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ABSTRACT

An experimental single-ftube evaporator

was evaluated for low-holdup evaporation
of uranyl nitrate soluticns. Control of
evaporation was adeguate at high percentage
evaporation, but entrainment was excesgsive.

External Distribution according to
TID-4500 (10th Ed.)




No. of Coples

DP - 141

INTERNAL DISTRIBUTION

(5)
(1)
(1)

R

(1)

I L ) =

(1)

SN I

=
S

'AEC, SROO

R. M. Evans -

B.
J.
J.
H.
V.

H.

Mackey

Aiken, S. C.

Wilmington AED

Eo COle - Ml Ho Smith _—
B. Tinker
Worthington

R.

Thayer

"W File

S’

dJde.
W.
L.
L.
J.

I.

A.
P.
C.
S.
K.

Winde

Monier, Jr.

Overbeck
Peery
Danser
Lower

PRD File

M,
W.
J.

.

Q=G AE

E.

TIS F

H.
M.
W.
P.
I.

L] NC

0.
E.
S.
Se

Englineering Department

Savannah River Plant
n

Wwahl - C. W. J. Wende -

Heston
Morris -
Bebbington
Martens
Parkes
Morrlson
Winsche
Nichols -
Occhipinti
le

Savannah River Laboratory

TIS File Record Copy !

T. H. Pigford

Massachusetts Institute of
Technology



TABLE OF CONTENTS

LIST OF FIGURES AND TABLES
INTRODUCTION
SUMMARY
DISCUSSION
Description
Equipment
Experimental Procedure
Instrumentation
Operation with Manual Control
Operation with Instrument Control
Control
Correlation of Data
Entrainment
Calculations

BIBLIOGRAPHY

" APPENDIX

Page

Sy Oy OO a1 U n

o OG-

(]
n

—
W



Figure

O OO0 =W D

Table

IT
11T

LIST OF FIGURES AND TABLES

Correlation of Data on Laboratory-Scale Evaporator
Entrainment Losses - Arithmetic Plog

Entrainment Losses - Semilogarithmic Plot

Pipe Evaporator Design Curves

Instrumentation

Feed Tank and Pipe Evaporator Details

Separator Details

Condensger Detalls

Flowsheet

Manual Operation
Operation with Instrumentation
Filuid Plows and Uranium Concentraticns

Page

16
17
18
19
20
21
22
23
2k

25
26
27




AN_EXPERTMENTAL SINGLE-TUBE EVAPORATOR

INTRODUCTION

An evaporator consisting of a single run of steam-jacketed
pipe was selected for study on the basis that such an evaporator
would contain a minimum amount of hot liquid and that it would have
greater mechanical strength than any other type of evaporator. 1In
the pipe type of evaporator, the solution is fed into one end of the
pipe and a mixture of liquid and vapor is discharged from the other
end to a separator.

. The present study was undertaken on = laboratory scale to
determine how well such a pipe evaporator can be controlled and how
much of the solute is entrained 1in the effluent vapor.

SUMMARY

A laboratory-scale pipe evaporator was used to concentrate
dilute solutions of uranyl nitrate. The over-azll heat transfer coef-
flclent was approximately 760 Btu/hr-frt2-°F,

At 98 per cent evaporation the uranium entrainment was T
per cent of the total uranium fed to the evaporator. This entralnment
is excessive, and will require a satisfactory solution of separator
details before application to plant problems will be successful.

A unit capable of handling 1000 pounds of solution per hour
would requlre approximately eighty feet of 1-1/2 inch stalnless steel
pipe.

DISCUSSION

DESCRIPTION

Equipment

_ The experimental system that was installed at the TNX Labo-
ratory consisted of a feed tank, a plpe evaporator, a separator, and
a condenser. The design of the eva o;ator was based on an analysis
of mixed phase flow through a duct.'? The mailn evaporator unit was
a coil of 14.5 feet of 3/8-inch Type 304 stalnless steel tubing. The
coll was enclosed in a steam jacket made of a 5-foot length of A—inqh
~steel pipe (Figure 6). The auxiliary equipment included an 8 x 36~
inch stainless steel feed tank, a 4 x 8-inch stainless steel sepa-
rator, and a condenser with 60 feet or 3/8-inch stalnless tublng in a
4-inch x 5-foot shell. (Figures 6 through g).

Experlmental Procedure

The operating procedure congisted of pressurizing the feed
tank to 25 psig with air and feeding the liguld to the pipe evaporator
through a restricting orifice. This procedure partially divorced the
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feed rate from fluctuations in evaporator pressure. Steam pressure
on the jacket was controlled elther manually or by instruments to
maintain a constant temperature of the mixture of liquid and vapor
product. The ligquld was removed from the mixture by a cyclone sepa-
rator, and was collected in the concentrate receiver. The vapor was
condensed and the condensate was collected in a 55-galion drum. The
flowsheet is shown on Figure 9.

Instrumentation

Automatic control was accomplished by the pressure - temper-
ature cascade control shown in Figure 5. This system consisted of a
temperature controller, a temperature transmitter with an iron-
constantan thermocouple as the measuring element for the temperature
of the exit stream, a pressure recorder, a pressure transmitter, and
an alr-teo-open motor valve 1n the steam supply line.

OQPERATION WITH MANUAL CONTROL

When the fraction oi feed that was evaporated was less than
90 per cent, the plpe evaporator was controlled manually, i.e. with
a fixed steam pressure, without difficulty. Initial runs were per-
formed using process water as feed, and the degree of vaporization
was varlied by changing the steam pressure 1n the jacket. The results
of the initial runs are presented in Table I and the composite data
from each run are shown in Figure 1. These early results are in
agreement with the later results except where the fraction evaporated
approached 1.0.

OPERATION WITH INSTRUMENT CONTROL

Control

The boiling point elevatlion that occurred while uranyl
nitrate solutions were being concentrated was sufficient to provide a
control function. This control function was transmitted to a variable
set point of the steam pressure controller; the output from the steam
pressure contrcller operated the steam supply valve. Temperature
deviations of = 1°C¢ at{ 104°C and steam pressure deviations of + 0.5
psl were observed.

The long connection between the evaporator discharge and
the separator, plus the small scale of operation, resulted in large
heat losses. The product concentration was therefore always con-
siderably less than the concentration that would be indicated by
the boiling point of the solution. Holdup in the piping probably
contributed to a poor material balance for uranyl nitrate.

Cerrelation of Data

The results of the evaporator tests while operating on
instruments are tabulated in Table II. Each run lasted about thirty
minutes and used about a half-tank of feed. The steam pressure and
the feed pressure were averaged over each run {(Cclumns 2 and 3). The

-6 -




product flows corresponding to these runs are tabulated in Takble III.

The mean value for U_, the over-all heat transfer coef-
Ticient for the evaporator, waS 761 Btu/hr-£t2-°F. The calculated
values of U_ for each run are listed in Table IT, and cover a com-
paratively Rarrow range between 707 and 838 Btu/hr-rt2-°F.

S The flows and pressures in the plpe evapérator are correlated
by Equation 1, derivation for which is given in the Appendix.

(PP, - 1/2 P2)(1/W") = Kx" + ¢ | (1)

Where W = feed rate, 1b/hr

X = fraction of feed evaporated

F. = steam pressure, psig

P = feed pressure, psig

K = proportionality constant
Equation 1 is plotted in Figure 1, using a value of n = 3.

The resulting correlation ls linear, with K = 0.0147 and C = 0.0009.
Evaporators for higher capacities were estimated with the aid of this
relationship (Figure 4).

Entrainment

The exit streams showed an undesirably high entrainment of
uranium in the overhead vapor. Table III contains analyses of the
exit streams and losses of the uranium to the condensate. The uranium
loss to the condensate is shown in Filgure 2 as a function of the
percentage of evaporation. 1In Figure 3, this uranium loss is shown
as a straight line function of the log of the fraction not evaporated
(i.e. fractlon of concentrate). Extrapolation of the curve indlcates
that for required vaporizations (99.2 per cent) an excessive entrain-
ment of 8 to 10 per cent of the uranium can be expected with the
present equipment.

The excessive entralnment problem could be improved by the
methods outlined in the following table, but the magnitude of the
improvements 1s not known except for series evaporation. If two
evaporators were operated in series with concentrate recycled from
the second cycle to the first, losses would be reduced to 0.1 per
cent or DF = 1000 at 85 per cent vaporization. The other proposals
require experimental development.



METHODS CF REDUCING LOSSES

Description Design Data Reqguired
Series operation Present information satisfactory
Improved entrainment No successful solution known except
separators to usge fine-mesh filters where the

pressure drops will be limiting

Partial condensation If ccondensation occurs on existing
drops this method would be helpful,
but condensation probably occurs at
the condenser wall.

CALCULATLONS®

1. Evaluaticn of

PP - 1/2 P2
5 O C and x3

W3
Sample data are taken from Run 31, Tables II and IIT.

P

s = 29 psig

P = 16 psig

Feed Rate = 274 cc/min
Concentrate Rate = 76.3 cc/min

W= 2745 50) _ 36.% 1b/hr

PP, - 1/2 P2 (29)(16) - 1/2 (16)(16)
= = 7.05
w? (36.3)°

27h-76.3
—oTr 0.722

il
I

x> = 0.376

2.. Losszes - also calculated for Run 51, Table III
% U Loss 1n overhead condensate

(condensate concentration)(fraction evaporated)(100)
(feed concentration)

L068) (0.
. [0:068)(0.722) (100) _ 5 5

¥ Nomenclature is listed in the Appendix.
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3. Calculation of Uo

Data from Run 45, Table II

P = 32 psig = 46.7 psia

P, = 16.5 psig = 31.2 psia

W = 34.7 1b/hr

x = 0,8% 1b evap./1b feed

Assumptions

(1) Vapor produced is saturated steam (no boiling

. point rise).

(2) Feed enters at TO0°F.

(3) For purposes of calculating At,, the feed inlet
temperature 1s assumed to be tge saturation
temperature ccorresponding to the feed pressure,
PO-

From the capacity equation,

q = UOAAtm

Where

q = heat transferred, Btu/hr

U, = over-all heat transfer ccefflclent, Btu/hr-ft2-°F

A = heat transfer area, ft2

At = log mean temperature difference, OF

For 8% per cent vaporization,

'-Q -
!

W(l-x)(H: - Ha) + W(x)(H, - Hz)

liquld throughput, 34.7 1lb/hr
fraction of liquid evaporated, 0.83

enthalpy of saturated liquid (water) at 212°F,
180 Btu/1b (The correction of boiling point ele-
vation by the salts has been neglected.)

enthalpy of inlet feed at T70°F, 38 Btu/lb

enthalpy of exlt steam vapor at atmospheric
pressure, 1150 Btu/1b

-9 -



q = 34.7(0.17)(180-38) + %4.7(0.83)(1150-38)
= (5.9)(142) + 28.8 (1112) = 32,900 Btu/hr

t_, = temperature of saturated steam at PS of 46.7
psia = 267.7°F

ti = temperature of saturated liquid at PO of 31.2
psia = 252.5°F

tf = temperature of exlt mixture of liquld and vapor at
14.7 psia = 212°F

_ (267.7 - 212) - (267.7 - 252.5) _
Aty = 267.7 - 212 = 41.2°F

N serr— 25575
A = 7nDL
Where
D = 0.0231 £t for 3/8-inch tube
L = 1l4.5 ft
A = (3.14%)(0.0231)(14.5) = 1.05 rt2
U = qa _ 32,900

0 AAtm (1.057(01.2)

U, = 760 Btu/hr-ft2-°F

Y., Deslgn Calculations

Equation 6 in the Appendix was derived by treating the pipe
diameter as a varlable. Since only one pipe diameter was investi-
gated, the pipe diameter was treated as a constant in the calculations
and included with the constant coefficient. Design calculations wiil
have less uncertainty if the mass veloclty used is near those of the
experimental conditions.

A pipe evaporator deslgned to evaporate 2000 1b/hr at 85
per cent evaporation requires a feed supply pressure of 20 psig to
obtain sufficient agitation. The mass velocity of experimental con-
ditions is used.

Total feed rate, W =-%9§% = 2350 1b/hr

From Table II the feed rate, W, for 85 per cent evaporation
is about 35 1b/hr. At equivalent mass veloeity the diameter of the
proposed evaporator is:

_ W

I
erj
—
N
i

T
o
1/2
D _ (2350 N
> = ( <5 ) 8.20

-10-




D, = 0.0231 £t (3/8-inc¢h tube)
D = (0.0231)(8.20) = 0.189 ft or 2.28 inches
The steam pressure is computed from Figure 1.

x = 0.85 ‘

x% = 0.62

PP - 1/2 p2

5 © % = 0.0099 from Figure 1

w3

(Pg)(20) - 1/2 (20)(20) = (0.0099)(35)2
525 4 200 |

PS = 528 = 31.3 psig

The experimental flow rate was used to compute the steam
pressure because Flgure 1 was computed from the experimental con-
dition by assuming that the pipe diameter was constant and equal to
3/8-1nch diameter tube.

The length of pipe Is computed from the heat transfer
requirement.

q = W(l-x)(Hy - Hz) + W(x)(H, - Hp)

Where - : -

W = liquid throughput, 2350 ib/hr

x = fraction of liquid evaporated, 0.85

Hi = enthalpy of saturated liquid (water at 212°F,

180 Btu/1b
Hz = enthalpy of inlet feed at 70°F, 38 Btu/ib
H_ = enthalpy of exlt steam vapor at atmospheric

pressure, 1150 Btu/lb ,
qa = (2350)(0.15)(180-38) + (2350)(0.85)(1150-38)
= (2350)(967) = 2.27 x 10 Btu/hr

ts = temperature of saturated steam at PS = 31.3 psilg
= 274.4%p

ti = temperature of saturated liquid at PO = 20 psig
= 258.8°F

tf = temperature of exit mixture at atmospheric
pressure = 212°F

_ (e7h.4 - 212) - (2744 - 258.8) .
Aty = T (2785 = 217] = 33.7°F
(273. 4= 258.87

-11-




From the capacity equation,

g = UOAAtm
g = heat transferred = 2.27 x 10° Btu/hr
L4 = pipe area, ft2

Atm = log mean temperature difference, °F

U_. = over-all heat transfer coefficient, 760 Btu/hr-

°  £t2-°F
_2.27 x 105 -
A = [EE.TTe0) T 0T I
A = wDL

(88
L - {eibiresy = Mo

The limlits of rellability of thils design were not es-
tablished. Extensglon of Eqguation 1 te flow in the viscous region
would be questionable since all the data were taken with the Reynold's
numbers well intoc the turbulent reglon. Equaticon 1 would also be in-
accurate at high steam temperatures where a different mode of boiling
1s expected to occur. The Reynold's number for this design is
4 47 x 10° and 1s calculated as follows:

_ hw
Re_'TT—LL-D-

_ (%) (2000) - 5
Re = 710, 0302)(0.189) = +-*7 x 10
Where
W = viscoslty of water vapor

= 0.0302 1b/(ft)(hr) at 212°F

Reynold's numbers above 2000 are considered to be in the turbulent
region.

Wy A,

G. S. Nichols

Cﬁﬁ&ama’,*/-cjkx9444557

E. S. Occhipinti
Separations Technology Division
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APPENDIX

BASIS FOR (P_P_-1/2 P2)(1/W®) = Kx® (1a)

Pipe evaporator mathematics are evolved from simultaneous
sclution of the mass flow and the heat flow equations. The relation-
ship between pressure drop and mass flow for two-phase flow ig given
by Equations 2a and 2b. (Reference 1)

dp Lfpv=g2 -
(HE) - 2Dg, (2a)

or by simplifying

2v2M2 :
(3) - = (#)
where |

(dP/dL) = pressure drop per unit length of pipe for mixed
phase flow, p51/ft

p = density of vapor phase, 1b/ft3
f = fanning friction factor for vapor phase
V = linear velocity of vapor phase, ft/sec
D = pipe diameter, ft
W = total flow rate, 1b/hr
X = fraction evaporated
g = gravitation-constant, ft/sec?2

= correction factor for mixed phase flow whilch can be

approximated by the function 2 = “4°22X + 1.76

(Taken from Reference 1)
ki = numerical constant containing Bor P5 T, f', etc.

The heat flow equation for conduction through the walls of
the pipe evaporator is given by Equation 3.

Widx = mDU_AT_ (av) - (3)
where
A = Enthalpy difference between vapor and liquid
UO = over-all heat transfer coefficient
AT, = mean temperature driving force for heat transfer

~1%-



Equatlons 2 and 3 are combilned by the elimination of dL, and
the analytical solutlon is possible when simplifying assumptions are
made for U _ and AT .

e m
The heat transfer coefficient, UO, could be represented as N

a function of the Reynold's number, but the range of experimental data
did not justify the additional constants and UO was assumed to be
constant. :

The temperature driving force, ATm, was approximated by

Equation % which represents a linear relation between temperature and
pressure over a narrow range of both. (An exact approach would be to

Fo
leave AT = ATm and graphically integrate the expression j” ATAP where
O

the inlet pressure is PO and the outlet pressure 1s zero.

AT, = 1.53 (P-P) (%)
where

PS = gteam pressure, psig

P = evaporator pressure at the point where x is the

fraction evaporated, psig
The number -1.53 is carried through the derivation as ko

Equation 5 is the final differential equation with numerical
coefficients represented by kn.

O -
o w3 D s Kg X
(P—PS) 4P = ks oF x2(1 + kae Yax (5)
0 e
where 2\
ka = K1
8 T2l
K, = e1.76
kg = -4.22

The numerical values assigned to kg, ks, and kg are theo-
retical and not necessarily the values that will be determined by
experiment. Actually the consistency of the experimental data dces
not justify the use of three arbitrary constants and Equation & was
found Just as acceptable.

i




P

0
o 3

(P-P_)ap = K‘g-s f x2dx
X

Upon integration Equation 6 becomes Equation 1 _
(P Py - 1/2 PZ)(D°/W?) = kx® + C (1)

which represents a usable correlating equation for the experimental
data.

-15-
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FIGURE 4
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TABLE T

MANUAL OPERATION

INLET FEED FRACTION
STEAM PRESSURE PRESSURE THRCUGHPUT - EVAPQRATED -
P.» Psig P, psig W, 1b/hr x
£1.0 17.0 31.4 0.991%
38.0 17.0 z1.3 (0.G968
40.5 17.0 ‘ 30.5 G.9989
40.0 17.0 30.6 0.9995
21.0 15.5 3.5 0.8
20.0 15.5 35.3 0.75
30.5 15.5 38.3 0.78
29.5 15.0 36. 2 0.81
30.2 15.5 33.3 0.85 .
30.4 15.5 - 36,7 0.82
34.0 17.5 30.9 0.977
5.0 17.5 31.0 0.959
35.0 17.5 : 0.6 0.962
%6.0 17.0 30.5 0.971
23,0 16.8 31.0 0.952
53%.0 16.7 20.9 0.943
26.2 15.0 %8.3% 0.65
26.0 4.6 . 38.0 0.67
26.0 14.6 %7.6 0.68
26.0 14.6 25.7 0.71
26.0 14.7 37.2 0.69G
5.8 23.0 39.7% 0.935
Ly, o 2%.0 41.1 0.911
" 45.5 23.0 39.9 0.928
42,0 22.6 39,2 0.88
37,0 20.8 7.2 0.61
%5.0 20.9 47,2 0.62
35,5 20.8 7.2 C.64
Z4.8 20.5 br.7 0.59 °
35.3 21.0 b7 0.66
55 23.8 40.5 1.00
5% 24,0 ‘ 35.1 1.00
52.2 24.0 36.7 1.00
51.2 24,2 7.7 1.00
-25-




TABLE IT

OPERATION WITH INSTRUMENTATION

RUN STEAM INLET FEED THROUGHPUT FRACTION (PSPO—l/E P2)

PRESSURE PRESSURE W, 1b/hr  EVAPORATED, £ x 100

Py (Avg) P, (Avg), w3

psig psig X x3 U
z1l 29.0 16.0 56,3 0.72 0.71 0.38 778
32 %1.0 16.0 34,3 0.84 0.91 0.58 771
%3 31.0 16.3 2%.8 0.81 0.96 0.53 T4y
3l 31.0 16.3 35.3% 0.80 0.85 0.51 766
Z5 36.0 17.0 22.7 0.964 1.34 0.90 726
36 36.0 16.5 32.3 0.961 1.%6 0.89 707
27 35.5 17.% 22.3 0.962 1.38 0.89 T34
38  36.8 17.5 32.3 0.975 1.46 0.93 719
39 37.2 17.3 32.3 0.978 1.46 0.9% 709
Lo 37.6 17.5 32.3 0.983 1.49 0.95 710
b1 31.8 16.5 24,9 0.83% 0.91 .97 770
Le  28.8 16.0 37.5 0.75 0.6% 0.41 838
W 28.9 15.8 37.5 0.73 0.63 0.39 811
45 32,0 16.5 2,7 0.83 0.94 0.58 760
Lg 32,0 16.5 34,5 0.84 0.95 0.59 765
L7 33,0 16.5 33,3 ¢.89 1.11 0.71 748
4§ 31.5 16.5 34,2 0.84 0.96 0.59 770
50 32.3 16.5 z4.2 0.87 0.99 0.65 775
51 32.5 17.0 3.2 0.88 1.02 C.63 789
52 32.3 17.5 35.1 0.86 0.95 0.564 798
54 24,3 14,0 4p,1 0.53 0.32 0.146 808
55 24,0 1%.1 hp.2 0.51 0.30 0.131 761
56 24,3 13.5 41.5 0.53 0.33 0.152 776
57 36.6 18.0 2.7 0.962 1.42 0.89 736
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TABLE IIT

FLUID FLOWS AND URANIUM CONCENTRATIONS

RUN FEED PRODUCT FRACTION - URANTUM TFEED PRODUCT OVERHEAD PER CENT

NO RATE, RATE, EVAPORATED, MATERIAL ANALYSIS, ANALYSIS, VAPOR URANIUM
cc/min c¢e/min X gggAggE% gm U/liter gm U/liter §§A335£§ér %iggRIN
31 274 76.3 .72 105 2.11 7.75 0.068 2.31
%2 260 42.8 0.84 95 2.05 11.8 0.073% 2.95
3% 256 48.8 0.81 118 1.60 9.57 0.087 4, 38
34 267 Hi.2 0.80 95 . 2.05 9.35 0.082 4. 23
25 248 8.95 0.964 g0 1.65 39.1 0.077 .48
36 245 9.62 0.961 84 2.20 43.8 0.139 6£.08
37 245 9.32 0.962 92 2.01 45.5 0.129 6.18
38 245 6.06 0.975 83 2.09 E4.0 0.131 6.10
59 245 5.40 0.978 76 1.91 60.3 ¢.125 6.42
Lo 245 4,21 0.983 60 1.46 45.6 0.109 7.38
41 264 45,7 0.83 g2 C.39 2.05 0.016 3.40
L2 284 T72.3 0.75 g2 0.12 0.43 0.0032 2.03
4=z 284 75.9 0;73 76 0.321 0.86 0.0072 1.65
45 262 L=, 7 0.83 86 0.39 1.50 0.017 3.75
L6 261 41,7 0.84 129 0.41 3,22 0.015 %.05
Y7o o252 27.6 0.89 95 1.93 16.0 0.092 5.53
4 260 42.3 0.84 g2 1.65 g.1% 0.075 277
50 260 34,56 c.87 113 1.58 13.2 0.071 %.19
51 260 %0.8 0.88 103 1.77 14.9 0.049 2.45
52 266 36.5 0.86 101 1.67 11.8 0.046 2.38
54 319 151 0.5% 48 1.98 L.75 0.047 1.25
55 320 158 0.51 103 1.78 5,66 0.035 1.00
56 315 147 0.53 101 1.g92 4,08 0.030 0.84
57 248 g, 42 0.962 by 1.98 17.0 0.125 6.07
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