effects on processing, For 
example, d i lu te  slurries w i t h  low viscosities (less than IO cP) may form a 
deep vortex during agitation which could affect  pump performance and level 
detection. Later during the processing, concentrated s lur r ies  w i t h  a hfgh 
viscosity (greater than 400 CP a t  15 sm1) may reduce homogeneity and the heat 
transfer rate. Concentrated slurries e x h i b i t  nen-Newtoni an fluid behavior 
and the models and analysis used to  describe rheology are explained below. 

t o  an applied shear rate  as shown i n  Figure 3.2, Various models are used t o  
describe the shear stress/shear ra te  response (rheograms) . 
stress responds linearly t.9 shear rate are Newtonian. The slope o f  the line 
1 s the f lu id  viscosity. F1 uids w i t h  shear stresses that  respond non-1 i nearly 
t o  an applied shear ra te  are non-Newtonian; various models are used to  describe 
this non-linear response, These models are described i n  Figure 3.2, The 
viscosity o f  Newtonian fluids does not change w i t h  the shear rate,  while the 
viscosity o f  non-Newtonfan fluids does change w i t h  the shear rate. 

yield-pseudoplastic, o r  Bingham. 
material, the flow behavior index (n) is the power t o  which the shear rate i s  
raised and indicates the devfatjon from Newtonian behavior. 
pseudoplastic and Bingham f lu ids  require a shear s t ress  t o  he applied before 
the material will Plow. 
the origin. Once the required shear s t ress  is  applied, Bingham f l u i d s  will 
respond. 1 inearly w i t h  shear rate and yield-pseudoplastic fluids will respond 
non-linearly. The apparent viscosity (pa) of these fluids increases w i t h  
decreasing shear rate. 
o f  low shear ra te  from 1 to  50 so'. 

on the type o f  instrument and how the data i s  analyzed, Agitated tanks 
typically have low shear rates,  from 10 to  30 s-l near the impeller down t o  I 
to  5 s-' i n  remote areas of the vessel, I n  contrast, the shear rates i n  pipe 
flow are  much higher, usually above 60 s-'. 
i n  agitated tanks because non-Newtonian performance i s  most pronounced a t  low 
shear rates. 
best represents the fluid behavior i n  an agitated vessel. 

Viscous f luids  are classified according to  their shear s t ress  response 

Flu ids  whose shear 

Most slurries i n  the feed preparation system are defined as pseudoplastic, 
for  pseudoplastic and yield-pseudoplastic 

In addition, y i e l d -  

T h i s  i s  exhibited i n  the rheogram by an off-set from 

T h i s  behavior is especially non-linear i n  the regions 

Measuring slurry viscosities w i t h  consi stency i s  d i  f f i  cul t and depends 

Pseudoplastic behavior is  important 

Therefore, measuring and comparing viscosities a t  low shear rates 
In addition t o  
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FIGURE 3.2 Rheograms and Models for Various F lu ids  

19 



comparing viscosity a t  appropriate shear rates, i t  a's important t o  appreciate 
differences between i nstruments. An  absol Ute viscometer uses a d i  fferent 
concept than a relative viscometer (see Appendix A f o r  a description ~f various 
v i  scometers) . 
different types o f  viscometers. Que t o  analytic vardation, equipment suppliers 
perform the i r  own analysis on slurry samples. This allows them t o  control 
the analysis technique and compare results t o  their past exoerience- 

The SRL analyzes rheogrank differently than PNL, which can affect the 
interpretation o f  t e s t  results. 
1% would be interpreted by both SRL and PNL. SRL assumes a 8ingham fluid and 
extrapolates a straight l ine back t o  the y-axis (shear stress) from the linear 
portion o f  the rheogram, T h i s  interpretation creates data that ean be employed 
t o  predi ct pipe1 i ne pressure drop usi ng the Bucki ngham-Pi equation. Th i  o method 
i s  appropriate for predicting apparent viscosity a t  high shear rates. 
assumes a pseudoplastic f l u i d  and t r i e s  t o  f i t  the curve o f  the data w i t h  a 
power law. 
apparent viscosity i n  the low shear region. Assuming a Bingham plastic will 
create a m r e  conservative estimate of the slurry viscosity i n  the low shear 
region. 
mixer performance w i t h  HWVP feeds. Testing a t  SRL could indicate slurry 
homogeneity is  acceptable w i t h  a viscosity o f  500 CP a t  20 s-' shear rate,  i f  
the slurry is interpreted as a Bingham f lu id .  
as a pseudoplastic fluid may only have a viscosity of 100 cP a t  20 s-Ie Using 
SRL test results and rheology would indicate s l  urry homogeneity w i t h  a 500-CP 
fluid, b u t  in reali ty the slurry may only be 100 CP a t  low shear rates and a 
500-cP pseudoplastic slurry may not be homogeneously mixed. 

Foaming o f  slurr ies  has occurred during testing a t  the TNX fac i l i ty  of the 
DWPF and has caused problems i n  achievlng a high solids DF between the slurry 
and condensate, The following section discusses foaming. 

I t  i s inappropri a te  t o  d i  rectl y compare slurry v i  scosi t i  es from 

Figure 3.3 shows a typical rheogram and how 

PNL 

A power law prediction produces a more accurate prediction o f  

However, this can create problems when using SRL t e s t  data t o  evaluate 

Yet the same material- interpreted 

Andther important characteristic o f  a slurry is  its potential f o r  foaming. 
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Shear Rate (dv/dy) 

0 Acfuai Data - SRL Interpretation 
e--- PNL Interpretation 
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d 

FIGURE 3.3 Comparison o f  SRL and PNL's interpreptation of rheograms 
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3.22 Foaming 
Foaming is a physical property that 

processing conditions, A fluid can have 
processing does not Induce foaming then 

can 
the 
t W  

be induced o r  prevented by 
potential fo r  foaming, b u t  i f  the 
11 not occur. Foaming 9s an 

interfacial  phenomenon that  can hamper pumping and increase sol Ids entrainment 
i n  off-gas equfpment. The creatdon o r  s tab i l i ty  of foam i n  fluids cannot be 
accurately predicted w i t h o u t  experimental data. I t  i s  known that  finely divided 
solids, some surface active organics, and high viscosity fluids can s tabi l ize  
foam and some organics can increase the weation o f  foam. In the feed 
preparation area foam i s  generated by bo1 1 i ng I agitation I or reaction. The 
complex chemistry, f ine solids, and high viscosity of the feed preparation 
s lur r ies  increases the possibil i ty of a stable foam. T h i s  complexity makes 
i t  ddfficult  t o  predict the degree o f  foaming based on analytic data or  bench- 
scale studies. 

3.3 PERFORMANCE REQUIR€MENTS - -  

Equipment performance requirements can be expressed i n  terns o f  fundamental 
quantities that are  t h e n  translated into measurable process results, The 
essential performance requirements are the evaporation and condensing duty ,  
heating and cooling rate,  degree of homogeneity, process l ine slurry velocity, 
and equipment design l i f e .  Table 3.5 lists HWVP equipment performance 
requirements. The design l i f e  (HWVP FDC 1987) is 20 years for  replaceable 
components and 40 years for  non-replaceable components. 

the amount necessary to  evaporate water a t  the design rate  and compensate for 
the hot vessel heat losses. The condenser duty i s  calculated using the design 
evaporatl on ra te  and assumi ng total  condensation and subcool i ng of the vapor. 
The overall required heat transfer coefficient (U) for  the helical coils or  
condenser can be calculated using the design heating or condensing rate,  heat 
transfer surface area, and temperature difference (AT) fo r  a specific 
application. 
pages B-1 t o  B-5. 

density, and volume of the f luid w i t h  the required cooling o r  heating rate i n  
O F / h .  

Evaporator duty i s  described i n  terms of a heat ra te  i n  8TU/h and includes 

The calculations for  estimating the duties are i n  appendix 8, 

The heating and cooling rates are calculated using the heat capacity, 
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The fundamental measwe o f  homogeneity is  t o  determine the uniformity o f  
the temperature, solids d i s t r ibu t ion ,  and chemical composition. For example, 
i f  chemical uniformity i s  requised, then samples from various tank locations 
should be analyzed and compared. 
Chemi neer , Inc . estimates bul  k P 1 u i  d vel oci t i  es t o  predi e t  f 9 u i  d hombgenei t y  
i n  t a n k  designs. This analysis can be used i f  physical property data i s  
available o r  a standard tank i s  being designed. 

equipment t o  the HWVP. 

A common analytic method developed by 

The following seetion evaluates the adaptatlon of 'the DWBF feed preparation 
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Vessel 

Overflow 
Capaei t y  

(gal 1 

Tab1 e 3 5 Performance Requi renents o f  the Feed Preparation Equipment 

FSMT - S FHT - SME - SRAT 
I 

11,000 11,800 6 8 ZOO 2 I 800 

MFT 
__5 

Ilb,000 

SMECT - 
11 I QQ0 

Convecbf ve 
Requi red ubod 1 (a) cool i ng/Heati ng Requi red UcOnd Evaporator 

Design Duty, (DWPF) I Qesign Rate, .(DWPF) , 
Vessel Coils 106 BTWh BTU/h f t 2  O F  "F/h B n / h  f t 2  O F  

SBAT/SIuIE 
MFf 

110 (120) --- I0 65 (78) 
10 

Requi red Q u t  1 e t  
Condenser U,,,d (DWPF) Condensing Vapor Condensate Sol i ds 
Design Duty, Rate, Temp., Temp,, DF 

Condenser IO6 BTUIk BTU/k f t 2  O F  qpm O F  O F  (DWPF) 

SRAT / SME 

FAVC 

5.33 

0.072 

Pumps 

Vessel transfer,  sample and 
me1 t e r  feed r e d  rcul ation 

Melter feed loop, each 

140 (127-fOUIed) 10 
(180-C1 ean) 

10 

Superfi ci a1 Velocity 
f t l s  

3 - 10 

0.2 - 1.3 

12Q-150 

60-80 

N/A 

N/A 

Pump Rate 
.gpm 

100 

0.10 - 0.95 

(10,000) 
_- 

Uboil estimated using a 150 psig coil steam pressure, design coil surface area of 

Ucon, estimated assuming a cooling water (C.W.) temp. o f  90°F and a log 

Ucond estimated using a chilled water temp. of 45"FI COW. temp. of 90°F, and an 

Melter feed-loop superficial velocity calculated using 3/8 in.  sch 40 pipe, 

2 340 ft I and 10 gpm evaporation rate, 

mean ATI and an area o f  140 f t 2  (SRAT/SME) o r  320 ft2 (MFT). 

area o f  350 f t 2  (SRAT/SME) o r  190 ft2 (FAVC), 
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4.0 EVALUATION OF THE PROCESS PERFORMANCE OF THE FEED PREPARATION EQUIPMENT 

The purpose o f  the evaluation o f  the SWPF feed preparation system is t o  
assess the adaptability of  DWPF equipment using HWVP feeds and process 
requiremnts. 
equipment that requires testing bo demonstrate process performance. A t e s t  
plan is proposed i n  Section 5 for equipment requiring process verification, 

The objective o f  t h i s  section i s  t o  identify the feed preparation 

The feed preparation equipment will be evaluated i n  groups w i t h  similar 
proeess performance: the SRAt/SME/WFT vessels, SW'T/SME condensesr, pumps, 
sampl i ng systems, SFHT, and FSMT. The eval uation w i  I1 Incorporate DWPF 
development work and equipment tes t i  ng engi neeri ng re1 at1 onshi p s  , Hanford 
process experience, and PNL development work The feed preparation equipment 
design will be assessed I n  i ts abi l i ty  t o  meet HWVP design requirements of  
heat transfer, fluid homogeneity, production requirements, pump transfer rates , 
and equipment design l i fe .  

Section 4.1 di  scusses the SRAT/SblE/MFT vessel s. Section 4.2 analyzes the 
condensers, Section 4.3 evaluates the pumps, Section 4.4 assess the sampling 
system, and Section 4.5 discusses the SFHT and FSMT. In general, each 
evaluation will begin w i t h  an introduction t o  the equipment and technical 
background, followed by an evaluation of full-scale testing a t  OWPF, an analysis 
o f  applicable PNL development work, and an engineering assessment, 

4.1 SLURRY RECEIPT AND ADJUSTMENT TANK, SLURRY MIX EVAPORATOR, AND MEETER 
FEED TANK 

The geometry o f  the DWPF design o f  the SRAP, SME, and MFT i s  shown in 
Figure 4.1. The MFT has only two helical coils that use cooling water for 
removal of decay heat. The MFT helical coils are the same as the two inner 
coils shown i n  the figure. The similarity o f  the vessels' internals means the 
analysis for  fluid mixing will apply t o  the SRAT, SME, and MFT. Even though 
the MFT has only two helical coils (compared t o  three helical co i l s  i n  the 
SRAT and SHE), the difference will have minimal impact on overall f l u i d  mixing 
i n  the vessel. Accurate level indication i s  required f o r  precise continuous 
process control and mass and actinide bal ances. The foil  owing three sections 
evaluate fluid mixing, heat transfer, and level indication i n  the SRAT, SME, 
and MFT. 
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FIGURE 4.1 OWPF SRAT/SME/MFT Vessel (OWPF drawing W752193 rev 5) 
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4.1,l F l u i d  Mixing 

we1 1 -mi xed vessel contents; according to  the HWVP Functional Design Criteria 
(Rev. 2) t h i  s means homogeneous temperatures sol i d s  and chemi cal composi ti on. 

.The homogeneity o f  the slurry must meet process control requaremeats for  
tracking radionuclides and waste form qual iffcation. 

o f  full-scale testing (Section 4.1.1.1) 
engineering analysis (Section 4.1-103) 

The primary purpose of  the agitator in the SRAT, SWE, and MFT is  t o  provide 

The followjng sections d3seuss fluid mixing i n  the SRAT/SME/MFT i n  terms 
bench-scale testing (4.1.1.2), and 

k1*lo1 Full-Scale Testlng 

(campalgns) o f  a prototypical SRAT/SME vessel using DWPF simulated feeds. 
During TNX campaign 14 fluid homogeneity was measured by sampling a t  two 
different vertical heights i n  the same radial position using a Hydraguard 
sampler (Caplan 1987). A t h i r d  sampler was used as a standard and extracted 
a sample near the bottom o f  the tank approximately 180' from the Hydraguard . 
samplers and i n  the same radial position. The radial position was i n  the 
annular region between the vessel wall and outer coil and the slurry level 
was above the top o f  the coils. 

slurry, the sampling error was 0.7% while the analytic error  was 6.4% for  an 
overall error  o f  7.1%. W i t h  the simulated melter feed the sampling error was 
2.4% and the analytic error was 6.4% for  an overall error o f  8.8%- DWPF expects 
the solids sampling error t o  be less  than 1Q%. The t e s t  indicated slurry 
homogeneity a t  different levels i n  the SRAT/SME using DWPF feeds i n  full-scale 
equipment; however, SI urry homogeneity was not tested a t  d i  f f  erent radi a1 
positions i n  the SRAT/SME or  for  low slurry levels. 
can be adapted for  evaluation i f  the s lurr ies  have similar physical properties, 
the mixing Reynolds number (NRe) is  above 1,000, and f luid homogeneity i s  
assessed w i t h  an acceptable sampling method, 

Viscosity i s  the most important f l u i d  property i n  comparing slurry 
properties for  evaluation. However, the viscosities of s lur r ies  vary 
considerably during batch concentration operations and are influenced by the 
chemical composition and particle distribution and size. The uncertainty i n  

The SRL t e s t  f ac i l i t y  (TNX) ha5 conducted several full-scale t e s t s  

The samples were analyzed for  solids content, W i t h  the simulated SRAT 

Data from SRL testing 
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determi n i  ng viscosity f s compounded when cemparf ng slurry v i  scosi ti  es between 
laboratories w i t h  different viscometers and methods, T h i s  situation i s  
discussed in more detail i n  Section 3 A 1 .  
conservatfvely high viscosity and consequently the mixer performance may be 
incorrectly assumed t o  produce a homogeneous slurry a t  high slurry viscosities. 

One procedure for analyzing the affect o f  different slurry viscosities 
on mlxing i s  t o  compare the mdxing NRe. The flow patterns' i n  the vessel will 
begin to  change as the mixing system approaches the upper end of the transition 
region, o r  near an NRe o f  1000. The mixing N R ~  uses the fluid viscosity a t  
the impeller shear. rate, whdch is approximately 25 sol a t  130 rpm. The 
viscosity a t  t h i s  low shear ra te  i s  not directly measured by the DWPF. As 
ci'escribed 4n Section 3@2.1, DWPF defines their  slurries as a Bingham plastic 
and use the data i n  the linear portion of the rheogram a t  high shear rates t o  
extrapolate the viscosity a t  low shear rates. 

a function of shear rate. While the slurries have similar viscosities, the 
previous discussi on concerning uncertainties i n  measurement and interpretation 
of s lur ry  viscosities should be retained when observing the figure. SRL 
campaign P4 melter feed had a lower viscosity compared t o  the HWVP simulated 
melter feed: the apparent viscosity of the HWVP melter feed was ane-third 
greater than the SRL melter feed. T h i s  difference i n  apparent viscositles 
lowers the mixing N R ~  from 8200 using the DWPF feed t o  6300 using the HWVP 
feed. T h i s  drop i n  NRe i s  not significant, b u t  comparing mixing NRe does not 
reflect the fluid behavior in the peripheral low-shear regions of the vessel. 
The HWVP s lurr ies  in the feed preparation area are pseudoplastic, therefore they 
become more viscous a t  lower shear rates. The HWVP melter feed i s  more viscous 
than the DWPF feed that was tested. 
impeller will not extend as f a r  and the peripheral stagnant region a t  the 
vessel wall will expand. The extent o f  the increase i n  stagnant slurry cannot 
be cal cui ated. 

The projected design l i f e  was below specification for the bottom impeller, 
coils and coil supports, and the vessel bottom due t o  erosion o r  abrasion 
(Good 1987). 
and bottom near the impeller shaft and its projected l i f e  was 2.5 years. The 
suspected cause o f  the impeller wear was cavitation erosion and turbulent 

I n  essence, SRL assumes a 

c -  

Figure 4.2 shows the viscosities o f  different DWPF and HWVP slurries as 

T h i s  means the flow produced by the 

The bottom radial flow impeller was severely eroded a t  the t o p  
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FIGURE 4.2 Apparent Viscosities f o r  HWVP and DWPF Slurries 
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edddes. 
blade a? shown i n  Figure 4.3. 
pressure cause vaporization and bubbles are formed. As the bubbles are 
collapsed o r  swept away, the impeller blade is  impacted by the slurry and 
quickly eroded. ' A pitched blade impeller does not exhibit the turbulence and 
low pressure regions o f  a paddle impeller and can be expected to  have reduced 
wear. BWPF will be testing impellers that  have a hardened s t e l l i t e  coating. 
However, the impeller. coating will not improve erosion i n  other areas o f  the 
tank 

The cavitation is created by low pressure regions near the impeller 
In a boiling slurry, these regions o f  low 

-+-- 

FIGURE 4.3 Gas Vortices from a Radial Flow Impeller (Ni-enow and Wisdom 1974) 

The co i  1 s a1 so showed erosion mostly abpasion o f  metal -to-metal contact 
between the coils and supports and the expected design l i f e  was 2 t o  20 years. 
The coil abrasion is aggravated by the slurry flow from the bottom f l a t  blade 
impeller buffeting the coi ls  and supports. The t i p  of the bottom impeller i s  
moving a t  20 ft/s  less than 5 i n .  from the lower coi Is. 

' t h i s  s i tuation by testing c o i l s  that  are welded t o  the supports. 
OWPF i s  addressing 

Erosion 
caused by slurry flow from the bottom impeller will not be reduced by welding 
the co i l s  to  the supports o r  coating the impeller w i t h  s t e l l i t e  . 
l i f e  o f  20 years. 
DWPF will be testing a s t e l l i t e  to s t e l l i t e  contact between the coil  support  
and guide. 

The vessel bottom had a projected l i f e  o f  8 years, compared to  the design 
In addition, a coil support guide was broken during testing. 
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4.1 . 1.2 Bench-Scal e Testi ng 

1986) using representative HWVP me1 t e r  feed s i  urri es in a I/lO-scal e SkAT/SME 
vessel e 
Fluid homganeity was determined by measuring the w t X  solids from slurry samples 
taken a t  different locations in the vessel. Slurry homogeneity was indicated 
i f  the w t X  solids were s ta t i s t ica l ly  identical between various levels. Several 
factors were studied to measure their  impact on fluid. homogeneity. The factors 
included the type o f  impeller, impeller speed, and wall baffles. Impeller 
speed was the most signfficawt factor w i t h   isw we^ impeller speeds producing 
1 ess homogenei ty. During the tes ts ,  wall baffles improved P1 uid homogeneity 
a t  low impeller speeds. 
heat transfer coils) also produced more uniform slurries a t  lower impeller 
speeds. 
QWPF design vessel i f  the impeller sped  i s  comparable t o  OWPF agitator speeds. 

F1 u i  d m i  xi ng s tud i  es were performed (Peterson, McCarthy , and Muhl s te i  n 

The bench-scal e vessel i ncl uded he1 i cat coi 1 s and dual impel 1 ers . 
. 

Larger diameter impellers i n  open tanks (without 

The study indicated simulated HWVP slurries can be uniform using the 

4.1.1.3 Engi ncerinq Analysts 
A fluid mixing analysis estimated a bulk fluid velocity of 18 t o  40 ft/min 

for the SRAT/SME/MFT based on the assumptions below. 
indicates the SRAT/SME contents w i  11 be homogeneous assuming a Newtonian f l  uid, 
which i s  valid for dilute slurries,  The analysis is described in Appendix A 
and the calculations are in Appendix 8, pages 8-10 t o  8-12. 

The  analysis assumed that 1) the bottom impeller supplied all  the impeller 
flow, 2) the flow from the bottom impeller was restricted 50% due t o  the coi 'I s 
and low bottom clearance, and 3) the fluid was Newtonian. The f i r s t  and second 
assumptions were developed through conversations w i t h  fluid mixing experts 
and agitation equipment suppliers; the third assumption i s  a basis o f  the 
calculation method. 

Philadelphia Mixers, the supplier for the OWPF agitation equipment. As part  
o f  the OWPF acceptance procedure, Philadelphia Mixers operates the agitator 
and motor in a basin o f  water. During these tes t s  additional flow was not 
created by the top  axial flow impeller in the SRATISMEIMFT agitator design. 
Furthermore, the coils form a draft tube and the top  impeller o f  a draft tube 

T h i s  level' o f  agitation 

The f i r s t  assumption was based on discussions w i t h  personnel a t  

31 



does not increase total  vessel Plow (Oldshue 1983), i t  simply pushes the fluid 
t o  the bottom impeller. 

The flow from t h e  bottom impeller i s  restricted t o  50% of the normal flsw 
because o f  obstruction from the coils and the low off-bettom clearance o f  the 
impellep. The upper half o f  the bottom radial flow impeller is  obstructed 
w f t h  coils;  furthemre, locating a radial flow impeller near the vessel bottom 
reduces the impeiler flaw IQ t o  15% (Qldshue 1983). Finally,  agitator power 
consumption recorded during TNX SRAT/SME testing was less t h a n  half of  the 
calculated consumption (see Appendix B, pages 8-12 to  B-14). 
consumption indicates a lower f low is befng produced by the impellers since 
agitator power is  proportional t o  impeller flow. 

Tho assumption o f  a Newtonian fluid i s  reasonable f op  a slurry w f t h  a 
low solids content, b u t  less accurate as the solids content is increased. 
Vfscosity affects only the calculation o f  NRe; as long as the impeller operates 
i n  the turbulent region than the flow number (Np) i s  fixed. However, the 
analysts procedure is  based on experimental t es t s  using Newtonian fluids, and 
non-Newtonian fluids will not have the same overall mixing pattern. Non- 
Newtonian fluids will generally require highep b u l k  f luid velocities. 

The reduced power 

4.1.1.4 Aqitator Power Requirements 
The DWPF design- specifies a 100-hp motor for the agitator. Th i s  motor s i z e  

is two t o  three times larger than necessary during normal operation as indicated 
by engi neeri ng eval uati on and DWPF operati ng experi ence. The motor si t i  ng i s 
based on start-up i n  sett led solids. The excessive motor size results i n  
additional capital and fabrication cost. Phi 1 adel phi  a Mixers ( t h e  DWPF agi ta tor  
suppliers) commented that  the large motor is d i f f icu l t  t o  fabricate w i t h i n  
the space requirements specified by DWPF. 
fabrication and reduce installation costs. 

(Schumacher 1987) o f  the expected agitator motor power consumption. An 
engineering evaluation estimated a power requirement of 50 tip f o r  the DWPF 
agitator motor during normal operation (see calculation i n  Appendix 6, pages 
8-12 t o  B-14). 
requirement for  the agitator dur ing  normal operation; the power consumption 
d i d  not exceed 20 hp during TNX feed preparation campaign #4. 

A smaller motor would simplify 

Equipment suppliers suggested 20- t o  40-hp motors as conservative estimates 

Feed preparation system campaigns a t  TNX confirm t h e  low power 

Testing a t  TNX 
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has not revealed a se t t l ing  problem and agitator start-up in sett led solids 
has not been tested. 

motor power based on a sett led solids yield s t ress  of 600 dyne/cm . 
engineering relationships could be found using yield s t ress  to  calculate power 
consumption. 
set t led solids t o  estirrate power consumptdon. The yield stresses of simulated 
HWVP set t led sollds are below 250 dyne/cm* (see Table 3.31, therefore the 
power consumption i n  HWVP feeds should be lower. However, without knowing 

The OWPF agi ta tor  metop was based on s t a r t  up i n  se t t led s i l i d s ,  w i t h  a 
2 No 

I n  addition, equipment suppliers de not use the yield stress of 

how t o  estlmata agi ta tor  power consumption using yield stress, the start-up 
power consumption i n  HWVP feeds cannot be determined w i t h o u t  experimental 
data, 

addressed using sped  f i c desi gn el ements e 

are an a i r  j e t  t o  looseg set t led solids o r  an in i t i a l  slow rotation of the 
dmpeller t~ fluidize the seldds around the impeller, 

Re! problem of settled solids in t h e  f l u i d  mixing industry i s  normally 
Examp1 es of these design addi t i  ons 

4.1 1.5 Conel usion 

w i  19 be inhomogeneous during normal operation. 
homogeneity would not be required. However, SRL has not tested slurry 
homogeneity a t  various radial positions and slurry levels. 
blending depends strongly on viscosity and the slurry viscosity i s  non- 
Newtonian, d i f f i cu l t  t o  measure precisely, and changes an order of magnitude 
during the feed preparation operation. These factors create uncertainty i n  
determining the degree of homogeneity and using TNX testing results. 
HWVP simulated melter feed slurry i s  more pseudoplastic and viscous than the 
DWPF slurry that was tested for homogeneity. The increase i n  viscosity a t  
low shear rates may increase the amount o f  stagnant areas i n  t h e  tank and 
reduce the homogeneity. To cer t i fy  the degree of homogeneity required f o r  
process control and waste form qualification over the range of potential HWVP 
feeds may compel full-scale testing. The quality assurance requirements of 
accepting TNX test  results for  verification o f  HWVP design must also be 
add res sed . 

There is  no evidence t o  suggest the HWVP slurry i n  the SRAT/SME/MFT vessel 
Therefore verification of slurry 

In addition, fluid 

The 
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4.1 e 1 6 Recommendations 
Improvements i n  DWPF design requiring minor modifications would be to  

change the type o f  impellers and use wall baffles. GWPF design uses an axial- 
flow high-efficiency impeller a t  tho top and a radial-flow flat-blade impeller 
a% the bottom. 
two axi a1 -flow pi  tched-bl ade impel 1 ers instead. P i  tched-bl ade impel 1 ers would 
reduce impeller and coil erosion, improve slurry flow, and reduce agitator 
power requi rements. The study by Peterson McCarthy , and Muhl stein (1986) 
indicated using baffles improved homogeneity and standard practice w i t h  low 
viscosity flufds is to  employ baffles (Oldshue 1983). 

The agi ta tor  muter size should be reduced. The DWPF agi ta tor  power 
requirements are larger than necessary and increase fabrication and capital 
costs. The agitator power consumption will be measured i n  the feed preparation 
t e s t  faci 1 i ty. 

SWAP/SME/MFT vessel design could be improved while maintaining the external 
vessel dimensions and the concept o f  an agitator and immersed coils. These 
modifications address process performance and erosion; plant costs and remote 
operation’would have to  be addressed i n  a more detailed analysis. Using a 
more conventional coil and agitator design could reduce impeller and vessel 
erosion, lower agitator power consumption, and improve fluid mixing. Standard 
coil design uses a large-diameter helical coil located near the vessel wall. 
Another design that is used occasionally is several immersed small diameter 
co i l s  placed around the periphery of the tank. The impeller is normally an 
axial flow impeller w i t h  an impeller diameter-to-tank diameter ra t io  greater 
than Q.4. The larger impeller diameter means a lower impeller speed can be 
used t o  achieve the same degree o f  mixing. An axial-flow impeller a t  a lower 
impeller speed will have less erosion than a flat-blade impeller. T h i s  is 
because an axial-flow impeller does not create a low pressure region l ike a 
flat-blade impeller. 
and erodes the impeller blade. 
a more uniform velocity pattern i n  the vessel. Uniform slurry velocities would 
reduce vessel and coil erosion by decreasing the magnitude o f  turbulent eddies. 

by slurry from a close proximity impeller. Axial impellers are more efficient 

L i  terature references and equipment suppl i e i s  suggest using 

As discussed w i t h  WHC HWVP Technology and Engineering s t a f f ,  the 

The vortex a t  the low pressure region causes turbulence 
In addition, an axial flow impeller produces 

Mechanical abrasion would also be reduced since the coils would not be buffeted 
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than f l a t  blade impellers and therefore consume less power. 
impellers would also improve agitation of the slurry because the impeller 
would be directly mixing a majority of the vessel contents. 

barge-diameter 

4.1.2 Heat Transfer 

and boi 1 ing heat transfer. Forced convection consists o f  heating and cooling 
whi 1 e boi 1 i ng heat transfer i nvo? ves vapori zati on. The techni cal background 
i s  described in mre detail in Appendix A. 

The immersed helical coils i n  the SRAP/SME are required t o  heat o r  cool 
the slurry a t  10 "F/h (Convective heat transfer requirement) and evaporate 10 
gpm f r o m  HWVP slurries (boiling heat transfer requirement). The evaluation 
o f  convective heat transfer and boiling heat transfer i n  the SRRT/SME will be 
considered separately. 

Two types of heat transfer occur i n  the SRAT/SME vessels: forced convection 

4.1.2.1 Convective Heat Transfer 
TNX full-scale testing using DWPF feeds has demonstrated that the required 

overall convective heat transfey rate is attainable, b u t  some results have 
been lower than required, Overall convective heat transfer coefficients (Uconv) 
from 54 t o  140 BTU/h f t 2  O F  have been achieved i n  testing a t  the TNX faci l i ty  

' 

using a full-scale SRAT/S#E vessel and simulated DWPF feeds (House 1986). 
These heat transfer coefficients were achieved on clean coils;  fouled coils 
will have lower heat transfer coefficients. During one t e s t ,  the vessel coils 
were not cleaned af te r  the vessel contents were drained and an air-dried layer 
of solids was allowed t o  form. The boiling heat transfer ra te  following the 
application of the a i r  dried solids layer consequently dropped dramatically, 
b u t  a f te r  a few hours the full  heat transfer ra te  was re-established (Weber 
1982). The a i r  dried solids were probably removed by abrasion caused by 
agitation and the effect of boiling. 
preparation cycles on heat transfer has not been evaluated. 
several feed preparation cycles is necessary t o  allow evaluation of the amount 

The affect of several consecutive feed 
Testing w i t h  

of fouling and its affect on heat transfer. 
Convective heat transfer i s  being evaluated a t  PNL 

DWPF design SRAT/SME vessel; the HWVP report concerning 
issued i n  September 1987 by R. K. Nakaoka. Bench-scale 

using a 1/10 scale 
the testing wil l  be 
studies will identify 
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important factors i n  heat transfer and will reduce the number of experiments 
necessary for full  -scale testing. The convective heat transfer coefficient 
was 35 t o  40. ETU/h f t 2  O F  w i t h  simulated WYDP feeds; this heat transfer 
coefficient is below the sequired HWVP heat transfer coefficient of 65 BTU/h 
f t 2  OF. 
impeller speed. 
scale testing could be due t o  differences in feed properti'es between the DWPF 
and the WVOP o r  a factor o f  scale down. Small-scale systems cannot match the 
fluid dynamics i n  a large-stale tank; the slurry flow past the coils i n  the 
small-scale tank i s  not identical t o  that i n  the large-scale tank. 
i n  fluid flow could have reduced the small-scale convective heat transfer 

* rate. 

The heat transfer coefficient d id  not vary significantly w i t h  the 
The lower heat transfer coefficient achieved during smal 1- 

Differences 

As described i n  Appendix A,  the process-side heat transfes coefffcient 
(hp) can be predicted using a Nusselt relationship (see appendix 8, pages 6-15 
to  B-19) However, engineering relationships from the l i terature  cannot be used 
t o  verify process performance. T h i s  i s  because the fluid properties of t h  
s lurr ies  are unknown a t  the heat transfer surface and DWPF coil design has 
not been studied, No l i terature  references could be found using the DWPF 
coil design; however, the predicted heat transfer coefficient for  most coi 
designs f s  50 t o  I50 BTWh ft2 O F .  Engineering relationships predict the 
required HWVP convective heat transfer coefficient (85 BTU/h f t 2  OF) I s  
acha'evable, though problems could occur w i t h  viscous material. Viscosity i s  
the most important fluid property i n  convective heat transfer. The slurry- 
side heat transfer coefficient (h,,) is proportional t o  i .e. the 
heat transfer decreases w i t h  an increase i n  slurry viscosity. The effect of 
viscosity can be observed i n  Figure 4.4, which displays predicted hp for  a 
large diameter coil as a function o f  viscosity. 
the viscosity a t  the surface is used. The difficulty i n  determining the 
viscosities of slurries is  compounded when predicting the viscosity of a 
pseudoplastic slurry a t  a hot surface a t  an unknown shear rate. The uncertainty 
i n  estimating viscosity a t  the heat transfer surface prevents an accurate 
calculation of the convective heat transfer coefficient. 

In heat transfer relationships 
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FIGURE 4.4 Affect o f  Viscosity on Convective Heat Transfer 

Enginewing relationships do not provide accurate estimates o f  heat 
transfer coefficients i n  complex systems. However, they are  valuable i n  
identifying important vari ab1 es and the i r  affect  on equipment perfomance, 
and analyzing experimental data, Nussel t re1 ationships are most accurate 
when confirmed by experimental data from vessel geometries identical to the 
actual design and using reference feeds. Greater uncertainty i s  introduced 
when speci7ic predictive equations are adopted directly from the 1 i t ek tu re .  

4.1.2.2 Soilinq Heat Transfer 
Boiling heat transfer has been tested a t  TNX using a full-scale SRAT/SME 

The boiling heat transfer coefficient was 120 t o  130 BTU/h vessel and coils. 
f t 2  O F  dur ing  TNX feed preparation campaign #3 (House 1986). 
heat transfer coefficient is only 10 to  20% above the required HWVP boiling 
heat transfer coefficient of 110 BTU/h f t 2  O F .  The application of  TNX t e s t  
data t o  evaluate equipment performance using HWVP feeds is  limited by two 
factors: 

T h i s  boiling 

the testing was performed w i t h  clean coi ls  and w i t h  simulated OWPF 
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feeds. 
t h a t  depends on numerous factors. 

driving force (AT) equipment geometry, heat transfer surfack metal lurgy and 
condi t ion ,  amount of dissolved gases, fluid viscosity and heat capacfty, fluid 
Plow across the coils,  and fouling. The HWVP and DWPF feeds d i f fe r  i n  their  
rheology and chemical composition; consequently, the expected boi 1 ing heat 
transfer rate on clean coils using HWVP feeds cannot be accurately predicted 
using full-scale TNX t e s t  data, The affect of fouling on boiling heat transfer 
has not been evaluated during testing a t  TNX. Any information that is  pmduced 
a t  TNX could nab be directly used i n  analyzing the affect of fouling on heat 
transfer w i t h  HWVP feeds. Fouling is  a phenomenon that must be assessed using 

Boiling of slurries i n  nested helical ~047s is a complex phenomenon 

As described i n  Appendix A, boiling heat transfer i s  affected by the 

representative feeds because the mechanism for fouling may be different. 

vessel and coils,  the effects on boiling heat transfer of AT and fluid 
properties on boi 1 i ng heat -transfer are being evaluated. The study w i  11 be 
valuable in determining the impact of important variables and estimating the 
overall bo31 ing heat transfer coefficient. 
Pull -scale testing more efficient by identifying optimum operating ranges and 
important f l u i d  properties. 
the size of the equipment; fo r  example, the bubble size i s  proportionately 
much 1 arger than the 1 i ne si r e  i n small - s a l  e equipment. Therefore, development 
data cannot be used dfrectly to verify full-scale equipment performance, 

There are no accurate models or relationships for  predicting boiling 
heat transfer in slurrfes using helical coils. Several relationships have 
been used t o  predict boiling heat transfer in pure fluids w i t h  simple surface 
geometries, i ,e , ,  single tube, o r  f l a t  vertical o r  horizontal surface, etc. 
(Rohsenow, Hartnett, and Ganic 1985). 
applicable t o  the feed preparation system, Standard industrial practice i s  
t o  use rules of thumb based on previous experience. A conservative estimate 
used by Philadelphia Mixers if t o  assume the boiling heat transfer rate is 
equal t o  the convective heat transfer rate. Others (Oldshue 1987) mul t ip ly  
the convective heat transfer coefficient by a factor between 1 and 2:. the 
factor is again based on experience. 
the HWVP performance comes f r o m  TNX testing of a feed w i t h  a different rheology 

In a study currently being conducted a t  PNL using a l/lO-scale SRAT/SME 

The bench-scale data will make 

However, boiling heat transfer i s  sensitive t o  

B u t  no 1 i terature reference was 

The experience available for predicting 



and chemical composition than HWVP feed. T h i s  does not provide an adequate 
supply o f  information t o  predict HWVP process performance. 
4.1.2.3 Conclusion 

W P  feeds i s  necessary. Testing i s  required because HWVP feeds are 
rheologically and chemically different than OWPF feeds, the effect of fouling 
over several cycles must be determined, and because boiling heat transfer 
cannot be veri f i ed without full +sal e tegti ng using s-imul ated HWVP feeds. 

Fu1 1-scal e testing o f  boi 1 ing and conveeti ve heat transfer using reference 

4 , 1 2 4  Recommendations 

a pitched-blade impeller. A pitched-blade impeller will force more f l u i d  
through t h e  coils than high efficiency fmpeller and may improve the heat 
transfer rate. 

Using a larger-diameter helical coil (as described i n  Section 4.1.1.6) o r  
several small diameter immersed coils could increase the heat transfer surface 
area- Additional heat transfer surface area would increase the concentration 
rate w i t h  the most certainty, 

The heat transfer rate o f  the QWPF design so i l s  may be  increased by using 

4,1.3 Level Measurement 

control 
slurpy are used t o  inventory the chemical components w i t h i n  the feed preparation 
area. The volume o f  slurry in a vessel is determined by assuming that the 
slur~y surface i s  horizontal and measuring the slurry height by using two 
dffferential  pressure transmitters (DPT) as shown in Figure 4.5. Normally, 
the agitator is turned off t o  obtain accurate level indication. However, 
during continuous operation o r  w i t h  f r i t  slurries this  procedure may not be 
acceptable. 

Dip tube bubblers are frequently used t o  measure liquid levels i n  
radioactive service. Dip tube bubblers bleed a small flow o f  a i r  ou t  o f  a 
set  of open tubes i n t o  the fluid. The tubes are a t  different f l u i d  heights 
(as shown in Figure 4.5) which causes a change i n  the pressure on the a i r  

bevel measurement i s cri  ti  cal for  waste form qual i f i  cation and for process 
The volume, specific gravity, and elemental concentrations of a 

flowing i n t o  each individual tube. The differences i n  pressures are translated 
into a level measurement. DWPF design specifies a Holledge level sensor which 
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uses the same principle as a d i p  tube bubbler, except that  a t h i n  metal 
diaphragm separates the a i r  from the slurry, The a i r  does not enter the s l u r ~ y  
and the dfaphragm prevents solids from plugging the tube, However, the response 
from a Holledge level instrument i s  mn-linear and varies w i t h  the f l u i d  
temperature, 

bevel 

Specific 
Gfavity 

FIGURE 4.5 Level Measurement System 

Vigorous agi t a t i  on o f  SI urri es can cause surging surf aces and f l  u i  d j e t s  
o r  eddies that cause pressure fluctuations throughout the s l u r r y .  
pressure fluctuations i n  the slurry will affect the DPTs used f o r  determing 
the slurry level; the level measurement will be erratic.  In addition, i f  a 

These 

vortex i s  formed on the slurry surface the estimate o f  the slurry volume wil l  
be inaccurate because the surface will not be horizontal. 

During agitation i n  campaign #5, the Holledge level sensor on the f u l l -  
scale SRAT/SME vessel a t  the TNX faci l i ty  varied 4 2  t o  13%. The Holledge 



level indication was compared t o  that determined using a weighted string and 
a measuring tape, The d ip  tube bubbler was also variable. 
bubbler and Holledge were accurate i f  the vessel was not agitated. 
the Holledge level sensor had a hysteresis w i t h  a variation i n  temperature. 
The Holledge level sensor and a d i p  tube bubbler level system will be used i n  
the t e s t  fac i l i ty  t o  determine the slurry levels. 

Both the d i p  tube 
In addition, 

* 4.2 CONOENSERS 
The most rigorous condenser performance requirement i s  f a r  the SRAT/SME 

Condenser; therefore i t  w i  I 1  be evaluated excl usi vely. 
condenser operates successfully, the other condensers are expected t o  function 
properly. The geometry o f  the SRAT/SME condenser is  shown in Figure 4.6. 
The SRAT/SME condenser i s  designed t o  condense 10 gpm of condensate generated 
Prom the evaporator helical coils. The SRAT/SME condenser, i n  combination 
w i t h  the SRAT/SME vessel, must  achieve a high solids DF between the feeds and 
condensate. OWPF design expects a DF of 10,000 (lo4) ; the HWVP Reference 
Conceptual Design Report process flow diagram uses a OF of 800 (see appendix 
8 page 8-20). However, the expected DF is 1000. 

Condenser heat transfer coefficients (ucond) o f  110 t o  140 BTU/h f t Z  O F  

were obtained during full-scale testing a t  TNX. The experimental values do 
not necessarily reflect  the maximum Ucond. The vapor load t o  the condenser a t  
the TNX fac i l i ty  produced by the helical heat transfer coils may not generate 
enough vapor to  overload the condenser. Using clean tubes, the SRAT/SME 
condenser has met process requirements. However, performance bel ow design 

e specifications for tbe condensing rate and solids DF have occurred during TNX 
testing. UCond dropped t o  66 BTU/h f t 2  O F  during the SME cycle of TNX feed 
preparation campaign #3. Upon examination, the condenser tubes were found t o  
be coated w i t h  an organic sludge. The  DWPF feed consists partly o f  a stream 
(from the s a l t  processing cel l )  containing a high amount o f  organics. I t  was 
f e l t  the organics from the s a l t  processing cell were causing the plugging. 
Fouling of the condenser d id  not recur during TNX campaign 94 even though 
organics were used i n  the feed, However, the condensate became muddy with 
solids a t  evaporation rates above 7 gpm during campaign #4. The specific 
cause for  the low solids DF has not been positively identified, b u t  excessive 
foaming of the feed due to organics is  suspected, 

If the SRAIISME 
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FIGURE 4.6 SRAT/SME Condenser Drawing (DWPF drawing W752132 rev 4) 
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Current DWPF design does not use a solids de-entrainer i n  the condenser 
such as a mesh pad o r  chevrons. 
use mesh pad de-misters to produce h igh  solids DFs between the condensate 
andfeed. 
placed i n  series (Dunford 1987) e 

t o  the BWPf feed, though the types of organics are different. Therefore the 
TNX problems o f  csndensek tube plugging and solids i n  the condensate may occur 
i n  the HWVP process using the pre-treated NCAW, 
assessment. The pre-treated NCAW is not well characterized, the organic 
material in the HWVP pre-treated NCAW feed will be different from that i n  the 
DWPF feed, the effect of other organics on equipment performance is  unknown, 
and feeds w i t h  different organic levels (ice., PFP wastes) may be processed i n  
the HWVP af te r  NCAW. 

Organic materials are active, mobile, and comprised of different properties 
w i t h  contrasting process effects. Small amounts of organics can produce a 
dramatic effect on f l u i d  properties and hence equipment performance. An example 
i s  the low amaunt of organic stabil izers required t o  reduce foaming. Organics 
are mobile and can be carried throughout the system, such as the organics i n  
the feed fouling the condenser tubes during TNX campaign 83. Also, organics ' 

can produce contrasting effects; for example, while certain organics can reduce 
foaming, ethers can increase foaming. While the concentration of organics is  
low, theiP presence can strongly influence equipment performance. In add i t ion ,  
the effect o f  a mixture o f  organics is diff icul t  t o  predict. 
condenser performance w i t h  representatf ve HWVP feeds eontai n i  ng the expected 
srgani cs ghoul d be veri f i  ed w i t h  full  -scal e testing . 
of a pure vapor: 
most conservative assumption and i s  the one normally cbosen for  design. The 
predicted Ucond i s  greater than 500 B N / h  f t 2  O F  for  a l l  the methods using a 
fall ing film assumption (see Appendix 8, pages 8-21 t o  5-23). The engineering 
evaluation indicates the condenser will meet design specifications under ideal 
conditions. 
gases (e.g. , in-leakage a i r )  , organics, tube metal 1 urgy, o r  foul ing cannot be 
quantitatively evaluated. Obviously fouling wi 11 reduce condenser performance, 

Condensers a t  the Hanford operations routinely 

6 Solids 06% up t o  10 have been observed using two & i n .  mesh pads 

The HWVP feed of pre-treated NCAW contains levels of organics similiar 

Several factors influence this 

Consequently, 

As described i n  Appendix A,  two mechanisms can be assumed for condensation 
fall ing film o r  dropwise, Falling film condensation i s  the 

However, the effect on process performance of non-condensabl e 
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bu t  precisely how mush o r  how quickly cannot be determined w i t h o u t  testing. 
The testing a t  TNX has demonstrated the debilitating effect of organics and 
fouling on condenser performance. 
condenser capacity dropped below the design c r i te r ia  due t o  fouling by organics. 
The testing a t  TNX emphasizes the importance o f  prscess verification. 
scale testing can reveal problems that cannot be foreseen during in i t ia l  design. 
f n  addition, testing w i t h  HWVP feeds may create problems .not observed a t  TNX. 
In other words, processing w i t h  HWVP feeds may create a different set o f  
problems than those encountered a t  MX. 

During a single feed preparation cycle the 

Full- 

4.2.1 Conclusion 

possibility of foaming w i t h  HWVP feeds and problems encountered during testing 
a t  TNX, 

The SRAT/SME condenses w i  1 '1 require full  -scal e 'test5 ng due t o  the 

The condenser will also be used for condensation during equipment 
testing. 

4.2 e 2 Recommendati ons 

the feed and condensate. 
condenser then further evaporation i n  the DWTT may be unnecessary. 

A solids de-entrainer . i s  recommended t o  improve the solids DF between 
If  a clean condensate is produced by the SRAT/SME 

Producing 
a clean SRAT/SME condensate would eliminate the requirement for further 
processing t o  remove radioactive material. Chevron mist eliminators can remove 
100% of the particles greater than 10 p and do not plug as easily as wire 
mesh pads (Hansen, McNulty, and Monat 1987) e Collection efficiency could be 
improved further by using a wire mesh mist eliminator downstream of the chevron 
mist eliminator. 

4.3 PUMPS 
Pumps are used i n  the feed preparation area t o  transfer fluids between 

tanks and t o  recirculate slurry through the melter feed and sampling systems. 
The design rate for tank transfer i s  100 gpm. 
are expected t o  leave a minimum vessel heel, o r  low amount of  residual slurry 
a f te r  a transfer. 
feed through two loops a t  a controllable rate of 0.10 t o  0.75 gpm per loop 
(HWVP TOP 1986). 

I n  addition, the transfer pumps 

The HWVP melter feed system i s  required t o  deliver melter 

The HWVP melter feed rate range i s  lower than OWPf's; the 
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range fo r  DWPF is  0.4 t o  1 2  gpm through each of two loops, DWPF design uses 
vertical centrifugal cantilevered (VCC) pumps for slurry transfer and sample 
and melter feed recirculatlon. 
extended shaft  between the motor and pump as seen i n  Figure 4.7; standard 
centrifugal pumps use a close-coupled shaft between the motor and centrifugal 
Pump e 

Testing a t  TNX demonstrated that  the VCC pump can transfey the necessary 
slurry flow a t  the requised head. However, high. vessel heels have occurred 
a f t e r  transferring slurries.  The vessel keel increased w i t h  the agitator 
impeller speed; t h i s  indicates a i r  was entrained due t o  the formation of a 
vortex. The vessel heel was reduced by using a shroud around the pump suction 
inlet ;  the shroud created a stagnant region t o  allow a i r  t o  disengage from 
the slurry. Vessel heels were also increased when organics were i n  the feed. 
The organics probably increased foam s tab i l i ty  and formation, causing pump 
cavitation. 

are the slurry density, rheology, foaming characterist ics,  and sol i d s  content 
and distribution. The slurry densities o f  the HWVP feeds are  similar to DWPF 
feeds; similar enough not t o  make a substantial difference i n  equipment 
performance, 
rates of 100 to  1000 s-' produced i n  a centrifugal pump and process line. 
This similari ty i n  rheology is expected to  produce equivalent process 
performance such as pressure drop and developed head. The foaming 
Characteristics of OWPF or  HWVP feeds have not been measured. Therefore, a 
direct comparison o f  foam properties is not possible. Informatian on foam 
formation and s tab i l i ty  is important because a persistent foam can cause the 
centrifugal pump t o  cavitate w i t h  a large amount of slurry l e f t  i n  the vessel. 
A large vessel heel will i n  t u r n  lengthen the feed preparation cyc?e time. 

NPSH is sufficient for  the required pump NPSH. When the slurry level i s  
approximately 6 i n ,  above the in le t  o f  the suction pipe, the estimated available 
NPSH i s  approximately 8 f t  (see appendix 8, pages 8-24 to 8-27). As specified 
by the manufacturer, the required NPSH for  the OWPF pump is  3 t o  4 f t  o f  l i q u i d  
a t  100 gpm (see Figure A.6). The pump is theoretically capable of  pumping the 
level i n  the vessel t o  the in le t  of the suction pipe. Normally the suction 

VCC pumps are vertical pumps that use an 

In the feed preparation system, the important f luid properties in pumping 

a 
The slurry rheologies are reasonably alike a t  the higher shear 

An net positive suction head (NPSH) calculation indicates the available 
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p ipe  must be submewed 6 in. i n  the fluid t o  prevent pump cavitation. 
Cavitation is  caused during low submergence due t o  a i r  being pulled i n t o  the 
suction pipe and flooding the pump. The calculation assumes ideal operating 
conditions, therefore i t  does not include the affect of entrained a i r ,  

* The melter feed and sample systems are unlike the slurry transfer systems. 
Both the melter feed and sample systems use a recirculation loop. The sample 
system recirculates the slurry past the sampler using a VCC sample pump w i t h  
a total discharge of 58 gpm; 5 gpm circulates i n  the- sample loop while 45 gpm 
is  returned t o  the tank without enterdng the sample loop, The melter feed 
system uses a 100 gpm VCC pump t o  deliver s l u r ~ y  t o  two recirculation loops. 
Each loop contains a cross-flow strainer which uses an or i f ice  to  limit flow 
t o  the melter feed ltne. The melter feed rate is controlled by adjusting the 
recirculation flow past the cross-flow strainer; an increase i n  recirculation 
flow (or increase i n  recirculation line pressure) will increase the feed rate 
t o  the melter. 

above 0.4 gpm i n  each loop (HWVP/DWPF Technology Exchange 1980). 
gpm, the flow was e r ra t ic  and uncontrollable (Voogd 1987). T h i s  performance 
i s  unacceptable for the HWVP because the requirement for the HWVP melter feed 
system is a controllable feed rate of 0.1 t o  0.75 gpm fo r  each loop. 
addition, the feed l ine plugged frequently. 
peduced, though not eliminated, by using a suction strainer. 

Testfng a t  TNX has demonstrated stable controllable melter feed flow 
Below 0.4 

In 
Plugging of the feed lfne was 

4.3.1 Conclusion 
The DWPF melter feed system has not demonstrated stable and controllable 

melter feed rates below 0.4 gpm per feed loop. Since the nominal HWVP design 
melter feed rate i s  0.25 gpm per feed loop, the DWPF melter feed system requires 
testing. 

4.3.2 Recommendations 

or i f ice  sizes i n  the DWPF melter feed system. As an alternative, the ADS 
pump has demonstrated a stable controllable flow from 0.1 t o  0.8 gpm (Peterson, 

To achieve lower HWVP feed rates, i t  may be necessary t o  t e s t  different 

Perez, and Blair 1986) and will be used as the radioactive melter feed pump 
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a t  the WVDP. The ADS pump should be included in the  test system as an 
alternative t o  the VCC system. 

punp can be used t o  evaluate pressure drops i n  process lines and determine 
vessel heels w i t h  simulated HWVP feeds. 

Since the OWPF melter feed system uses a standard VCC transfer pump, the 

4-4 SLURRY SAMPLING SYSTEMS 
Sampling i s  necessary for process control and waste form qualification. 

Two issues must be resolved t o  ensure sampling quality: 1) the- vessel sample 
p o i n t  must be representative o f  the vessel contents, and 2) the sampling system 
must extract a representative sample f r o m  the sample poin t ,  

past a sample device. 
stream to a flush l ine OP sample container as seen i n  Figure 4.8. 

As described previously, QWPF design continuously recirculates the slurry 
The sample device (Hydraguard ) diverts a part of the 

Hydraguard Sampler 

Dual Needle - 
Vial Fill System 

7 5-ml Vial 

FIGURE 4.8 Hydraguard Sampl e r  

Hydraguard i s a registered trademark o f  H i  nds International , H i  11 sborough , 
Oregon. 
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Slurry properties will affect both slurry homogeneity and the sampling 
system. Above a particular viscosity, the vessel contents will become non- 
homogeneous. Feeds tested t o  date have not approached this limit. S lur ry  
rheology will also affect the performance of the sampler. The sampley has 
many areas w i t h  close tolerances and small dimensions; a viscous slurry may 
not flow like a less viscous material. The presence of solids adds to the 
problem, barge solid particles may not follow the stream lines, may adhere 
t o  walls, and may plug narrow passages; these affects could prevent the sampler 
from extracting representative samples. Testing a t  TNX has demonstrated the 
a b i l i t y  o f  the Hydraguard sampler t o  extract representative samples from 
simul a t d  DWBf sl urd es . 

Sampling systems are not amenable t o  analysis 1 ike an agitated vessel , 
Consequently, the best method t o  verify the sampler performance i s  t o  t es t  i t  
w i t h  representative feeds. The Hydraguard sampler w i  11 requi re testing f o r  
two reasons: t o  verify sampler performance using HWVP feeds and t o  verify 
vessel homogeneity. 

4.5 THE SPENT FRIT HOLDING TANK AND FRIT SLURRY MAKE-UP TANK 
The purpose of the SFHT and FSMT are t o  maintain suspension ‘ o f  fri t  i n  a 

The SFHT and FSMT are .free of  vessel solution of 1 w t %  formic acid i n  water. 
internals and therefore fluid mixing i s  easier t o  analyze. 
c r i te r ia  i s  specified for frit/water mixtures, Based on engineering analysis, 
DWPF design should provide adequate agitation t o  suspend the f r i t  i n  water 
(see Appendix 8, pages 8-28 t o  8-32}. A sett l ing velocity o f  I ft/min was 
assumed for  the fri t jwater suspension, I t  is  not possible to  estimate how 
well the system will re-suspend settled solids. The most important factor 
will be the structure of the settled solids; i f  the settled solids form a 
congeal ed mass , then re-suspension w i  11 be very diff icul t  e However, the 
addition of formic acid is expected t o  prevent congealing. 
loose solids should not be a problem as long as the settled solids do not 
immobilize the agitator and prevent i t  from turning, No testing has been 
performed using the SFHT and FSMT. Testing i s  not required for the SFHT and 
FSMT t o  verify homogeneity during normal operation. However, i t  might be 
worthwhile t o  include the FSMT i n  a t e s t  plan and system t o  establish lower 

A solids suspension 

Re-suspension of 
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operating limits and determini the effect of settled solids. 
the DWPF design 100 Rp agitator motor can be reduced to a smaller size. 

In addition, 

50 



5.Q PROPOSED TESTING FOR THE FEED PREPARATION EQUIPMENT 
The outline for the t e s t  plan is composed s f  three sects’ons. Section, 

5,l covers objectives and background, Section 5.2 detajls  the equipment 
performance requirements that will be. tested, and Section 5 - 3  consists of the 
overall strategy o f  the test plan. 

5.1 OBJECTIVES AND 8ACKGROUND 

performance o f  ‘the HWVP feed preparation equipment. T h i s  t e s t  system will 
The objective of the feed preparation t e s t  system is t o  demonstrate process 

support design o f  the HWVP by verifying equipment performance, The feed 
preparation test system will be used to  evaluate process performance i n  the 
Pol lowing areas: 

0 slursy homogeneity 

0 slurry transfer 
0- uniform temperatures, sorids, and chemical components 

-- inter-tank transfer 
-0 melter feed system 
-0 sample system 

0 heat transfer 
0- convect i ve 
-- boillng 
-0 condensing 

0 equipment l i f e  
e time cycle. 

Testing o f  the DWPF design for the HWVP i s  necessary due t o  differences 
i n  feed properties and process requirements, and t o  evaluate problems that 
have occurred during full-scale testing a t  the TNX fac i l i ty  i n  the OWPF. The 
HWVP will need the f lexibi l i ty  t o  process a variety of feeds (NCAW, PFP, o r  
CC) , while the DWPF will blend the waste t o  produce a reasonably uniform feed. 
In contrasting the feeds, NCAW (the in i t ia l  feed to the HWVP) is  more dilute,  
has l i t t l e  o r  no mercury, has more zirconium and less aluminum and i r on ,  and 
has different elemental and organic species than the DWPF feed. These feed 
differences affect design requirements and equipment performance. A higher 
concentration rate is necessary w i t h  the more dilute HWVP feed t o  meet time 
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cycle design requirements. Mercury has not been discovered i n  analysts of 
NCAW feed to  date. Therefore, the mercury removal and purification equipment 
of the DWPF should not be necessary i n  the HWVP. Dilute feed from the RLST 
will be added continuously t o  the S M T  i n  the HWVP while i n  the OWPF i t  i s  
added i n  batches. 
problems have surfaced during testing a t  DWPF that may require similar 
eval uati on us i  ng HWVP feeds . 

Full-scale equipment testing is  being performed i n  the OWPF slurry feed 
preparation system located in the TNX facil i ty.  The feed preparation system 
has met DWPF process design requirements w i t h  some exceptlons. further 
equipment testing and evaluation o f  design modifications are being conducted 

In addition t o  differences i n  feeds, equa’pment and process 

ti, improve the performance of the DWPF feed preparation equipment. 

excessi ve sol i d s  have been entrai ned i n  the condensate a t  high evaporation 
rates of 10 t o  12 gpm, severe erosion has been encountered on the bottom f la t -  
blade impeller, coils and coil supports, and vessel bottom, the centrifugal 
transfer pump has l e f t  a vessel keel of 1,000 t o  3,000 gal depending on the 
agitator speed, the condenser has plugged w i t h  organic material, and level 
measurement has been er ra t ic  during agitation. The condenser plugging and 
solids entrainment have not occurred consistently and seem to  be driven by 
the level of organics i n  the feed. The testing a t  TNX demonstrates the 
importance o f  verifying equipment performance. 
predict the results o f  processing a complex feed and the testing a t  TNX 
highl ights areas that  may require special attention. 

Ful 1 -scale testing i s requi red because process perfcrmance cannot be 
confirmed exclusively using bench scal e equipment. 
durfng boiling heat transfer and agitation cannot be accurately scaled up 
from bench scale equipment. In addition, the feed preparation tes t  system 
could be integrated i n t o  the Systems Integration Facility (SIF) t o  further 
support  the HWVP. 

The following situations have occurred during testing a t  the TNX faci l i ty;  

I t  i s  diff icul t  t o  accurately 

The dynamic sl urry behavior 
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5.2 EQUIPMENT PERFORMANCE REQUIRING TESTING 

equipment performance for a si ngl e feed i s inappropriate. Establ i shi ng a 
process envelope for equipment performance would verify process performance 
fe r  any feed whose properties f i t  the requirements. The process envelope 
w i  1 1 determ6 ne the process operati ng characteri sti cs (e .g e 

impeller speed, etc,) and slurry properties (cog., viscosity, particle size,  
etc) w i t h i n  which acceptable performance is achieved. T h i s  envelope would 
establish 1 imits on the slurry properties beyond which unaeceptabl e equipment 
performance may be expected. Generating the performance envelope may also 
disclose limlting equipment i n  the process; i .e., equipment that  limits further 
increases f n  the productfon rate. for example, during evaporation the limiting 
equipment may be the immersed helical coils o r  the condenser o r  the solids 
de-entrainer. 
increasing the performance o f  the 1 i m i  ti ng equi pment . 
performance requirements w i  '9 1 be eval uated, and the i nstrumentati on that w i  1 1 
be used t o  monitor the process. The sections discuss the SIPATISME vessel and 
agi tator, heat transfer coi 1 s, condenser, and s l  wry transfer. 
the equipment section, the t e s t  strategy i s  outlined i n  Section 5.3. 

Since the HWVP w i  11 be processi ng vari ab1 e deed composi tfons,  veri fyi ng 

steam temperature , 

If increased production is  needed, attention can be focused on 

The following sections describe the major equipment to  be tested, what 

Fol 1 owi ng 

5.2.1 SRAT/SME Vessel and Aqitator 

the sl urpi es and maintain sl urry homgenei t y  . The vessel s are cy1 i ndri cal 
w i t h  a 1%-Pt ID. 

The put-pose of the SRAT/SME vessel and agitator is t o  receive and hold 

Process requf rements t o  be evaluated i ncl ude the fol 1 owing: 
slurry homogeneity 

agitator power requirements 

level indication 

equipment 1 i fe  

-- uni form sol ids  , temperature, and additives 

-- during normal operation and start-up 

-- accuracy, re l iabi l i ty ,  and precision 

-- incorporate corrosion coupons i n t o  the t e s t  system 
-- periodically inspect tank internals for wear. 

53 



Variables t o  be measured Include the following: 
0 slurry homogeneity by sampling a t  different locations using a 

0 slurry temperature a t  various vessel locations 
e agitator power and impeller speed 
0 level 

Hydraguard .sampler and sample pump 

-- Holledge 
-- d f p  tube 

5.2.2 Heat Transfer System 
The heat transfer coi-1s will be capable o f  carrying s t e m  o r  cooling 

water. 
a t  10 gpm, heat or  cool the slurry a t  10 "F/h,  and remove radioactive decay 
heat. 

The purpose o f  the heat transfer coils are t o  evaporate the sllarrfes 

Process requi rements t o  be evaluated i ne1 ude the fa1 lswi ng: 
8 heat transfer ~ 

-- convect1 ve 
Q- belling 
0- the effect o f  impeller speed, slurry viscosity, and 

foul S ng 
equipment l i f e  

-- the effect of  agltator and coil design, and slurry 
properties . 

Process vari ab1 es to  be measured i ncl ude the fol 1 owi ng : 
0 steam and cooling water flow and AT t o  calculate overall heat 

0 coil skin temperatures t o  detect fouling 
e coil wall thickness and coil support dimensions t o  determine the 

extent o f  'corrosion/erosion 

transfer coeffi ci ents 
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5.2.3 Condenser 

o r  SME and, together w i t h  the vessel, produce a high solids OF between the 
slurry and Condensate. The condenser is  vertical and water cooled w i t h  a solids 
de-entratner. The condensate can be returned t o  the vessel during total recycle 
o r  diverted t o  an auxilfasy t a n k  for disposal. The heat transfer coils may 
not produce enough vapor to  overload the condenser and demonstrate the maximum 
heat transfer rate, Therefore, a connection will be made upstream of the 
condenser tubes t o  introduce additional steam so the condenser performance 
can be fully evaluated, 

The purpose o f  the condenser is to  condense vapsss produced i n  the SRAT 

Process requI rement t~ be eval uated i ncl ude the fol 1 owi ng : 
e overall heat transfer eoef f i  ci en% (ucond) 

0- effect o f  non-condensable gases, sol ids, fouling, and organics 

On %and 
solids DF 

-- effect of foaming, vapor flowrate, sol ids de-entrainer, and 
vessel freeboard on the solids OF 

0 condenser tube and mist elimator fouling or plugging. 

Variables t o  be measured include the following: 
0 cooling water flow and AT t o  calculate the overall heat. transfer 

e pressure drop across the solids de-entrainer and condenser tubes 

Q samples o f  the following streams: the vapor upstream and downstream 

soeff i ci ent 

t o  menitor fouling OP plugging 

o f  the sol ids  de-entrainer, condensate, and non-condensabl e gas 
condensate and non-condensable gas flowrates and temperatures. 

5.2.4 S1 urry Transport 
Pumps are used t o  transfer vessel contents, recirculate melter feed f o r  

the melter feed system, and recirculate slurry through the sample loop. The 
transfer pump is a 100 gpm, 20 hp, vertical cantilevered centrifugal (VCC) 
pump. I t  will serve as a recirculation pump for the melter feed system. The 
sample pump is a 58-gpm 20-hp VCC pump and recirculates 5 gpm through the 
sampler; the remaining slurry is  diverted t o  the vessel 
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Precess requirements t o  be evaluated fncl ude the Pol lowi ng: 
0 melter feed system 

-- controllable flow o f  0.1 t o  8.9 gpm 
e vessel heel -- effect o f  impeller speed and slusry properties 

-- evaluate the suction pipe entrance and priming/flush design 
e equipment l i fe .  

e pump impel ley speed 
e power consumption 
e s lur ry  flowrates 

Variables to  be measured inelude the following: 

-- melter feed system 
-0 sample system 
e- 1 nter-tank transfer. 

5.3 TEST STRATEGY 

water, then w i t h  sand/water slurries,  and finally w i t h  simulated feeds. 
In i t ia l ly ,  equipment performance will be tested using non-hazardous fluids 
for  three reasons: 
equipment and confirm the applicability o f  t es t  procedures, provide a base 
level o f  equipment performance, and allow an evaluation o f  operating. 
characteri sti 6s on process performance. The simulated feed i s cl assi f i  ed as 
a hazardous chemdcal and its disposal will be more involved and expensive than 
a non-hazardous fluid. If problems occur w i t h  a non-hazardous f l u i d ,  the 
material can be sent t o  the chemical sewer and the equipment easily cleaned; 
a sl’milar problem w i t h  a hazardous material will produce much greater 
consequences. 
maximum of equipment performance data, not t o  break i n  the equipment o r  
establish the effect of operating characteristics. 

possible. 
SME cycle will be a batch cycle. 
eval uate different processing steps I equipment design , o r  operating 
characteristics as fol lows: 

The equipment will be tested w i t h  a progression o f  fluids beginning with 

i t  will allow operators t o  develop familiarity w i t h  the 

The simulated HWVP feed runs should be used t o  produce the 

The t e s t  procedure will match the actual plant process as closely as 
Dilute feed will be added continuously during the SRAT cycle. 

The system wi l l  have the f lexibi l i ty  t o  
The 

continuous o r  batch operation, formic acid addi t ion  
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above at. below the surface, different types of impellers, varfous steam 
pressures, cooling water flows, and impeller speeds, different feed pumps, 
and various f n-1 eakage a i r  f l  owrates. 

test system and t o  evaluate the effect o f  operating characteristics on equipment 
performance. 
equipment performance w i  11 be unnecessary i f no re1 ationship is establ i shed 

'convective heat transfer rate in water, then the impeller type will not be 
varied t o  improve convective heat transfer in simulated slurries. 

accurate estimates 'of  process performance since the physical properties of 
water are well defined. 
will be determined on the clean heat transfer coils. The effect of impeller 
speed, type o f  impeller, and steam temperature on convective and boiling water 
heat transfer coefflci ents w i  11 be evaluated. 
i n-1 eakage on bei l ing heat transfer and condenser performance w i  11 be 
investigated, The heat transfer coils will be used to supply vapor t o  the 
eondenser and the maximum heat iransfer coefficients o f  the condenser and 
coils will be determined. If the heat transfer coils cannot supply enough 
vapor to  overload the condenser, then additional steam will be added a t  the 
inlet, t o  the condenser. 

performed, The particle range and concentration o f  the sand will bracket the 
range measured i n  the simulated waste. 
ranges above and below the current average particle size and w i t h  solids 
concentrations above t h e  current maximum f o r  the feed preparation system, 
will provide information on the effect o f  particle size and so l ids  concentration 
on equipment performance. The operating characteristics that  had an effect 
on process performance during the water tes ts  wi1.1 be evaluated again using 
sand and water mixtures. The maximum heat transfer coefficients for convection, 
boiling, and condensing will be determined. The solids OF between the vessel 
slurry and condensate will be determined and the effectiveness o f  the solids 
de-entrainer will be evaluated. A more complete tes t  of the system would also 
include a foaming agent and assess the impact of foaming on the solids OF. 

Water and water/sand slursies will be used for functional testing of the 

Further testing of the effect of an operating characteristic on 

. with simple fluids. For example, f f  the type of impeller does not a l t e r  the 

The f i r s t  runs will use water as the t e s t  fluid. T h i s  will allow more 

Convective and boiling water heat transfer coefficients 

I n  add1 tion e the effect of al" r 

Following testing w i t h  water, runs w i t h  sand and water mixtures will be 

Testing will be performed w i t h  particle 

This 
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T h i s  test variable should be evaluated based on development a t  the TNX facil l ty.  
The sample system could in i t ia l ly  be tested using this  slurry mixture. The size 
d i s t r i b u t l o n  of the sand would be known and could be compared t o  the samples 
extracted by the sample system. Normal operation o f  continuous dilute feed 
addition will be performed. A l l  equipment i n  the feed preparation t e s t  system 
will be operated with a sand and water slurry before testing w i t h  a hazardous 
slurry 1s b q u n .  

Once test ing w i  t h  nsn-hazardous mater4 a1 
simulated feed will begin, The most current feed simulant will be tested 
using standard processdng (e,g, I continuous feeding during SWT’ cycle) 
Convective, boll ing, and condensing heat transfer coefficients will be 
detemlned throughout the concentration precess. The feed w i  11 be 
overconcentrated t o  evaluate the effect of sol i d s  concentration on equipment 
performance. 
envelope for the system. As the feed is  overconcentrated, the slurry viscosity 
w i  11 increase and the boa’l ing heat transfer coefficient w i  11 decrease. When 
the boiling heat tsansfer coefficient is below the required amount, then the 
upper l imit  of t h e  slurry viscosity is known. Organics have not  been 
conclusively measured i n  current NCAW analysis; however, other wastes (CC o r  
PFP waste) do contain organics and additional testing w i t h  organics should be 
performed. 

s compl ete, operations w i t h  a 

Overconcentrating the feed will be used t o  establish a performance 
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TECHNICAL 8AC KGROUND 

. The following sections describe viscometers and applicable relationships 
o r  mdels and important factors in agitation, heat transfer, and fluid pumping. 
P h i s  technical background will aid i n  determining what equipment must  be tested 
and how t o  eff ic ient ly  collect and analyze the data. 
various viscometepo. Section A.2 discusses fluid mbxing, Section A.3 describes 
heat transfer,  and Section 14.4 concerns fluid transfer. 
a brief introduction t o  the subject followed by a review o f  the technology 

Sectl’on A . l  describes 

Each section contains 

relevant to  equipment and processing i n  the feed preparation system. 

A . l  VISCOMETERS 
There are  three types of apparatus fop determining f lu id  rheology: 

absol ute , re1 atf ve, and capi l 1 ary tube v i  scometers 
viscometer (a type of absolute viscometer) requires the sample to be placed 
into a gap between two coaxial sylfnders. A motor drives the inner cylinder. 
A viscosity-related torque, caused by the resistance o f  the sample to  shearing, 
acts on the inner cylinder. T h i s  torque is  measured and then translated into 
a shear stress. Normally, the shear ra te  is calculated by assuming the fluid 
a t  the surface has the velocity of the surface (ice,, no s l ip )  and that the 
velocity prof i 1 e is- 1 i near thfough the narrow gap, 

Relative viscometers measure a torque necessary t o  rotate a paddle 
submerged i n  the unknown fluid and compare the torque to  tha t  obtained w i t h  a 
f l u i d  of known viscosity, 
use the fact  that, a t  low impeller speeds, power consumption is directly 
proportional t o  f luid viscosity. The apparent viscosity i s  then a ra t io  of 
the torque of the unknown fluid t o  that  of a fluid w i t h  a known viscosity and 
torque. Relative Viscometers cannot create a rheogram of shear s t ress  vs.  
shear ra te  as shown i n  Figure 3.2, b u t  they are commonly used i n  the f l u i d  
mixing industry for  measuring the viscosity o f  slurries.  
have been used a t  PNL, bu t  have not produced consistent results. 

The Haake Rotovi sco 

Relative viscometers (e.g., a Brookfield viscometer) 

Relative viscometers 

The Rotovi sco i s a registered trademark of  H B I  Haake-Buchl e r  Instruments, 
Saddle Brook, New Jersey. 
Brookfield is  a registered trademark of Engineering Laboratories Inc., 
Stoughton, Massachusettes. 
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Capillary tube viscometers pump the fluid a t  different flowrates through 
a capillary tube and relate the pressure drop t o  the fluid viscosity. Capillary 
tube vfscometers can generate a shear stress-shear rate plot OP rheogram. 

Absol Ute v i  scometers operate w i t h  a we1 1 -defi nzd systeml can provide 
information across a wide range o f  shear rates, and can be used . to  analyze 
fluid behavior i n  various situations such as pumping, pipe flow, o r  agitation. 
Absolute viscometers sometimes Rave problems w i t h  slurries because particle 
interference may occur across the narrow gap, the assumption of no s l i p  a t  
the wall may be invalid, and slurry particles may se t t l e  causing the slurry 
t o  be non-uniform. However, two o f  these problems can be addressed by 
increasing the gap distance t o  reduce the interference and using a corPection 
for s l i p  a t  the wall 

vessel, b u t  the actual shear rates are unknown. Therefore, relative viscometers 
require a large data base o f  fluid rheology and operating experience for 
effective analysis. 

Relative viscometers more closely model fluid behavior o f  an agitated 

A 2  FLUID MIXING 

mixing. The size and difficulty o f  the mixing problem must also be known. A 
Eva1 uation o f  agitation systems. requi res a description o f  the degree o f  

quantitative system for characterizing agitation was detailed by Chemineer, 
Inc. The system and analysis was published i n  a series o f  ar t ic les  written 
i n  1976 for  Chemi cal Engi neeri nq. The a r t i  61 es defined control 1 i ng vari ab1 es 
and dynamic response for the most common agitation situations o f  motion and 
blending of fluids (Hicks, Morton, and Fenic I976), solids suspension (Gates, 
Morton, and Fondy I976), and gas dispersion. 

difficulty of the problem, 
is the key fluid property. 
homogeneity. 
motion and particle set t l ing rate for  sol ids suspension. 
response for  blending and motion i s  b u l k  f l u i d  velocity while for solids 
suspension i t  i s  the level of solids suspension. 

The controlling variable, dynamic response, and system size define the 
The controlling variable i n  nixing applications 
The dynamic response relates t o  the required 

The controlling variable i s  fluid viscosity f o r  blending and 
The required dynamic 

The degree o f  homogeneity 
corresponds directly t o  the scale of agitation o r  dynamic response. The dynamic 
response i s  scaled from 1 t o  10 where I i s  minimal agitation and 10 i s  vigorous 
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agitation. The system s i t e  is based on the mass o f  flua'd and i s  a product o f  
the volume and specific gravity of the f lu id .  Increasing the fluid viscosity 
or oart lc le  sett l ing rate will intensify the mixing problem, as will increasing 
the degree of homogeneity o r  vessel size. fable A - 1  l i s t s  the levels of dynamic 
response and a description of the process result. 

Once the problem has been defined, fundamental fluid and transport 
relationships are used to  estimate the pmcess result. Useful dimensionless 
groups i n  agitation are the Reynold's number ( N R ~ ) ~  the pumping o r  flow number 
(Nq), and the power number (tip); 

a 

a 

Nq a Q/ND3 (A921 
Np = Pg,/pN3Q5 (A.3) 

where 
B = impeller diameter 
N = impeller speed 
p = fluid density 
p = fluid viscosity 
P = power 
Q = impeller f l o w  
gc = gravitational constant 

1983), Three regions are clearly defined. The viscous o r  laminar region i s  
generally from NRe of 10 t o  50, the turbulent region above 1,000 t o  50,000, 
and the transition region between these approximate ranges. 
on the type of turbine and the system geometry. Most processes operate i n  
the turbulent region where the power number and the flow number are constant 
for a specific impeller and tank geometry. Np and Nq have been experimentally 
determined for many impellers i n  standard tanks w i t h  Newtonian f l u i d s .  The 
power number ranges from 0.5 t o  10 and the flow number from 0.3 t o  1 (Oldshue 
1983). The f low number is  an estimate o f  the flow directly from the impeller 
and normally does not include entrained flow. 

Figure A.1 shows the general relationship between N R ~ ,  Nq, and Np (Oldshue 

The ranges depend 
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Table A.1 

Blend ing 
Bulk b lu id  

Scale of Velocity, 
Ag i t a t  ion f t / r i n  

I 8 

2 12 

3 18 

4 24 

6 38 

8 38 

7 42 

8 40 

9 64 

10 68 

Description 

Agitation levels 1 and 2 are characteristic of applications 
requiring r i n i r u r  f h i d  velocit ies t o  achleve the process result. 

Agitators capable of level 2 w i l l :  
. Blend r i s c i b l e  f lu ids t o  un i for r i ty  i f  specific-gravity 

differencer are less than 1.1. 
. Blend miscible f lu ids t o  uniformity i f  the viscosity o t  tho 

most viscous i s  less than 180 times that of the other. 
* Establ ish complete f hid-batch control. 
* Produce a f l a t ,  but moving, fluid-batch surface. 

Agitation levels 3 t o  8 are characteristic o f  f l u i d  ve loc i t ier  
i n  most chemical process industries agitatod brtchos. 

Agitatorr capable of level 0 w i l l :  
* Blend r i sc ib le  f lu ids t o  un i fo r r i t y  i f  specific-gravity 

differences are less than 8.8 
. Blend miscible f lu ids t o  un i for r i ty  i f  the viscosity of the 

l o s t  viscous i s  less than 18,000 t i r es  that of the other. 
. Suspend trace solids ((21) with aet t l ing rater of 2 t o  4 ft/min. 
* Produce surface r ipp l ing a t  lower viscosit ier. 

Agitation levels 7 t o  18 are characteristic of applications 
requiring high f l u i d  velocity for the process result, such as i n  
c r i t  ical reactors. 

Agitators capable of level 10 w i l l :  
. Blend miscible f lu ids t o  uniformity i f  specific-gravity 

differences are less than 1.8 
. Blend miscible f lu ids t o  un i for r i ty  i f  the viscosity of the 

most viscous i s  less than 189,088 t i r e s  that of the other. 
* Suspend trace solids ((21) with set t l ing rates o f  4 t o  8 f t /ein. 
. Provide surging surfaces a t  low viscosities. , 

Sol ids Suspension 

Agitation Description 

. AOitrt ion h u r l 6  1-2 characterize rpplicationa roquirlng 
minimal solids-suspension levels t o  achieve the process result.  

Agitator6 cspablo of  s c a b  lovela o f  1 w i l l :  
* Produce motion of a l l  o f  the r o l i d r  of the design-settling 

1-2 
' ' 

re loc i ty  in the vessel. 
Permit roving f i l l e t s  o f  r o l i d r  on the tank bottom, which are 
prsiodical l y  ruspended. 

Agitation Ierela 3-6 characterize most cherical-process-jndustrier 
sol ids-suspension appl icationr. This scale range is typ ica l ly  
used for diasolvlng aolids. 

Agitrtorr capable of scale level8 o f  3 w i l l :  

e Provide rlurry un i fo r r i t y  t o  a t  least one-third of 

' kb suitable f o r  s l u r r l  drawoff a t  low exit-nozzle ehvationr. 
* Produce surfaco r i pp l i ng  at. lower viscosit ior. * 

Agitation levelr 6-8 characterize appl isations where the 
rot ids-suspension level approaches uniformity. 

Agitators rapablo o f  scale level 8 w i l l :  
* Provide eoncentration un i fo r r i t y  of solids t o  963 o f  tho 

8-6 
Suspend a l l  of the sol ids of design-settling velocity corpleto 
o f f  the veerel bottor. 

f luid-batch hoight. 

6-8 

f hid-batch hoight. 
kb ru i tsb le  f o r  r l u r r y  drawoff up t o  881 o f  fluid-batch height, 

Agitation Ievrlr 9-11 characterize applications wheso the 
solids-suspenrion un i fo r r i t y  i s  the maxirur practical.  

Agitators capablo ob scalo 9 w i l l :  
. Provide slurry un i fo r r i t y  of sol ids t o  98!6 of the f l u id -  

9-18 

batch hei ht. 
Be suitabfe f o r  s lur ry  drawoff by means of overflor. 
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, 

The dimensionless groups describe relationships between equipment design, 
process performance, and fluid properties. Agitator power consumption (9)  i s  
proportional. to N and D5 wh!le the flow produced by an impeller (Q) 
isproportioaal to N and D 
constant while the impeller flow is increased by increasing the diameter o f  the 
impeller and reducing the impeller speed, Since fluid homogeneity will be 
increased by increasfng Smpeller flow, larger da’ameter impellers will enhance 
slurry homogeneity and not cause an increase in power consumption. 

been described and confinned experimentally. 
in a simple tank from the two types of impellers, radial and axial flow. The 
flow pattern produced from a radial flow turbine is parallel to the vessel 
bottom while an axial turbine is parallel t o  the shaft with little radial 
velocity, 
impellers; an example o f  a radial flow impellers is a flat blade impeller. 
High efficiency impellers are axial flow impellers that produce little radial 
vel oei ty . Flow patterns in complex geometries w i  th pseudopl asti c f l  ui ds must 
be determined experimentally due to the non-Newtonian rheology. 

same manner as Newtonian fluids. The viscosity o f  pseudoplastic fluids 
increases with decreasing shear rate, unlike Newtonian fluids which have a 
constant viscosity at all shear rates. In an agitated tank, a pseudoplastic 
flaid will have a low apparent viscosity in regions of high shear, such as 
near the impeller, while peripheral areas o f  low shear will have a much higher 
apparent viscosity. The net result will be a less effective dispersion o f  
the impeller momentum to the entire tank. The area near the impeller will be 

3 
5 The power consumption o f  an agitator can remain 

General flow patterns o f  flaw impellers in simple tank geometries have 
Figure A.2 shows flow patterns 

Examples o f  axial flow fmpellers are pitched blade or marine 

Most slurries are pseudoplastic fluids and cannot be analyzed i n  the 

well mixed, while distant sections will be stagnant. 
. 
momentum, mixing of highly pseudoplastic fluids is often done i n  
high impeller/tank diameter ratio (O/T) o f  0.5 or greater. High 
more effective mixing near the tank wall because there is less d 
the impeller tip to the vessel wall. 

, 

Due to rheological behavior and difficulty in transmitting 
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a Axial-flow pattern 
with pitched blade 

b. Radial-flow panern 
witfi flat blade 

FIGURE A.2 Flow Patterns of Axial and Radial Flow Impellers 
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Homogeneity o f  the vessel contents can be determined using the following 
three methods: I) perform verification testing w i t h  ful I-seal e (prototypic) 
equipment and similar feeds, 2) perform lab-scale testing, and 3) use 
engineering relationships. More complex systems will require more rigorous 
evaluation, The mixing performance o f  a particular system is most accurately 
evaluated using prototypic equipment and representative feeds and measuring 
the desired process result. I f  the feeds that are used 'in the prototypic 
equipment are different from t h e  representative feeds, then the validity of 
the data will have to  be assessed, The evaluation o f  homogeneity is  less 
precise using bench scale testing and least  accurate using engineering 
relationships. The inaccuracy o f  the engineering relationships is  due t o  the 
complex geometry and rheology o f  the feed preparation system. 

d i  stri b u t f s n  I and elemental chemical composition are requi red t o  be u n i  form. 
If full-scale testing is  performed, these properties should be measured t o  
define homgenei t y  e Two P actors must be considered when measuri ng homogenei t y  : 
1) the sample or  measuring point must represent the vessel contents, and 2) 
the sample o r  measuring system must obtain accurate and reproducible results. 
Bench-scal e testing is 1 ess expensive than full -scale testing, however 
experimental procedures and results from bench-scale testing must  be careful l y  
analyzed. Small-scale equipment dimensions are normal ly proportional t o  the 
dimensions of the large-scale vessel . However, mal 1-scale equipment cannot 
exactly model the dynamic fluid characteristics of the full-scale system while 
maintaining proportional dimensions. The smaller vessel produces a 
proportionally higher f l o w  and lower velocity d i s t r i b u t i o n  than a .larger vessel 
This implies that  a small vessel could have good homogeneity while a 
proportionately sized full  -scale vessel may no t  be homogeneous. 

Engineering relationships can be used to evaluate mixing system 
performance. 
geometry, type of impeller and impeller speed, and f l u i d  properties. 
Engineering relationships are most successful w i t h  simp1 e vessel geometries 
using Newtonian fluids. Complex vessel geometries w i t h  immersed structures 
and non-Newtonian fluids cannot be accurately evaluated w i t h  engineering 
re1 ationships. 

a 

In t h e  feed preparation vessels, the fluid temperature, solids 

Engineering analysis only requires knowledge o f  the vessel 
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I n  conclusion, explicit relationships can be used t o  analyze mixing o f  
Newtonian f l u i d s  i n  simple geometries such as the SFHT and FSMT. However, 
these relatbonships cannot be used t o  verify process performance i n  complex 
geometries w i t h  pseudeplastic f lu ids  such as the SRAT, SME, OP M F T .  The more 
complex geometries and f luids  wdll require testing to  demonstrate the desired 
performance. 
must be done carefully and comparing slurry rheology between laboratories has 
some 1 imitations. 

In addition, analyzing s lurry viscosities a t  low shear rates 

, 

A,3 HEAT TRANSFER 
There are three types of heat transfer: conduction, convection, and 

radiation, Conduction i s  heat transmission through a uniform material w i t h o u t  
significant particle displacement. Convection involves the mixing of one 
portion o f  a f l u i d  w i t h  another and occurs in two general forms: natural and 
forced convection. Natural .convection is a result of buoyancy forces caused 
by density differences due t o  temperature variatian. 
caused by mechanical means and the flow depends on the f l u i d  dynamics o f  the 
system, not on the thermal state. Radiation is  a transfer of energy by wave 
motion through space. The wave energy i s  either transmitted, reflected, or 
adsorbed as heat by an object. 

phenomenon where heat i s  transmitted from a hot t o  a cold fluid through a 
solid surface. The heat rate i s  t h e n  considered i n  terms of a heat f l u x ,  o r  
heat ra te  per area ( i .eOv BTU/hr ft'). The heat rate is commonly represented 
as a factor of the heat transfer area, the temperature difference between the 
f l  u i  ds , and an oveml 1 proportional i t y  constant, U . 

Forced convection i s  

Controlled heat transfer i n  the feed preparation area is a surface 

where: Q = 
U =  
A =  
AT = 

Q= U*A*AT (A.4) 
heat rate, ETU/h 
overall heat transfer coefficient, BTU/h f t 2  O F  

heat transfer area, f t  
temperature difference, O F .  

2 
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The overall heat transfer coefficient (U) is modeled as a series o f  
individual resistances (h) as shown in Figure A.3. 
ranges o f  the individual heat transfer coefficients. As shown i n  the figure, 
the most significant individual resistances to  heat transfer are the process 
side heat transfer coefficient and process side fouling factor; A 9 1  the 
individua9 heat transfer coefficients can be estimated except for the fouling 
factor. 
experimental 1 y . 
convective, boi 1 ing, and condensing. These three classes of heat transfer 

Table A.2 l i s t s  typical 

The effect of fouling on heat transfer must be determined 

The feed preparation area has three categories of heat transfer: 

are treated I n  more detail i n  the following sections. 

A.3.1 Convective Heat Transfer 

Nussel t re1 ationship of dimensionless groups; 
Convective heat transfer i n  agitated vessels i s  normally modeled usi+ng a 

NNu" K*NRe 2/3 *N?r (A.5) 

where 
N N ~  = h B/* = Nusselt number 
NRe" p0 N l j b  = Reynolds number 
Npr= Cp/s  = Prandtl number 
K = constant depending on tank geometry 
hp = process heat transfer coefficient 
D = impeller diameter, f t  
N = impeller speed, min" 
s = thermal conductivity, BTU/h f t  O F  

p = density, lb/f t3  
p = viscosity, lb / f t  h (Cpd.42) 
Cp = heat capacity, BTUllb OF. 

B 

T h i s  relationship (Oldshue 1983) has been successfully .used t o  estimate 

The most variable component i s  the constant K,  which must 
hp by several investigators w i t h  different vessel geometries and various 
Newtonian fluids, 
be experimentally determined f o r  each specific equipment geometry. No 
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Process Fluid 

TABLE A.2 Typical Values for Individual Heat Transfer Coefficients 
Heat Transfer Coefficient Description Typi ea1 val ue 

(BTU/hr ft2 OF) 
kh (steam) 
hh (cooling water) 

+If 
hw 
hPf 
hp, conv 

hp, cond 

hp,boil 

Laminar film 
Lami nar fi 1 m 
Foul i ng/Scal e 
Wall 
Fool i ng/Scal e 
Process fluid- 
convetti on 

Process f 1 ui d- 
condensing 
Process fluid- 
boiling 

1588 - 5000 
1250 - 20Q0 
200 - a0 
750 - 2500 
50 - 
30 - 200 

100 - 5000 
100 - 5000 
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Titerature references could be found that used a vessel geometry similar t o  
DWPF design. Consequently, the constant K i n  the equation would have to  be 
determined from development o f  full-scale t e s t  data. The DMPF has not explored 
a broad enough range of  slurry viscosdties and impeller speeds t o  determine a 
K. As described i n  the introduction, the overall heat transfer coefficient 
is a sum o f  individual heat transfer resistances. WhTle the most significant 
individual resistance is often hp, other resistances cannot be discounted. 
8vep a perfod of time, foulfng can become the controlling heat transfer 

” resistance. 
Several fluid properties influence hp, however fluid viscosity i s  the 

most significant sfnce it  has the greatest variation, Thermal conductivity 
and fluid density would not be expected t o  vary more than 50%, while viscosity 
could change an order o f  magnitude during processing and a t  different locations 
i n  the tank. A Philadelphia Mixers, Ins. representative maintained that the 
relationship was only accurate t o  4 0 %  w i t h o u t  supporting experimental data (Von 
Essen 1987). The relationship produces a good empirical data f i t ,  b u t  can be 
applied only t o  t h e  experimental system studfed. The relationship can be 
used t o  predict heat transfer w i t h  different f lu ids  i n  identical equipment. 
However, the data must be collected i n  the turbulent regime and the f l u i d  
pmpertfes identically analyzed (with the same viscometer and identical 
procedures) e 

A. 3.2 Boi 1 i nq Heat Transfer 

i n  Figure A.4, which describes the relationship between heat flux and AT 
(temperature d7” fference between the hot surface and boi 1 ing fluid) . Pool 
boiling is  the boiling o f  a fluid from a hot surface using only  natural 
convection t o  move the fluid; there is no forced convection t o  transport the 
f l u i d  from the hot surface. The significant regimes are nucleate boi l ing ,  
transition boiling, and film boiling. The desirable region f o r  heat transfer 
i s  nucleate boiling, which generates the highest heat f l u x  (Q/A)  a t  the cr i t ical  
AT. The vigorous surface action under nucleate boiling creates good heat 
transfer and a high heat flux. As can be seen i n  Figure A.4, increasing the 
AT above the cr i t ical  AT does not increase the heat flux and hence the boiling 
heat transfer coefffcient (hb= Q/(A*AT)) i s  reduced. This i s  because a f i l m  

There are several possible mechanisms during pool boi 1 i ng as exhibited 
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1 .  

of vapor is formed on the surface, increasing the resistance t o  heat traqsfer. 
This phenomenon is significant because i t  implies that the boiling heat .transfer 
coefficient a t  higher steam pressures may not be directly extrapolated from 
data a t  lower steam pressures. VIgsmus fluid flow can greatly Improve boiling 
heat transfer. Themsiphon reboi lers  on the Hanford reservation can have 
800 t o  900 BTWh f t 2  "F boiling heat transfer coefficients using dilute slurries 
(Barton 1987) . The DWPF design evaporators have a much lower boi 1 ing heat 
transfer'coefficient of 100 t o  200 8TU/h f t 2  OF. ?his is largely due t o  
diminished s'lurry flow across the coils. Increasing slurry flow across the 
coils would enhance t h e  heat transfer coefficients. 

material of construction, and surface cendi tion. 
heat transfer Coefficient i s  not strongly affected by material of construction 
o r  surface condition. All sources emphasized the difficulty o f  estimating 
boiling heat transfer. The imprecision i s  from the inability t o  account f o r  
surface condition and metallurgy i n  heat transfer. 

Some relationships were found t o  predict boiling heat transfer (see 
appendix 8, pages B-6 t o  Bog), bu t  none were accurate w i t h  the full-scaie OWPF 
data. The predicted boiling heat transfer coefficients ranged from 400 t o  
1,000 B?U/h ft2 "F, four t o  nine times the actual DWPF boiling heat transfer 
coefficient of 120 to, 130 BTU/hr f t 2  O F .  The boiling heat transfer coefficient 
will have t o  be detemfned experimentally; or,  a conservative estimate would 

The bodling heat transfer coefficient (hb) depends on AT, fluid properties, 
In contrast, the convective 

be t o  assume the boiling heat transfer coefficient i s  equal t o  the convective 
heat transfer coefficient. 

A.3.3 Condenser Heat Transfer 

condensation produces a h igh  heat transfer rate, .but conservative predictions 
should be made assuming film condensation. film condensation i s  modeled as a 
film of uniform thickness, which is  calculated using the condensate flowrate 
and heat transfer surface area. A film NRe is determined that defines the 
appropriate regime: turbulent, transition, o r  laminar. The individual heat 
transfer coefficient (hcond) is then calculated based on f l u i d  properties 
( f lu id  viscosity, thermal conductivity, and density) and geometry (vertical o r  
horizontal tubes). 

There are two mechani sms f o r  condensation: dropwi se and f i lm. Dropwi se 
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The predicted values for  the  condenser 
from 500 to  1000 B T U h  f t 2  O F  (see appendix 
we: 1 above the actual overall heat transfer 

heat transfer coefficient ranged 
8, pages 8-21 t o  8-23). T h i s  i s  
coefficient ( U )  of 66 to  133 BTU/h 

f t "  O F  determined during TNX feed preparation campaign W3 (House 1986). The 
TNX condenser heat transfer coefficients may not ref lect  the maximum condenser 
performance since the evaporator may not supply enough vapor to ful ly  tes t  
the condenser. The analysis does not include the effect  of non-condensable 
gas, organic vapors, tube metallurgy o r  fouling. A l l  of these components can 
affect  'condenser heat transfer and cannot be estimated without experimental 
data. 

A.4 FLUID TRANSPORT 

and pressure. Standard analysis uses the estimated pipe head loss and required 
flow t o  specify a pump and necessary net positive suction head (NPSH). 
analysis is well defined for  Newtonian fluids and pump performance verification 
is unnecessary. 
design: low maintenance, simple operation and design, minimum NPSH for low 
vessel heel, durability, minimum dilution of tank contents using seal or priming 
f l u s h ,  vessel entry through the top of the tank, and a7 l-metal construction. 
The increased requirements for  remote service complicate the standard analysis 
and achieving the required flow and head is only a part of the evaluation. 

The purpose o f  f luid pumping is to  deliver a fluid a t  a prescribed flow 

The 

Remote servi ce introduces speci a1 considerations for  pump 

A l l  pumps require a minimum suction head to  operate properly. T h i s  
necessary suction head varies w i t h  the type of pump and its flowrate and speed 
and can be supplied by the manufacturer, 
the pump will cavitate, causing serlous mechanical problems. 
required amount of head i n  equivalent feet  of f luid between the pump centerline 
and f lu id  surface a t  atmospheric pressure, 
head of f luid less the equivalent head of the vapor pressure of the liquid, 
pressure of any gas i n  the solution, suctlon lfne loss, and entrance loss. 
Any increase i n  the head losses w i  11 reduce the effective 1 i ft of a pump. 
Figure A.5 shows an example of a typical feed preparation pump system and the 
equation for  ca7culating NPSH. 

I f  the minimum NPSH i s  not supplied 
NPSH i s  the 

I t  i s  composed o f  the equivalent 
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Pump 

I 

r. f i 
pb = fluid density 
P, = fluid vapor pressure 
Pg = gas pressure in fluid 
Pa = pressure at point a 

Pa - P, - kg 

pe 
NPSH = - hf, - qk) 
where 

hfs = suction line friction loss incfuding entrance losses 
2 
gige = gravitational conversion factor 

= distance from liquid level to  pump centeriine 

FIGURE A.5 Pump Flow System 
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Each pump has a specific relationship between flow, head, and required 
N P s H  as shown i n  Figure A.6. In general, as the pump flow i s  increased, the 
head i s  reduced and the sequa’red NPSH i o  increased, Required NPSH i s  that 
necessary for  the pump t o  operate and available N P S H  is  that supplied t o  the 
pump, When the available YPSH drops t o  the required N P S H  (as w i t h  a drop i n  
liquid level) ,  the pump will no longer deliver the fluid and a Reel o r  residual’ 
f luid i s  lef t ,  A large vessel heel results from a low available NPSH. Low 
available NPSH can be caused by high suction l ine losses o r  entrained gases. 
High suction l ine loss could be caused by a plugged suction strainer o r  
increased l ine losses caused by a more viscous fluid. Entrained gases can 
flood the pump and prevent i t  from delivering the slurry, 

There are two general types o f  pumps, kinetic and positive displacement 
pumps. 
Examples o f  kinetic pumps are centrifugal and steam j e t  pumps. A centrifugal 
pump transfers the momentum o f  a rotating turbine t o  the fluid while a steam 
j e t  pump transfers the &mentum o f  a j e t  o f  steam t o  t h e  f lu id .  The momentum 
o r  velocity of the fluid translates in to  a head (pressure) and velocity (flow) 
relationship. 
relationship as shown i n  a pump curve. As the system head loss is increased, 
the volumetric flow t s  reduced. Flow i s  normally controlled by altering the 
pressure drop through a control valve, though i t  can be controlled by varying 
the speed of the pump. Centrifugal pumps cannot develop enough discharge 
head wi th  a vapor to  displace a liquid-filled line; hence they cavitate and 
requi re‘ pr i  mi ng . 

Positive displacement pumps either displace the pump chamber volume as 
w i t h  a reciprocating pump o r  move a fixed volume as i n  a gear pump. Using 
incompressible fluids,  a fixed volume is  transported regardless o f  the system 
head loss. 
displacement. 
develop enough head w i t h  a vapor t o  overcome the head loss of a liquid-filled 
1 ine. 

Kinetic pumps transfer momentum t o  a f l u i d  from another momentum source. 

Each centrifugal pump produces a charaeteristic head-flow 

Flow is controlled by varying the chamber volume o r  the speed o f  
Positive displacement pumps are sel f-priming because they can 
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The advantages o f  centri,fugal or steam jet pumps include the following: 
e simplicity - few moving parts and easily controlled 
* establ i shed performance 
* constant flowrate. 

The disadvantages of centrifugal or steam jet pumps include the following: 
8 instability at low flowrates 
0 necessity o f  shaft packing glands 
slurry dilution caused by priming or flushing water, or steam. ’ 

A volurne displacement pump has been developed by PffL for use with slurries 
at low f l o w  rates, 
flul’d, is called an air displacement slurry (ADS) pump. 
used as the melter feed pump at the West Valley Demonstration Project (WVDP) 
and the radioactive liquid fed ceramfc melter (RLFCM). Reliability has been 
tested in long-term studies and hot cell operation. 

The pump, which uses an atr-driven piston to transfer 
The ADS pump is being 

The advantages o f  the ADS pump include the following: 
small size 

e submerged operation creating a low MPSH and minimum vessel heel 
positive flow control 
no slurry dilution. 

-The disadvantages o f  the ADS pump include the following: 
e pulsating f l ow  
e complex flow control 
* does not have an established performance record like centrifugal 
Pumps 

Solids settling in process lines does not usually occur if the slurry 
flow is turbulent. Turbulent flow generally exists at line velocities above 
3 to 5 ft/s in 2-in. pipes (based on NRe= 4,000). High fluid velocities will 
cause excessive erosion and a max mum line velocity of 10 f t / s  is often 
specified (DWPF Basic Data Report 1985). 
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