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FORWARD 

An integrated analytical and experimental program has been under- 

taken to investigate the transport and deposition of fission products. 

The program has as its objective the development of sufficient experi- 

mental information and a suitable mathematical model to permit the esti- 

mation of the contamination to be expected on primary coolant system 

components of a gas-cooled reackor. The problem is being approached 
initially by studying the deposition of fission products, both singly 

and in combination, in well defined geometries in out-of-pile loops. 

Subsequently, as the fundamental relationships of surface adsorption, 

desorption, decay, particle size and compound formation on regulating 

the transport and deposition of fission products are better understood, 

the program will be expanded to in-pile studies where the effects of 

radistion, release mechanisms, effect of short lived fission products 

can be evaluated. 

ported previously. 19293,4,* 

ing lightly irradiated fuel-graphite sources, was conducted in a loop at 

BattelLe Memorial Institute (BMI-FPD loop) and have been reported.’ The 
present report describes the first series of 21 tests in a fission- 
product deposition loop at the Oak Ridge National Laboratory (QRNL-FPD 

loop) which is designed to inject selective fission products into a flow- 

ing helium stream. 

Analytical studies, based on the heat-mass analogy, have been re- 

m e  first series of loop experiments, utiliz- 
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IODINE TWSPORT AND DEPOSTTION I N  A HIGH-TENPERATURE, HELIUJ!d LOOP 
FIRST TEST SERIES 

F. H .  Neil1 D .  M. Eissenberg 
D .  L o  Gray 

ABSTMCT 

The resul ts  of an inves t iga t ion  of t h e  t r anspor t  and depo- 
s i t i o n  of t r a c e  amounts of iodine i n  a high-temperature flowing 
h e l i u q  stream are repor ted .  ALl t es t s  were conducted i n  t h e  
turbulen t  flow range with t h e  deposi t ion surface i n  t h e  tempera- 
t u r e  range of 300 t o  603"~. Four sur face  materials were s tudied  - 
copper, s i l v e r ,  carbon s t ee l ,  and s t a i n l e s s  s teel  a Small-diameter 
s i l v e r  w i r e s  were arranged i n  a r rays  perpendicular t o  t h e  coolant 
stream t o  study t h e  a p p l i c a b t l i t y  of t h e  heat-mass analogy t o  
f iss ion-product  deposit , ion s t u d i e s .  

The inves t iga t ion  ind ica ted  t h a t  t he  amount of iodine deposi- 
t e d  per  u n i t  amount i n j e c t e d  var ied  with d i f f e r e n t  materials. 
s i l ve r -p l a t ed  surface had t h e  highest  deposi t ion and t h e  s ta inl .ess  
s t e e l  surface had t h e  lowest amount deposi ted.  Desorption, under 
similar t e s t  conditions,  w a s  g r e a t e r  on t h e  s i lver -p la ted  sur face  
than on the  stain]-ess s t e e l  sur face .  However, o ther  tes ts  i n d i -  
ca ted  t h a t  desorpt ion may not be uniform from a s t ra in less  s t e e l  
sur face  maintained a t  isothermal condi t ions e 

The s i l v e r  wire t es t s  ind ica ted  t h a t  t h e  heat-mass analogy 
gave reasonable co r re l a t ions  with experimental r e s u l t s  when calcu- 
l a t i c g  the  r a t i o  of d e p o s i t i m  f o r  ver ious diameter wires .  

A 

I n  t h i s  phase of t h e  f iss ion-product  t r anspor t  and deposi t ion program, 

iodine i n  a l i q u i d  solvent  w a s  i n j e c t e d  i n t o  a turbulen t  flowing helium 

stream and t ranspor ted  t o  a deposi t ion sec t ion  of t h e  loop which contained 

a well-defined geometry maintained under isot,hermal condi t ions.  The depo- 

s i t i o n  of  iodine i n  the  t e s t  s ec t ion  w a s  i nves t iga t ed  by adding a radio-  

a c t i v e  iodine t r a c e r  t o  t h e  i n j e c t i o n  so lu t ion .  

The convective t r anspor t  of molecular-sized f i s s i o n  products i n  t h e  
I n  t h e  ana lys i s  of t h e  experi-  gas stream i s  analogous t o  t h a t  of h e a t .  

mental da ta  from these  tes ts  t h e  appropriate  hea t  t r anspor t  equations f o r  
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the various flow geometries were utilized. The interaction of the fission 

products with surfaces will differ, however, from that of heat principally 

because of four phenomena: 
1. The probability of initial sticking to the surface may be less 

than unity. 

2. The deposi%ed activity may desorb with time. 

3. The deposited activity will decay with time. 

4. 
Each of these effects can vary with the nature of the fission product 

The surface reaction with the transported particle. 

and of the surface. Such factors as the chemical and physical form of 

the fission product in the gas phase, the amount previously adsorbed on 

the surface, the amount of other contaminants on the surface, the surface 

temperature and roughness etc. can affect the deposition in a way not ac- 

counted for by the heat-mass transfer analogy. 

The evaluation of the first of those phenomena in turbulent flow as 

well as the verification of the applicability of the heat-mass transfer 

analogy to turbulent flow is being carried out in the ORNL-FPD loop .  

In the initial phase of the program, deposition of iodine under con- 

tr lled conditions, using simplified flow geometries, is being studied. 

Equations derived from a heat-mass analogy, were used to correlate the ex- 

perimental data. 

It is the purpose of this report to discuss the results from the 

first series of experiments in the fission product deposition (ORNL-FPD) 

loop facility which are characterized by the use of a source eantaining 

iodine with trace amounts of l3lI dissolved in a liquid carrier which was 

injected into an isothermal helium stream through a pitot tube injector. 

DESCRIPTION OF'FPD LOOP FACILITY 

The FPD loop facility shown in Fig. 1 consists of: the high-pressure, 

high-temperature loop; a gas-addition system; a vent system; and an 
auxiliary cooling water circuit. 

(HECT-11) compressor, 

shell heaters, an orifice flowmeter, a fission product source injector, 

The main loop includes a regenerative 
6 a pneumatically operated flow control valve, clam- 

. 
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Fig .  1. Overall View of OWL-FPD Facility. 
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and an 8-ft long deposition section. 

ments, deposition took place directly on the pipe wall of the test section. 

In later experiments a liner, inserted into the deposition section and 
extending into the permanent loop piping,permitted the deposition surface 

to be extended from eight feet to approximately 12-ft-long. 

In the initial series of experi- 

The facility is completely self-contained with respect to utility 

services in order to eliminate the possibility of back flow of radioactive 

materials and contamination of normal building services. Other pertinent 

loop  specifications are given in Table 1. 

Table 1. ORNL-FPD Loop Specifications 

Coolant 
Design Pressure 
Design Temperature 
Pipe Size 
Pipe Materials 
Heater Capacity 
Total Length 
Total Surface Area 
Fission Product Detection System 

Helium 
400 psig 
600 "F 
1 1/2-in. Sch. 40 
Type 304 Stainless Steel 
1.5 kw 
Approx. 70 ft 
Approx. 26 ft2 (Not Including Compressor) 
Single Channel Analyzer with NaI crystal 

The radiation monitoring equipment, suitably shielded f rom the source 

and the remainder of the loop piping, is mounted on tracks beneath the 

deposition section such that it can traverse the length of the test section. 
A small, positive-displacement, piston-type pump is used to inject 

the liquid, containing trace amounts of radioactive iodine, into the helium 

gas stream at a controlled rate. 

EXPERIIQCNTAL PROCEDURE 

All tests in this series of experiments used iodine with l3lI tracer 

as the depositing species. The source consisted of a solution of approxi- 
mately 5 mg of iodine, containing approximately 1 mc/mg of l3'I, dissolved 

in from 5 to 10 ml of either benzene (experiments 1 through 8) or cyclo- 
hexane (experiments 9 through 21). The solution was injected, generally 

* 
over a 1 1/2 to 2 hr period, through a pitot tube into the main loop near 
-K 
See Appendix B. 
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the center line of the gas stream. The loop coolant was maintained at 

nearly isothermal conditions during the injection and scan period of each 

run. The loop pressures, temperatures, and other pertinent operating con- 

ditions fur each of the experiments are tabulated in Table 2. When the 

injected solution came in contact with the high-temperature helium gas, 

the icdine and the solvent vaporized and/or atomized, releasing the iodine 

which was carried by convection into the deposition section- Following 

run 1.5, a full-flow silver filter was installed upstream of the point of 
injection to prevent recirculation of iodine remaining in the gas stream 
after a complete loop cycle. Measurements made to determine its effective- 

ness are discussed in Appendix A. 
During and after injection, the deposition section of the loop was 

scanned with a gamma-ray scintillation type detector suitably enclosed in 
a lead shield with a slit so located that the detector could "see" a one- 

inch long length of pipe. 

channel analyzer. 

The detector signal was read-out on 8 single- 

Normally activity measurements were made at 6-in. 

intervals along the test section. The scan measurements were calibrated 

by sectioning the deposition section after several runs and obtaining a 
radiochemical analysis. On some runs desorption from the test surface 

was studied qualitatively by continuing to scan after the source injection 

was complete. The effect of surface temperature on desorption was noted 

in this manner by increasing the loop temperature in known increments 
above the adsorption temperature. 

ANALYSIS OF EXPERIMENTAL DATA 

The amounts of the 13'1 tracer which deposited at the various axial 
positions along +,he"test section were obtained from scan counts by sub- 

tracting the background reading (taken just before the start of a run) and 

by adjusting the resulting counts for the radioactive decay since the start 

of the run. The adjusted counts were related to deposited activity by com- 

parisons with the radiochemical analyses of sections of the same or a simi- 
lar test piece. The resulting calculated deposited activities were plotted 

as a function of axial position for each scan taken during and following 

-% 

the run. These deposition curves formed t.he basis of the qualitative 
3c 
Normally negligtble - in the range of 2 to b c/s.  



Table 2. 
om-FPI? LOOP 
Run Summary 

-Number 2 3 5 6 7 8 9 10 11 12 13 14 16 17 18 19 20 21 

Date 
1964 

7/15 7/28 8/14 8/25 9/15 9/22 9/29 1016 1018 1019 10121 1113 11/17 12/1 1217 12/11 12/29 1/12/65 

Source Concentration mc/d .043 .155 .it17 .420 .292 .310 .pa5 .330 .283 .238 .288 3 2  .336 .360 .398 .534 .645 350 
Total Injection mc .861 3.57 3.74 7.14 5.96 6.26 17.62 6.66 5.77 4.64 5.93 3.34 3.97 3.60 4.86 5.55 6.77 0.55 
Coolant Temperature "F 600 600 600 600 300 300 450/600 400 400 400 400 400 400 400 400 400 400 400 
Coolant Velocity cm/sec 2359 - 1996 5246 1774 1753 5498 1310 1310 1310 12% 12% 1328 1328 1730 a35 1730 925 

Deposition Tube cu-P S.S. S.S. S.S. S.S. C.S. S.S. S.S. S.S. S.S. Ag-P Ag-P S.S. S.S. C.S. Ag-w cu-P Ag-w 
System Pressure psi@; 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 309 300 

Coefficient of Diffusion 
Mass Transfer Coefficient 
Reynolds Number 
Schmidt Number 
Stanton Number 

P-Factor 
Active Fraction 

cm2/sec .0569 - .0569 .0569 .Ox5 .0325 .0569 .0402 .0402 .0402 .0402 . O b  .0402 .0402 .Ob02 .0402 .0402 .Ob79 

Re 32500 - 27500 70500 43900 43400 79500 26400 26400 26400 26000 26000 27000 27000 30300 25500 30300 24200 

St (x 10-3) 2.04 - 2.10 1.79 1.91 1.91 1.75 .O42 .042 .Ob2 2.10 2.10 2.09 2.09 2.05 2.11 2.05 2.13 

cmlsec 4.81 - 4.19 9.37 3.39 3.35 9.63 -055 -055 .055 2.n 2.71 2.77 2.77 3.54 1.76 3.54 1.97 

sc 3.23 - 3.23 3.24 3.32 3.31 3.23 3.28 3.28 3.28 3.27 3.27 3.27 3.27 3.27 3.27 3.27 3.26 

m 

> 1.0 - .68i .726 .679 > 1.0 .489 > 1 > 1 > 1 .580 .580 .750 1.01 .590 .996 .420 1 
.005 .01 .02 .ii . io  .oi .ooi .02 .oi .05 .02 

Nomenclature 

Ag Silver 
C.S. Carbon Steel 
Cu Copper 
P Plated 
S.S. Stainless Steel 
W Wires 

C 
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comparison of deposi t ion and desorpt ion behavior f o r  d i f f e r e n t  tempera- 

t u r e s ,  deposi t ion surfaces ,  pretreatments ,  e t c .  

analyzed i n  some cases by means of a material balance equation which w a s  

der ived assuming t h a t  t he re  vas i r r e v e r s i b l e  deposi t ion on t h e  t e s t  s ec t ion ,  

and t h a t  t he  deposi t ion rate was controZLed~ by t h e  d i f fus ion  rate of t h e  

iodine through Yne laminar sublayer due t o  a concentrat ion gradien t .  

depos i t ion  r a t e  w a s  ca lnula ted  d i r e c t l y  from t h e  appropriate  convective 

hea t  t r a n s f e r  equation f o r  tu rbulen t  pipe flow assuming the  analogy be- 

tween hea t  and mass t r a n s f e r .  

The curves a l s o  were 

The 

5 

The material balance equation i s  given by: 

4h m where a‘ = - 

Assuming: 

1. 

species  

The deposi t ion surface i s  below s a t u r a t i o n  f o r  t he  deposi t ing ’” 

2 .  No r e c i r c u l a t i o n  of t he  deposi t ing species  
L 
U 3 .  t >> - 

Equation 1 permits d i r e c t  ca l cu la t ion  of the s lope of each depos i t ion  

curve af ter  any t i m e ,  T, without needing the value of the gas phase con- 

cen t r a t ion  of iodine B J o ( t )  e 

deviat ions from t h e  pred ic ted  s lope,  an empir ical  cor rec t ion  f a c t o r  P w a s  

i n s e r t e d  as a m u l t i p l i e r  of t h e  ca lcu la ted  mass t r a n s f e r  c o e f f i c i e n t ,  

The r e s u l t i n g  expression: 

In  ordel- t o  account f o r  any experimental 

i s  t h e  equation used f o r  co r re l a t ing  t h e  experimental. s lope of t he  deposi-  

t i o n  curve assuming t h a t  it w i l l .  fo l low an exponential  dropoff with 
I -  

, .  
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dis tance .  

be compared f o r  d i f f e r e n t  flow condi t ions.  

It y ie lds  values of t h e  empir ical  parameter P which then can 

The value of N o ( t )  cannot be obtained from applying t h e  experimental 

da ta  t o  Eq. 2 s ince  t h e  a c t i v i t y  w a s  not necessar i ly  added a t  a constant 

rate.  

s ec t ion  can be obtained from Eq. 2 by in t eg ra t ion  over an a r b i t r a r y  length  

of t h e  t e s t  s ec t ion  L, (provided t h e  length  s t a r t e d  a t  t h e  entrance t o  

t e s t  s ec t iQn)  and assuming X << - 

However, an expression f o r  t h e  t o t a l  a c t i v i t y  added t o  t h e  test  

4pk, 
de 

The t o t a l  a c t i v i t y  added t o  t h e  t es t  sec t ion ,  which i s  t h e  l e f t  hand 

s ide  of t h e  equation, can thus be ca l cu la t ed  d i r e c t l y  from t h e  experimental 

deposi t ion da ta  ( r i g h t  hand s ide  of equat ion)  without any f u r t h e r  assump- 

t i o n s .  

Q, y i e l d s  a second empir ical  cor rec t ion  t e r m ,  AF, t he  a c t i v e  f r a c t i o n :  

This a c t i v i t y  when r a t i o e d  t o  the t o t a l  a c t i v i t y  added t o  t h e  loop, 

Thus t h e  ana lys i s  of deposi t ion behavior based on t h e  heat-mass analogy 

has y ie lded  two empir ical  cor rec t ion  terms, P and AF. These terms account 

f o r  devia t ions  of t h e  deposi t ion of I 

deposi t ion and d i f fus ion  through a concentrat ion gradien t  t o  t h e  w a l l .  

from t h e  assumptions of i r r e v e r s i b l e  2 

The values of 

were obtained from 

The d i f fus ion  

t h e  mass t r a n s f e r  c o e f f i c i e n t  f o r  use i n  Eqs. 1 and 2 

a modified Dittus Boel ter  

0.83 0.44 
hmde - =  D 0.023 (?) (g) ( 5 )  

coe f f i c i en t s  needed i n  t h a t  equat ion are obtained from 

an expression based on t h e  Chapman Enskog k i n e t i c  theory.  7 

-2 e 3/2 1 1 /2  
D = 0.185 x 10 - - (k + k) 

02a 
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Values of P and AF for the runs described in this report are tabulated 
in Table 1. Since there is uncertainty as to the form of the diffusing 

iodine and therefore in the calculation of the diffusion coefficients, the 

numerical values of P are open to some question. However qualitative 

comparisons of trends are still probably valid and the value of AF is not 
affected by the value of the diffusion coefficient. 

EXPERImNTh RESULTS AND DISCUSSION 

Rate of Deposition 

During one of the tests, a second radiation detector was mounted in 

a fixed location beneath the stainless steel test section, approximately 

two feet from the point of injection. 

the rate of deposition with the rate of injection. 

are shown in Fig. 2. 
scatter in the deposition data, the close correlation between injection 

and deposition is apparent - particularly the corresponding results during 
changes in the rate-of-injection. 

jection and deposition are not possible as an unknown but significant 

fraction of time i s  required for the injection solution to travel from 

the injector pump to the loop helium stream. 

Measurements were made comparing 
Results of this test 

Although the low count rate resulted in considerable 

Direct comparisons in time between in- 

Effect of Surface Material on Deposition 

The effects of the surface material on deposition were investigated 

in a series of 7 tests using 4 different materials. 
as a function of distance along the test section is shown in Fig. 3. The 
type 304L stainless steel test section was fabricated from 1-in.-diam, 

schedule 40 pipe as were the copper- and silver-plated test sections. 
plating in the latter two test pieces was approximately 0.002-in. thick. 

The carbon steel test piece was fabricated from grade 1010 tubing, 1-in.- 

d i m  by O.035-in. thick wall. 

at 200°F in a vapor of perchloroethylene before installing in the loop. 

The stainless steel pipe and the plated test pieces were tested in the 

"as-received" condition. The results from both of the silver plated 

Deposited activity 

The 

?"ne carbon steel test section was degreased 
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ORNL- DWG 65-i434 

ORNL- FPD LOOP 

z OPERATING PARAMETERS 0 

E TOTAL INJECTION 7.14 mc COOLANT HELIUM v) 

W n LOOP PRESSURE 300 psig DEPOSITING SPECIES 
LT REYNOLDS NUMBER 70,500 

2! 
5 80 

z 
-I 60 

0 
+ 40 
LL 
0 

LOOP TEMPERATURE 600°F COOLANT VELOCITY 172 ft/sec 
131 I 8 

O I00 
2 

W 
7 

2 

+ 20 

w o  

Z 
W 
0 
LT 

a 0 20 40 60 80 100 120 140 160 180 200 220 
TIME FROM START OF INJECTION (min) 

Fig. 2. Comparison of Injection Rate and Rate of Deposition. 
J 
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ORNL-DWG 65-661 

" 

ORNL-FPD LOOP 

OPERATING CONDITIONS 

CARBON STAINLESS 
SILVER COPPER STEEL STEEL 

SURFACE SURFACE SURFACE SURFACE 

Re NUMBER 26,000 30,000 30,000 79,500 
SURFACE TEMPERATURE ( O F )  400 400 400 4 50 
GAS PRESSURE ( psig 1 300 3 00 300 300 

-- 

GAS VELOCITY ( f t / s e c )  42 57 57 f 80 

5 

2 

10-5 

5 

2 

fO-6 

I I I I 1 I I I I I I I 
0 ! 2 3 4 5 6 7 8 9 10 4 4  12 

DISTANCE FROM SOURCE ( f  t 1 

Fig. 3. Effect of Surface Material on Iodine Deposition. 

i .  " L  

'I 
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surfaces are shown to indicate the replication of the silver surface data. 

Results from a earlier copper-plated deposition surface, not included in 

Fig. 3, was also in good agreement with the present data. The results of 

a second carbon steel deposition surface tested under slightly different 

flow and temperature conditions verified the present results; however they 

were not as consistent as the silver surface dgta. 
These results agree qualitatively with experiments by the ORNL Nuclear 

Safety group on deposition of iodine from air by natural convection to the 

walls of a simulated nuclear reactor pressure vessel. They found, for ex- 

ample, that the deposition on carbon steel w m  a factor of 18 greater than 

that on stainless skeal coupons for similar exposure times. Similar in- 

vestigations at the Atomic Energy Research Establishment, Harwell, England 

also indicated deposition from air was influenced by surface material. In 

the above two investigations, the iodine was in ambient air and therefore 

can only be compared qualitatively with the FPD loop results. 

mentioned here only to indicate that other investigators also found depo- 

sition to be influenced by surface material. 

8 
9 

They are 

Effect of Flow Conditions 

Two tests were made in which all operating parameters were maintained 
constant with the exception of the flow rate. 

section coolant velocity was maintained at 65.5 ft/sec; in the second run, 
the flow velocity was increased to 172 ft/sec. 

ber of 27,500 for the first run and 70,500 for the other run. 
a graph of the deposited activity as a function of distance &Long the test 

section, shows the comparison of results. 

In the first run, the test 

This gave a Reynolds nwn- 

Figure 4, 

Two methods are available to compare the experimental data with Eq. 2. 
First, the ratio of the slopes of the two curves can be predicted from 

Eq. 2. Second, the ratio of the total deposition per unit area can be 

predicted from Eq. 2. The former method was not used because of inaccura- 

cies in the profile of the deposition curve. 

it can be seen from Eq. 2 that the deposition per unit area is directly 
proportional to the mass transfer coefficient and hence should be expected 

to increase as the 0.83 power of the RgynaLds number. 

Considering the latter method, 

However, this must 
be reduced by the ratio of the P-factor which is %qual to 5 

R 
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ORNL- FPD LOOP 

LOOP PRESSURE 300 psig 
GAS TEMPERATURE 600°F 

DE POSIT I ON SECT IO N 
PIPE SIZE I- in SCHED 40 
LENGTH 8 f t  
MATERIAL TYPE 304L SS 
FINISH AS RECEIVED 
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2 3 4 5 6 

DISTANCE FROM SOURCE (ft) 

Fig .  4 .  Effect of Reynolds Number on Iodine Deposition. 
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P = -+ 1 + hm hw 

a 

( 7 )  

N i s  determined from the  i n j e c t i o n  rate and t h e  a c t i v e  f r a c t i o n ,  AF, as 

explained i n  a previous sec t ion .  The a c t i v e  f r ac t ion ,  however, i s  de t e r -  

mined from the p r o f i l e  of the deposi t ion curve and f o r  these runs could 

not be accura te ly  ca lcu la ted .  However a quBl i ta t ive  comparison can be 

made by assuming t h e  AF t o  be the same i n  both tes t s .  Using the  mass 

t r a n s f e r  coe f f i c i en t s  and P-factors  shown for runs 5 and 6 i n  the tabula-  

t i o n  i n  Table 2, a deposi t ion r a t i o  of 1.20 t o  1 w a s  ca l cu la t ed .  The ex- 

perimental  r a t i o  from Fig .  4 i s  approximately 1.45 at. a poin t  s u f f i c i e n t l y  

far downstream t o  minimize entrance .efPects .  This ana lys i s  assumed that 

the  r e f l e c t i o n  $erm does not vary with flow rates. 

0 

Desorption Study 

In  two experiments, t he  e f f ec t s  of f i s s i o n  product desorpt ion was ob- 

served. I n  both expeyiments s t a i n l e s s  s t ee l  depos i t ion  sur faces  were used. 

I n  t h e  f i rs t ,  the loop was maintained a t  a gas temperature of 400°F, and 

approximately 5 mg iodine,  dissolved i n  cyclohexane, w a s  i n j e c t e d  i n t o  t h e  

system over a 50 minute per iod.  A f t e r  t h e  in j ec t ion ,  loop operat ion w a s  

continued a t  400'F f o r  a per iod of 20 hwrs .  The loop helium temperature 

w a s  then increased t o  5OO'F and operat ion w a s  continued f o r  an add i t iona l  

124 hours.  

sec t ion  were made during the above per iod .  

shown i n  Fig.  5 ,  i nd ica t e  desorpt ion from an i n i t i a l l y  uniformly covered 

sur face  does not necessar i ly  occur uniformly oqer t h e  sec t ion .  

l e v e l  of a c t i v i t y  i s  shown as the  s o l i d  l i n e .  

S ix  scans measuring the  a c t i v i t y  along the suf race  of the t e s t  

The results of th i s  experiment, 

The i n i t i a l  

I n  a subsequent experiment i n  which t h e  same tes t  sec t ion  w a s  in -  

s ta l led  i n  reverse ,  non-uniform desorpt ion w a s  again noted a t  t h e  same 

loca t ion  on the t e s t  s ec t ion  ( a t  t h e  6 - f t  l oca t ion  shown i n  Fig.  5 ) ,  inde- 

pendent of t he  d i r e c t i o n  of flow. 

desorpt ion was due t o  a surface e f f e c t  r a t h e r  than a flow condi t ion .  

It seems l i k e l y  t h a t  t he  non-uniform 

The q u a l i t a t i v e  e f f e c t  of two d i f f e r e n t  sur face  materials on desorp- 

t i o n  i s  shown i n  Fig.  6 .  
p la ted ,  s t a i n l e s s  s tee l  pipe w a s  maintained a t  a sur face  temperature of 

I n  t h i s  experiment, a 1- in . -d im,  Sch 40 s i l v e r -  
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400°F while i n j e c t i n g  approximately 5 mg of iodine i n  a cyclohexane so lu-  

t i o n  i n t o  t h e  system. After t h e  i n j e c t i o n  was completed, t he  sur face  t e m -  

pera ture  was r a i s e d  t o  500°F and subsequently t o  6 0 0 " ~ .  Scans were made 

of t he  t e s t  sec t ion  as a func t ion  of t i m e  a f t e r  e&ch temperature change. 

A similar procedure w8,s then f o l b w e d  f o r  ;3. s t a i n l e s s  s teel  tes t  sec t ion .  

Resul ts  of a t h i r d  experiment also w i t h  a s t a i n l e s s  s t ee l  t e s t  sec t ion ,  

are shown; however, i n  t h i s  t e s t  t h e  temperature during adsorpt ion and 

desorpt ion w a s  maintained constant a t  450°F. 

500°F from the  s i l ve r -p l a t ed  surface than the  s t a i n l e s s  s t e e l  sur face  may 

have been due t o  decompcsition of AgI which had formed during t h e  deposi- 

t i o n  a t  lower temperatures s ince  it has been reportedlo tha t .  

t o  decompose a t  a temperature i n  the range of 450°C ( 6 6 2 " ~ )  t o  550°C (1022"F), 

and t h a t  t h e  h a l f - t i m e  f o r  t h e  rate i s  less  than 1/2 hour." 

ments were conducted i n  an oxygen-water vapor atmosphere bu t  may provide 

a clue t h a t  decomposition of t h e  AgI may be taking p lace .  

Tne grea te r  desorpt ion a t  

,,AgI begins 

These experi-  

E f fec t  of 8 Heat-Affected Zoi?e 

To observe deposi t ion pa t t e rns  i n  a hea t -a f fec ted  zone, such a,s might 

be caused by a pipe weld, t h ree  simulated welds were made on 1 1 /2 - in0 -  

diam pipe t e s t  s ec t ions .  I n  each t e s t ,  twwbead welds were made on t h e  

outer  sur face  of t h e  t e s t  piece b u t  d id  not pene t ra te  t o  %he inner  surface 

of t h e  pipe, thereby simulating a hea t -a f fec ted  zone without introducing a 

change of material or roughness of the deposi t ion sur face .  The sur face  w a s  

b lanketed with he l inn  during welding t o  minimize oxidst ion of t h e  t e s t  su r face .  

%e f i r s t  t e s t  w a s  operated with a surface temperature of 400°F and 

a coolant flow rate of 27.4 f t / s e c  with one simu7ated circumferent ia l  w e l d  

a t  approximately t h e  mid-point of t h e  t e s t  s ec t ion .  %e r e s u l t s  are shown 

on t h e  l e f t  s ide  of F ig .  '7.  %e second t e s t ,  which operated a t  a, surface 

temperature of 500°F and a flow rate 30.4 f t / s s c ,  had two simulated weld 

sec t ions  included i n  t h e  t es t  sec t ion .  These results are shown on t h e  

r i g h t  s ide  of F ig .  7 .  
Frcm Fig .  T S  it can be seen t h a t  t he  e f f e c t  on deposi t ion i s  substan- 

t i a l ;  i n  the f i rs t  experiment t he  deposited a c t i v i t y  w a s  reduced t o  approxi- 

mately 25% of t h e  value -En the non-affected hea t  zone, i n  the  second 
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experiment the deposition was approximately 45% of the activity in the 
non-affected heat zone. 

The results of this experiment would be expected for iodine,” and 

similar non-metals, if the deposition surface was oxidized during the weld- 

ing procedure. Additional care was taken during the second test to mini- 

mize any oxidation of the surface which might account for the reduced 

effect on the deposition ratio. 

Replica.tion of Data 

A series of three experiments were made to determine the degree of 
replication of data possible in the loop under similar operating conditions. 

In the first, three pieces of I-in.-diam schedule 40 welded pipe selected 
from the same heat were fakricated into test sections and installed in 

successive tests. Operating conditions between tests were maintained as 

nearly identical as possible. The results, on the basis of activity per 

unit area per millicurie of iodine injected, generally agreed to with- 
in a 30% deviation. However there was evidence of erratic deposition in 

all three test sections. The erratic deposition pattern may be due to the 

non-homogeneous surface in welded pipe or to the surface pre-treatment. 
The experiment was repeated using test sections with silver-plated surfaces. 

The operating conditions and results for these two runs are shown in Fig. 8. 
The data produced smooth curves within a 12% maximum deviation. The small 

difference in the absolute magnitude is not considered significant in this 

experiment as it is within the errors expected in measuring the total amount 
of radioactive iodine introduced into the system. 

In a third series of experiments, a 1-in.-diam test section, fabri- 

cated from stainless steel, was used in three tests which were operated 

under identical temperature and flow conditions. The section was decon- 

taminated between tests, Flom Fig. 9 it can be seen that the magnitude 
of deposited activity per unit of activity injected was reduced in each 

succeeding test (I 

The d.ecrease in deposition may be due to a passivation of the deposi- 

tion surface due to the decontamination of the test section between tests. 
The decontamination procedure used was to contact the deposition surface 

c 
I 
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with a solution of 50% (by volume) “ammonium hydroxide and 50% hydrogen 

perpxide at ambient temperature. 

better define this effect since other factors, such as rate of injeotion, 

may also influence the total deposition in a manner that is not presently 

well understood. 

Additional testing will be required to 

Silver Wire Experiments 

A series of experiments were conducted in which small-diameter, silver 

wires were inserted into the flowing helium stream, positioned in arrays 

perpendicular to the direction of flow. One purpose for these experiments 

was to study the application of the heat-mass krahsf9r analogy to fission- 

product transport under conditions substantially different from the ideal- 

ized conditions existing in the smooth, straight test sections of previous 

experiments. The wire geometry was selected for test because heat-transfer 
data were readily available in the literature 12>13>14,15,16 for this geome- 

try. 

form 

The equation used for determining the Nusselt number (Nu) is of the 
12 

Nu = C(Re)n 

where C and n are constants of the equation for which values are given as 
a function of Reynolds number (Re) in the above reference. 

Heat transfer coefficients for various diameter wires mounted in an 

These array perpendicular to the gas stream were calculated from Eq. 6. 
values were used to calculate predicted ratios of deposition for different 

size wires, and then compared with experimental data obtained from the loop. 

The absolute magnitudes of the activity of the deposited particles were also 

compared by estimating the total activity injected and subtracting the 

amount deposited on the wall between the source and the plane of the wires. 

It was assumed that the gas-stream activity depletion was proportional to 

the attenuation of the deposited activity on the wall. With this assump- 

tion, Eq. 6 was rewritten in terms of the Sherwood number. 
used to determine the total calculated deposition on the silver wires. 

Equation 8 was 

(8) 



The first test consisted of two arrays of 3 silver wires each mounted 
perpendicular to the gas stream. 

d i m  wires was located 5-ft, 9-in. downstream from the source injector. 

The downstream group was composed of 3 wires G,004-, 0.010-, and 0.040-in.- 
d i m  placed in a plane 7-ft., 8-in. downskream from the point of injection. 
The upstream array of wires of constant diameter was installed primarily 

to test reproducibility of the experimental data. 

The upstream array of three 0.010-in.- 

In the second test, the geometry and all operating conditions were 

maintained the same as in the previous test, except that the location of 
the two sets of wires were interchanged. The results of both tests are 

shown in Table 3. 
Note in Table 3 the predicted and experimental ratio of deposition 

on the 0.0O4-in0-diam wire to tha,t on the O.OlO-in.-diam wire is in good 

agreement - a difference of approximately 2%. The 0.040-in.-diam wire had 

about twice the deposited activity expected, based on results from the other 

two wires. The reproducibility of data in the first test was good as shown 

by comparing the deposition on the set of three O.OlO-in.-diam wires. In 

the second experiment, the predicted ratios were in reasonable agreement 

with the experimental ratios for all the wires. 

The calculated values for the total activity deposited, based on Eq. 8, 
are not in good agreenient with the experimentally obtained values. It is 

believed that some of the injected activity became tied-up by either a 

foreign compound in the gas stream - possibly the cyclohexane solvent - or 
by particulate matter in such a, manner that it did not react with the depo- 
sition on the pipe wall discussed previously (see pp. 8-9). 
work must be done in this area in order to better understand the signifi- 

Additional 

cance of the active-fraction concept. 

CONCLUSIONS AND RECOMMXNDATIONS 

This report presents data from a group of iodine deposition experi- 
ments in which the radioactive sourke was in the form of a liquid. The 

liquid source had two advantages; it provided a positive means of control- 

ling the total amoixnt injected into the system, and it, permitted pre- 

selection of an injection rate. The major disadvantage to this type source 
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is discussed in Appendix B - namely, the uncertainty gn the results of 
the effect of introducing a foreign substance into the gas stream. 

The research thus far has been principally concerned with studying 

the attenuation of deposited activity in straight, isQtherma1 tubes. From 

the deposition curve, it has been possible to determine a P-factor and the 

active-fraction for a variety of surface materials, surface temperatures, 
and flow conditions. 

The wire experiments have several advantages over tube wall deposition 
experiments for studying the application of the heat-mass analogy to fission 

product deposition. It permits several parameters to be tested in the same 

experiment, and minimizes the effect on deposition results of the non- 
uniform surfaces commonly found in pipes. Determination of sticking- 

fractions on reactor materials compared with silver are well adapted to 

wire experiments. The effects of Reynolds number and temperature can prob- 

ably be best done with wire type experiments. 

Other isotopes must be studied in detail. Analytical studies have 

been made to determine the species that are the most objectionable based 

on gamma energy, yield, release rate, to reactor maintenance (?.*e., the 

level of activity when reactor is shut down). Such a list indicates that 

the fission product decay cbain for the 140 mass number will be among the 
most troublesome because of the high energy gamma from lanthanum and the 

high yield and release of barium. 

In the next series of experiments a Pdl source will be used in order 2 
to minimize the introduction of foreign compounds into the gas stream. The 

present work w i l l  be continued in more detail and will be expanded to study 

the effects of flow, temperature and surface material. The effects of 

surface saturation and its effects in limiting the total amount of deposi- 

tion must be studied in more detail. A modified computer code that sepa- 
rates the effect of fission product reflection from a depositing sur'face 

from the desorption effect will be used to correlate the experimental data. 

Certain of the desorption effects will be studied in a packed-bed test 

section. Additional understanding is needed of surface reactions to sepa- 

rate and understand physical adsorption of fission products from chemisorption. 

Some of the experimental program will be transferred to laminar-flow 
deposition tubes where flow conditions are better characterized. 
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3 - 
c = Average concentration of particles in gas stream, particles/cm 

= Equivalent passage diameter, cm 

= Mass transfer coefficient for stream, calculated from a mass- 
de 

hm 

h = Mass transfer coefficient at the wall surface, cm/sec 
heat analogy, cm/sec 

W 
L = Length of test section, cm 

M(x) = Concentration of particles deposited on the wall surface, 
particles i /  cm 2 

source, particle/cm 3 
N (t) = Concentration in the gas stream at %he origin due to an external 

0 

p = Pressure, atmospheres 

P = Ratio of experimentally determined depositiorl velocity to cal- 

T = Time of injection, sec 

U = Mean velocity of stream, cm/sec 

x = Distance along tube, cm 

a = As defined in Eq. 1 
8 = Temperature, OK 

culated deposition velocity (See Eq. 7) 

X = Decay constant, sec -1 

v = Kinematic viscosity, cm 2 /sec 
0 = Collision diameter, Angstrom 

Q = Collision integral 
c 



27 

REFERENCES 

d 

I 

8 

1 C). E. Raines, A. Abriss, -- et a1 ., "Experimental and Theoretical Studies 
of Fission-Product Deposition in Flowing Helium," USAEC Report BMI- 
1688, August 1964. 

2 0  M. N. Ozisik, "An Analytical Model for Ffssion-Product Transport and 
Deposition from Gas Streams," USAEC Report ORNL-3379, July 1963. 

3. M, N .  Ozisik, "A Transient Analysis of Fission-Product Deposition," 
U S U C  Report ORNL-TM-~~O, October 1963 

4. M. N. Ozisik, "Effects of Temperature on Fission-Product Deposition," 
USAEC Report 0RNE-3542, March 1964 e 

5. M. N .  Ozisik and F. H. NeiiT, "Time Dependent Relations for Fission 
Product Deposition and Correlation with Experiments," (To be published). 

6 T, K. Nmba, "Development of Regenerative Compressor Helium Circulators, ' I  

USMC Report om~-rn-2~8, MBY 1962- 

John Wiley and Son, Inca, New York (1960). 
7. I?. B. Bird, W c  E. Stewart, and E. M. Lightfoot, Transport Phenomena, 

8. L o  F. Parsly, Personal Communication, February 4, 1965 
9 .  A. C. Chamberland, "Experiments on the Deposition of Lodine 131 Vapour 

onto Surfaces from an Airstream," Phil.. Mag. Ser. 7, 44(357): 1145-1153, 
October 195 3 

10. Harold F. Richard, et al., "llomogeneous Reactor Fuel Reprocessing 
Quarterly Report, July 1 through September 30, 1956," Vitro Job 
No. 1087, KsX-lO045, Vitro Labaratories.  

3n Structural Materials, p- 14.7, "CCRP Semiann. Progo Rept. Sept, 30, 
1964, " USAEC Report ORNL- 3731 

504-5 

Heated C y l i n d e r  in Trransvc_rsF Flow, '' RACA-TM-1050, October 1963 
W. H. Ciedt, "Tnvestfgation of' Variance of Point Unit Heat-Transfer 
Coeff!.@ient Around. a Q l i n d e r  Normal to an A i r  Stream," -- Trans, ASME;, 

lIa W. E o  Browning, Jr. and M. E. Davis, Sorption of Fjssion-Product Vapors 

Oak R 4  dge National Laboratory 
12. 3. G .  Knudsen and D o  L l  Matz, F l u i d  E_I Dynamics and Heat Transfer, pp. 

13. E. Schmidt and It. Wenner, %e~t Transfer Over Circumference of a 

14" 

McCraw-Hill Book Company, Mew York (1958) 

73.. 375 (1949). 
15. Po 0 .  A. L .  Davjes and M. J. Fisher, "Beat Transfer from Electrical 

Heated Cylinders, -- Proc of' the Roy So@ Series A, 280 (1383) : 
August 1; 1964, 
E. W. Cemings, -- et al , ,  "AAir Turbulence and Transfer Processes Flow 
Normal to Cylinders," I lnd, Eng,  ----2 t"hvm 

16, 
40: 1076, 1948. 





. 

Appendix A 



L 

. 



31 

APPENDIX A 

1 -  

P 

Main Line F i l t e r  Experiment 

Before the  s tar t  of run 16, a main l i n e  f i l t e r  w a s  i n s t a l l e d  i n  t h e  

loop immediately upstream of the  i n j e c t i o n  poin t .  

f i l t e r  w a s  t o  prevent p a r t i c l e s  t h a t  had deposited throughout the loop 
from desorpting during succeeding runs and being t ransported by the  helium 

i n t o  the  t e s t  sec t ion .  The concern i s  two-fold: f i rs t ,  the  desorbed 

p a r t i c l e s  add an unknown source term, and secondly, t he  r a t i o  of stzb1.e 

iodine t o  rad ioac t ive  iodine i s  not known f o r  t he  desorbed p a r t i c l e s .  

The purpose of t h e  

The f i l t e r  chosen w a s  s i l v e r  mesh composed of O,O1O-in'o-diam s i l v e r  

wires.  The mesh w a s  i n  excess of 10-in.  deep i n  the  d i r e c t i o n  of flow. 

X-ray p i c t u r e s  v e r i f i e d  t h a t  t he  mesh was uniformly d i s t r i b u t e d  throughout 

the  f i l t e r  volume. 

iodine solutior,  (approximately Oo75 mc of 13'1) w a s  i n j e c t e d  i n t o  the  loop 

downstream of the  t e s t  s ec t ion ,  m e  loop temperature during i n j e c t i o n  w a s  

maintained a t  400°F, a f t e r  scanning the  t e s t  sec t ion  f o r  a build-up i n  

a c t i v i t y  the  loop temperature was r a i s e d  t o  500°F and subsequently t o  600"~. 
The r e s u l t s  were encouraging: f o r  t he  400°F t e s t ,  t he  increase I n  a c t i v i t y  

i n  the  t e s t  sec t ion  was about 10% above background; and f o r  t h e  500°F t e s t ,  

t he  a c t i v i t y  l e v e l  ra i sed  approximately 15% above background when e q u i l i b -  

r i u m  w a s  reached, When the  680°F t e s t  w a s  run the  a c t i v i t y  l e v e l  i n  t h e  

t e s t  s e c t i o n  approximately doubled bwkground indica t ing  t h a t  t h e  higher 

gas temperature w a s  increasing the  f i l t e r  bed temperature and thereby 

allowing the bed t o  re lease  iodine t o  the  t e s t  sec t ion .  

of a c t i v l t y  a r e  low compared t o  the amount of a c t i v i t y  deposited from a 

source it w a s  concluded t h a t  t he  f i l t e r  performed s a t i s f a c t o r i l y  f o r  t h e  

present  group of experiments. 

To obtain a measure of t he  f i l t e r  e f f ic iency ,  1 . 5  cc of rad ioac t ive  

A s  these  values 
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APPENDIX B 

The S t a b i l i t y  of Solut ions of Iodine i n  Cyclohexane and i n  Benzene 

A .  D. Horton A.  S. Meyer 

This research was undertaken t o  determine wk.:ther radioiodine so lu-  

t i o n s  i n  benzene o r  i n  cyclohexane could be used as a means of introducing 

f r e e  iodine i n t o  a s t a i n l e s s  s teel .  r eac to r  loop t h a t  w a s  heated t o  300 t o  

6 0 0 " ~  and was pressurized t o  300 p s i a  with helium. 

5 mc I3l1 and 5 mg of Z2 c a r r i e r  per  10  m l  of solvent  were being i n j e c t e d  

w i t h  an infus ion  pump through a s t a i n l e s s  s t e e l  c a p i l l a r y  extending i n t o  

the  helium stream. Since t h e  purpose of the experiment w a s  t o  s tudy t h e  

r a t e  of deposi t ion of elemental  iodine i n  a sec t ion  of t h e  loop, t h e  forma- 

t i o n  of iodine compounds w i t h  the solvent  would make ana lys i s  more d i f f i c u l t .  

Two methods of inves t iga t ion ,  p a r t i t i o n  gas chromatography and spec t ro-  

photometry, were se l ec t ed  as the  b e s t  ava i l ab le  techniques t o  determine 

whether these  solvents  i n t e rac t ed  w i t h  t h e  iodine under loop condi t ions.  

Solutions containing 

P a r t i t i o n  gas chromatography i s  a technique i n  which vaporized samples 

a r e  swept through a p a r t i t i o n  column where t h e  components of t he  samples 

are separated i n t o  f r ac t ions  according t o  b o i l i n g  point  and s t r u c t u r e .  

de t ec to r  produces a s igna l  f o r  each componen-t as it emerges from t h e  column 

with t h e  s igna l  s t r eng th  proportional t o  the concentration of t h e  component 

i.n the mixture The technique i s  empTrical and t e n t a t i v e  i d e n t i f i c a t i o n  

and exact  quan t i t a t ive  ana lys i s  can be ca r r i ed  out only by comparison with 

chromatograms of known compounds as s tandards.  

A 

The most s e n s i t i v e  de tec tor  on th i s  instrument i s  the flame ion iza t ion  

de tec to r .  This de tec tor  responds t o  t r aces  of organic consi tuents  bu t  i s  

i n s e n s i t i v e  t o  iod ine ,  Iodine can be measured w i t h  an a l t e r n a t e  de t ec to r  

(a  thermal conduct ivi ty  c e l l )  b u t  t h e  s e n s i t i v i t y  i s  not adequate f o r  t he  

measurements of these  low iodine concentrat ions.  Thus, t h e  gas chromato- 

graphic measurements do not, o f f e r  a d i r e c t  measure of t he  f r e e  iodine but  

onLy i n f e r e n t i a l  information rlnless iod-lne containing reac t ion  products can 

be i d e n t i f i e d  and measured quan t i t a t ive ly .  
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An a l t e r n a t e  technique u t i l i z e s  a modified Cary Model 14 spec t ro-  

photometer i n  which t h e  absorbance of samples a t  e leva ted  temperatures can 

be measured over the wavelength of 200 mp t o  2.5 p. By s e a l i n g  samples of 
t h e  so lu t ions  i n  quartz  ampoules and scanning t h e  absorbance of t he  vapors 

i n  t h e  heated ampoules, iodine,  and i n  some cases t h e  so lvent ,  can be ob- 

served a t  t h e  temperature of t h e  loop tests. This technique i s  inhe ren t ly  

l e s s  s e n s i t i v e  than t h e  gas chromatographic method b u t  provides a d i r e c t  

measurement of t h e  free iodine .  

The absorbance of any species  a t  a p a r t i c u l a r  wavelength i d e a l l y  

loglo follows t h e  Beer-Lambert equation which states t h a t  t h e  absorbance, 

p"-, i s  proport ional  t o  t h e  quant i ty  of t he  spec ies  i n  t h e  o p t i c a l  path.  

While the  absorbance c h a r a c t e r i s t i c s  of some components may be modified by 

environmental condi t ions such as pressure and temperatwe,  such va r i a t ions  

i n  s p e c i f i c  absorbance can be compensated for by comparing t h e  absorpt ion 

curves with reference s tandards.  

of iodine i n  carbon t e t r a c h l o r i d e  were used as reference s tandards i n  these  
spectrophotometric measurements. 

I O  

Ampoules containing vaporized so lu t ions  

Experimental 

The aforementioned methods of i nves t iga t ion  were used t o  determine 

t h e  behavior of iodine so lu t ions  i n  benzene and i n  cyclohexane, under con- 

d i t i o n s  as near as possible t o  those used i n  the  loop experiments, 
c 

Preparat ion of Solut ions 

Solut ions used i n  the  loop tests contained a t o t a l  of 5 mg of iod ine  

However, preliminary experiments i n  gas  chromatog- per 10 mi of so lvent .  

raphy indica ted  t h a t  theamounts of poss ib le  r e a c t i o n  products would be t o o  

s m a l l  t o  d e t e c t .  

per  10 ml of benzene, cyclohexane, or carbon t e t r a c h l o r i d e  were prepared. 

The carbon t e t r a c h l o r i d e  and cyclohexane so lu t ions  showed t h e  v i o l e t  co lo r  

of uncomplexed iodine,  whereas t h e  benzene showed t h e  brown color  of p i -  

bonded i sd ine  

Therefore so lu t lons  containing 200 mg of normal iodine 



I .- 

37 

Gas Chromatography 

A Microt-Tek Model 2500 R gas chromatograph w a s  used t o  determine t h e  

possible  r eac t ion  products of t h e  iodine-solvent so lu t ions .  Helium passes 

through a heated i n j e c t o r  por t  and f l a s h  vaporizer ,  c a r r i e s  t h e  vaporized 

sample through a p a r t i t i o n  column, and then  t o  a hydrogen-flame ion iza t ion  

de tec to r .  

means of a l i n e a r  gas sample valve thus allowing an in j ec t ed  sample t o  r e -  

main i n  t h e  f l a s h  vaporizer  a t  a s e t  temperature f o r  as long as des i red .  

!Ibe f l a s h  vaporizer  thus  serves  as a r eac t ion  chamber t o  approxim8tely 

simulate t h e  conditions i n  t h e  tes t  loop,  and t o  provide a means of r a t h e r  

crude r a t e  s tud ie s .  I n  a l l  cases,  chromatograms of reac ted  iodine so lu-  

t i o n s  were compared w i t h  chromatograms of pure solvent  samples which had 

been subjected t o  t h e  same reac t ion  condi t ions ,  

The flow of helium t o  t h e  i n j e c t o r  po r t  can be in t e r rup ted  by 

From t h e  f l a s h  vaporizer  t h e  reac ted  sample w a s  swept by a 50 cc per  

minute flow of helium i n t o  an 8-ft by 1/4- in .  OD p a r t i t i o n  column packed 

with 20 w-t $ SE-30 on 30=,60 mesh chromosarb W. 
A f t e r  i n j e c t i o n  of t h e  sample, the column wa,s operated a t  room tern- 

pera ture  (- 25°C) f o r  4 min > heated t o  100°C during t h e  next 2 min, then 

programed a t  - 12°C per  min f o r  12  min and he ld  a t  250°C f o r  16 min. 

j e c t i o n  of 4 vJ.I of sample and proper a t t enua t ion  of t h e  de t ec to r  output 

gave a chromatogram s u i t a b l e  f o r  t he  est imat ion of t h e  concentration of a l l  

impur i t ies  except cyclohexane i n  t h e  so lvents  and t h e  new components formed 

by the  r eac t ion  of iodine w i t h  t h e  so lvent .  

t r i c r e s y l  phosphate on f i r e b r i c k  w a s  used t o  separa te  cyclohexane from 

cyclohexene and the  other  impur i t ies  

In-  

A L O - f t  by J.I/4-in0 column of 

Spectrophotometry 

Because of t h e  design of t he  sample furnace i t  w a s  necessary t o  measure 

the  absorbance of t h e  samples i n  c y l i n d r i c a l  ampoules r a t h e r  than i n  c e l l s  

with o p t i c a l l y  f l a t  windows Quartz ampouLes approximately l - l / 2 - i n  e long 

x 1/2-in0 OE w i t h  a path length of about 1 cm and a volume of  approximately 

2 0 5  cc wpre f ab r i ca t ed .  

quan t i t i e s  of e i t h e r  one of the p i r e  so lvents  o r  one of the iodine so lu t ions  

were stdded. 

To each of these  ampoules approximately 10 p l  

Then the  ampoules wcre immersed i n  l i q u i d  n i t rogen  evacuated 
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and sealed.  This quant i ty  of so lvent  w a s  ca l cu la t ed  t o  y i e l d  a t o t a l  

pressure below two atmospheres when t h e  ampoules were heated t o  600"~. 

Ampoules containing mg quan t i t i e s  of iod ine  alone were a l s o  prepared. 

Absorption spec t r a  of a l l  ampoules were taken i n  t h e  v i s i b l e  and u l t r a -  

v i o l e t  regions.  Most s i g n i f i c a n t  absorpt ions were obtained i n  the reg ion  

of 500 pc.  Absorption spec t r a  were observed f o r  a per iod of hours a t  300°F 

and duping the per iod when t h e  ampoules were heated t o  600"~ and maintained 

a t  the higher  temperature. 

Resul ts  

Gas Chromatography 

%ne cyclohexane w a s  determined t o  be 99.85%~ pure; t h e  major impurity 

was cyc? ohexene 

A chromatogram of the cyclohexane-iodine so lu t ion  showed a component 

which did not  appear i n  t h e  so lvent ,  and which had a b o i l i n g  po in t  of 

approximately 1 2 5 O C .  

ponent were those of a h ighly  polar  compound tha t  probably w a s  not an or- 
ganic iod ide ,  The concentrat ion of t h i s  compound w a s  0.7 m l  $ on t h e  day 

the  cyclohexane-iodine so lu t ion  w a s  prepared, and it increased  t o  a f a i r l y  

constant value of - 58 after 96 hours s tanding a t  room temperature.  The 

concentrat ion o f  t h i s  component decreased r ap id ly  w i t h  residence t i m e  i n  

the hot  (6000~) i n j e c t i o n  por t  of t h e  chromatograph. 

4 min decreased t h e  concentrat ion by - 805, 
component appeared which had an  approximate b o i l i n g  point of 170-180°c. 
This component w a s  determined t o  be cyclohexyl iodide by comparison w i t h  a 

chromatogram of eyclohexyl iod ide  reconled under the same condi t ions used 

for t h e  cyclohcxane-iodine so lu t ions .  The i d e n t i t y  was Confirmed by i n f r a -  

red spectrophotometry. aPhe concentrat ion of t h i s  component reached a maxi- 

mum of .-., 0.04 mol $ when t h e  so lu t ion  w a s  48 hours o ld .  

concentration diminished w i t h  age t o  a constant  value of 0,009 mol $ a t  

96 hours.  

various t i m e  l n t e r v a l s  a f t e r  the  preparat ion of the s o l u t i o n s ,  

recorded f o r  so lu t ion  i n j e c t e d  d i r e c t l y  and f o r  solution reacted for 4 min, 
t h e  pcriod which gave the  nzaximum y i e ld  of cyclohexyl iodide.  

The c h a r a c t e r i s t i c s  of t h e  peak produced by t h i s  com- 

A res idence t i m e  of 

A t  t he  sane t i m e ,  another new 

A f t e r  t h a t ,  t h e  

Table 1 shows t h e  gas chromatographic d a t a  obtained a t  t h e  

Data are 

P 

. 



* 1 x ' f  

Table 1. Concentration of Components Produced by t h e  Reaction of Cyclohexane with Iodine 
G a s  Chromatcgraphic Determination 

Concentration of Iodine,  0.84 mol $ 

Component Cyel ohexyl Iodide Compound 
BP 125"C, mol % m o l  $ BP 210°C, mol $ 

Sistory of  Smple  - 
4 min Direc t  4 min Direc t  4 min -7 airect 

I n j e c t  ion at 6 0 ~  "F I n j e c t i o n  a t  600 OF In5 e c t i  on a t  600 "F - 
Fresh s o l u t i o n  a .72 0 -14 0.006 0 e 018 Not found Not found 

Age - 24 h m  L -72 0 -93 0.001 0 023 l?  

&e - 46 hrs 3 052 0 A3 0 0 005 0 -036 
Age - 72 hrs 4.48 0.74 0.003 0.009 

Age - 96 h r s  4.60 0~86 0.001 0 e 009 

11 

11 11 

1 1  11 

1 1  11 

Heated i n  sea l ed  
quartz c e l l  t o  
60O0F and 300 psis Not found - 0.10 - 0.70 - 

w 
\i, 



40 

The benzene w a s  found t o  be 99.5% pure; t h e  major impurity w a s  to luene .  

Chromatograms of thebenzene-iodine so lu t ion  recorded under t h e  same con- 

d i t i ons  as that  of the cyclohexane-iodine so lu t ions  d id  not show any com- 

ponents t h a t  d id  not appear i n  t h e  benzene a lone .  

Spectrophotometry 

In t h e  absence of solvents ,  iodine vapor y ie lded  a very complex band 

spec t r a  with a maximum absorbance a t  501 w. 
benzene, cyclohexane, and carbon t e t r a c h l o r i d e ,  w a s  present  the maximum 

w a s  s h i f t e d  t o  510 mp and t h e  f i n e  s t r u c t u r e  of t h e  s p e c t r a  was modified. 

However, t he  absorpt ion spec t r a  were q u a l i t a t i v e l y  i d e n t i c a l  i n  t h e  presence 

of e i t h e r  of t h e  th ree  so lven t s .  None of t h e  so lvents  exhib i ted  absorpt ion 

spec t ra  i n  t h e  region of t h e  iodine maxima and poss ib le  r eac t ion  products 

which should have absorbed i n  the  u l t r a v i o l e t  were masked by t h e  so lvent  

vapor - 

When any one of t h e  so lvents ,  

I n i t i a l  addi t ions  of iodine so lu t ion  t o  t h e  ampoules were made with 

a Hamilton syr inge ,  

unknown) and a metal plunger (ma te r i a l  unknown). 

obtained after some of t h e  in j ec t ions  of uncomplexed so lu t ions  (cyclo-  

hexane and carbon t e t r a c h l o r i d e )  w a s  found t o  be s u b s t a n t i a l l y  lower than  

t h a t  obtained after i n j e c t i o n  of t he  benzene so lu t ions  i n  which an iodine-  

benzene complex e x i s t s ,  Therefore, l a t e r  samples were made by weighed 

addi t ions  from an a l l - g l a s s  c a p i l l a r y  dropper. Ampoules f i l l e d  from t h e  

g l a s s  dropper y i e lded  s u b s t a n t i a l l y  i d e n t i c a l  spec t r a  a t  300°F. 
of iodine i n  cyclohexane, measured spectrophotometr ical ly  i n  t h e  l i q u i d  

phase, were found t o  be unchanged a f t e r  a one-hour contact  with s t a i n l e s s  

s t e e l  wool ( type  unknown) T t  t he re fo re  appears that  t h e  iodine may have 

reac ted  w i t h  t h e  metal plunger of  t he  syr inge r a t h e r  than the needle .  

This syr inge u t i l i z e s  a s t a i n l e s s  s t e e l  needle ( type  

The absorbance of iod ine  

Solut ions 

Absorbance da,ta f o r  iodine vapor a t  300°F a r e  given i n  Table 2.  

The abeorbance of iodine i n  the presence of e i t h e r  benzene or cyclo- 

hexane w a s  e s s e n t i a l l y  eonetxint for a period of hours when t h e  vapors were 

held a t  300'F. When t h e  temperatizre of cyclohexane-iodine vapors w a s  i n -  

creased the 'Lodine colejr faded r ap id ly  when the temperature reached about 

:LJO"F t o  ySeId c o i o r ~ . e s s  vt~pors ai ~CIO'F. 

cycIolriExane-iodine so lx t ion  t o  yiF.ld.  a pressure of 300 psis was heated t o  

~n mpoule containing s u f f i c i e n t  

. 
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Table 2. Absorbance of t he  Vapors of Iodine and Solvent a t  
51U mp a t  a Temperature of 300°F 

Solut ion OD Cell w t .  of 
Volume, ml 12, mg 

OD/mg / rn l  

I2 - CC14 2.34 0.198 0 *221 2.44 

2 .LO 0.200 0 219 2.21 

2.03 0 0 200 0.201 2 "12 

2 -24 0.200 o .186 2,08 

(1) 
'2 - C6H6(2) 
'2 - '6'6 (1) 

(2) 
'2 - '6'12 

2'.30 0.200 0.168 2.49 T2 - '6'12 
~- 

(1) Hypodermic syringe w i t h  s t a i n l e s s  s t e e l  needle used 

(2 )  All-glass  c a p i l l a r y  dropper used t o  measure sample. 

t o  measure sample. 

600"~ and produced a color less  l i q u i d  with a pale yellow s o l i d .  

t i o n  w a s  examined gas chromatographically and r e s u l t s  are included i n  

Table 1. 

The solu-  

When the  benzene-iodine vapors were heated from 300 t o  600"~ t h e  

iodine absorbance decreased approximately 6s and continued t o  decrease a t  

t h e  r a t e  of 6% per hour when the  temperature w a s  maintained a t  600~~. 
ampoui e was inadvertent ly  overheated t o  about 800"~. 

t he  iodine color  was discharged. 

One 

Approximately 75s of 

Discussion and Conclusion 

Since the gas chromatograhic technique docs not o f f e r  a d i r e c t  measure- 

ment of t h e  iodine concentration, t he  spectrophotometeric r e s u l t s  are con- 

sidered t o  be the  most r e l evan t ,  Also i n  the gas chromatographic measure- 

ment some weakly bound iodine compounds could have been decomposed by 

reac t ion  with the  s t a i n l e s s  steel waLIs of t he  f l a s h  vaporizer o r  with the  

column packing, 

The spectrophotometric results a r e  r e l a t i v e l y  imprecise f o r  severa l  

reasons. Firstly, the  absorbancies measured are r e l a t i v e l y  l o w  and, w i t h  

somc; uncer ta in t ies  i n  the estimatrion of the base l ine ,  e r r o r s  of s e v e r a l  



per cent  are introduced. 

unce r t a in t i e s  i n  t h e  o p t i c a l  path when s m a l l  c y l i n d r i c a l  c e l l s  a r e  used so 
t h a t  t h e  ove ra l l  photometric e r r o r  may be as high as lo$* To t h i s  must be 

added the  e r r o r s  inherent  i n  t h e  experimental d i f f i c u l t i e s  of s ea l ing  such 

small volumes of l i q u i d s  i n  t h e  ampoules. Accordingly, t h e  absorbance 

data f o r  a l l  so lvents  (Table 2 )  i s  considered equivalent  wi th in  experi-  

mental e r r o r .  Conversely, changes i n  the  concentrat ion of iodine i n  a 

p a r t i c u l a r  ampoule can be measured w i t h  reasonable prec is ion .  

t h e  r a t e  of decrease i n  iodine absorbance i n  benzene a t  600'~ w a s  measured 

with an e r r o r  of only about one per  cent .  

Additional e r r o r s  a r e  introduced as a r e s u l t  of 

For example, 

Since i d e n t i c a l l y  shaped absorpt ion spec t r a  were obtained w i t h  t h r e e  

d iverse  solvents  it i s  reasonable t o  conclude t h a t  t h e  observed spec t r a  

correspond t o  f r e e  iodine,  and t h a t  t h e  d i f fe rences  between these  spec t r a  

and t h e  spectrum of iodine alone r e s u l t  from t h e  pressure of t h e  so lvent  

molecules a c t i n g  as an i n e r t  fore ign  gas .  Two consul tan ts ,  L o  B. Rogers 

and P. H.  Emnett, concur with t h i s  i n t e r p r e t a t i o n  of t h e  da t a .  

Both t h e  spectrophotometric and gas chromstographic data ind ica t e  t h a t  

a negl ig ib le  proportion of t h e  iodine (< 10%) i s  combined with the  so lvents  

a t  300°F. A t  6000~ t h e  benzene-iodine mixtures a r e  s t i l l  r e l a t i v e l y  

s t a b l e  while t he  cyclohexane-iodine mixtures r e a c t  r ap id ly  and completely. 

Fragmentary data a l s o  ind ica t e  t h a t  the pi-bonding of benzene may tend  t o  

s t a b i l i z e  so lu t ions  p r i o r  t o  vaporizat ion.  

It w a s  necessary t o  car ry  out t h e  a n a l y t i c a l  experiments under condi- 

t i ons  somewhat d i f f e ren t  than those found i n  t h e  t e s t  loop. 

t h e  a n a l y t i c a l  t e s t s  were performed a t  higher  p a r t i a l  pressures  than those  

within t h e  loop.  These higher  pressures  would, on the b a s i s  of t he  l a w  of 

mass actioD, tend t o  y i e l d  an increase  i n  compound formation. 

c a t a l y t i c  e f f e c t s  from mater ia l s  i n  t h e  loop were outs ide t h e  scope of t h i s  

study and were not inves t iga ted .  

In  general ,  

Possible  

Diffusion tube experiments on t h e  loop gases ( I  and benzene), c a r r i e d  2 
out e a r x i e r  by W. E. Browning, can be i n t e r p r e t e d  as ind ica t ive  of t h e  forma- 
t i o n  of a loose ly  bound iodine compound. E. B. Rogers has suggested t h a t  

s ince  benzene forms pi-bonded ccmpounds with s i l v e r  salts ,  t h e  benzene may 

have been chemisorbed on t h e  surfacs  of t h e  s i l v e r  d i f fus ion  tube and thus 

i rh5~b i t cd  t h e  sf3Sorpt,-lon of iodine, ,  Both W o  E.  Browning and P. E. Emmett 

r 

. 
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agree t h a t  t h i s  could y i e l d  the  observed d i f fus ion  tube r e s u l t s ,  and f ee l  

mat,  i f  so, adsorpt ion of t h e  solvent  vapors could a l s o  modify t h e  r e s u l t s  

of t h e  loop experiment. 

It. ts therefore  concluded t h a t  benzene i s  the  superior  solvent  f o r  

the in t roduct ion  of uncombined iodine t o  t h e  system, but  t h a t  sur face  

e f f e c t s  o f  the  solvent  could modify t h e  loop results. An a l t e r n a t e  tech-  

nique of introducing the  iodine as vapor i n  helium i s  to be recommended. 
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