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ABSTRACT

Approximatety 140 miZZion Ziters of soZid saZt cake
(ma€n Zy NaN03),

produced by

evaporation

of aged,

aZkaZine

high-ZeveZ Ziquid ·wastes, wiZZ be stored in underground
tanks when the present Hanford Waste Management Program is
At this time aZso, Zarge
compZeted in the earfy 1980's.

voZumes of various other soZid radioactive wastes--sZudges,

excavated Pu-contaminated soiT, and doubZy encapsuZated
137CsCZ and 9ISPF2--wiZZ be stored on the Hanford ReservaAZZ theee soZEd wastes can be converted to immob€Ze
tinn.
s€Zicate and aZuminos€Zicate gZasses of low water Zeachab€Zity by meZting them at 11000 to 14000 C with appropriate
amounts Of basatt (or sand) and other gZass-farmers such as
Reviewed in this paper are formuZations and
8203 or CaO.

other meZt,conditions used successfuZZy in batch tests to
make glasses from actuaZ and synthetic wastes; Zeachab€Zity
and other properties of these gZasses show them to be
satisfactory vehicZes for immob€Zization of the Hanford
wastes.
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GLASS FORMS FOR IMMOBILIZATION OF
HANFORD WASTES
INTRODUCTION

,.

This paper, I believe you will find, represents a

distinct change of pace from those you have listened to
yesterday and this morning. Many of these preceding papers

have been concerned, and rightly so, with development and
testing of schemes and/or forms for immobilization of only
one type of radioactive waste, namely, the high-level waste
Stream resulting from Purex process recovery of fissile
materials from commercial power reactor fuels. Broadly,
speaking, this particular stream can be viewed as a small
volume of intensely radioactive waste of uniform composition, or nearly so, depending on slight variations in processing conditions.

The Hanford wastes, in contrast, consist of not one but
many different wastes of widely varying composition. Their

radionuclide contents range from a few microcuries per gram
to megacuries per gram. Most impressively, their collective
Volume is measured not in hundreds or even thousands of
liters but in millions of liters!
For some time now, we in the Research Department of the

Atlantic Richfield Hanford Company have been developing and
testing processes for conversion of the various Hanford
wastes to immobile silicate minerals and glasses. This
morning I want to tell you a little bit about our glassmaking activities.

2
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HANFORD WASTES--CLASSIFICATION AND DESCRIPTION

To better appreciate our glass-making activities, let
us digress a few minutes to consider the source and composiion of the various Hanford wastes.
Radioactive wastes have

accumulated at Hanford since 1944 when the first reactor
fuel was processed for plutonium recovery.

Over the last 30

years or so, high-level liquid acid wastes generated by the
Purex, Redox, and BiPO* processes have been made alkaline
and stored in some 151 underground storage tanks. '

In 1957 a program was undertaken and has progressed
through the years to insure safe containment of the highlevel waste.

This effort has culminated in the current

Hanford Waste ManageAent Program for high-level liquid
wastes.
The action plan for this program is shown in

Table I; program goals and bases on which this action plan
is formulated have been discussed by Campbell.[1]
TABLE I

CURRENT HANFORD HIGH-LEVEL LIQUID WASTE
MANAGEMENT PROGRAM
- ACTION
PLAN HIGH-HEAT WASTES

e
0

Remove long-lived heat emitters
90

90

Sr and

137

137

Sr (as SrF2) and
Cs (as CsCl)
for long-term storage on site.
Treat residual salts as low-heat wastes.
Encapsulate

LOW-HEAT WASTES

e

Vacuum evaporation--solidify to "salt cake."
Remove any free liquid.

e

CS.

Isolate tanks.

3
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The current Hanford high-level liquid radioactive waste

management program can be more clearly visualized with the
aid of the flow diagram shown in Figure

1.

Sludges and
alkaline supernatant liquid from self-boiling wastes stored

in underground tanks are being processed by ion exchange and
'
solvent extraction techniques to remove #95% of the 137 CS
and goSr.

["Sludges"

are the solids

(principally Fe203'xH20

which precipitated when the original acid wastes were made
alkaline.]
Subsequently, the resulting waste liquors are
solidified by vacuum evaporation and crystallization of the
residual sodium salts in the underground storage tanks.
Removal of 137 Cs and 90 Sr from the high-heat wastes prior to
solidification is necessary to prevent abnormally high
temperatures in the salt cakes.

Low-heat, nonboiling
137
Cs and 90 Sr
wastes, of course, do not require removal of
prior to solidification to salt cake. Although none are

presently being generated, self-boiling acid wastes from
Hanford Purex process operation are treated similarly except
that after removal of 137Cs and 'oSr, a three- to four-year
aging period is required to permit short-lived fission
products to decay before the residual salt waste can be
converted to solid salt cake.
Figure 2 is a photograph of salt cake laid down in one
of the underground tanks. When the current Hanford Waste

Management Program is eventually completed in the early
'80's some 140 million liters of salt cake will be stored in
the undergrund tanks. This material, as shown in Table II,
is essentially a mixture of NaN03' NaN02' Na2CO 3' NaA102,

and NaOH containing small amounts of long-lived 1 3 7Cs, 9 Sr,
and various other short-lived radioisotopes such as 106Rh,
60Co, and 125Sb. A metric. ton of salt cake contains, typically, only about 200 milligrams of long-lived (ti/2 125
The composition range shown in
years) radionuclides.
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Table II for salt cake is for air-dried material; in reality, salt cake may contain small amounts of alkaline mother
liquor.

TABLE II

ANTICIPATED (1980) SALT CAKE INVENTORY
AND COMPOSITION
Volume:
Tanks:

140 x 106 liters
73

-

Typical Composition Range (wt%)

Chemical
Na'NO

3

NaNO2

70-100
2-10

NaOH

0-5
0-5
2-10

NaA102
Na2C03
Other

Fe, S04, P04, etc.

1

Typical Radionuclides, Ci/liter
137 CS
90
Sr
239 PU

0.2

0.008
<10-4

In addition to the 140-odd million liters of salt cake,
large volumes of other solid radioactive wastes will also

have accumulated at the Hanford site by the early 1980's
(Table III). 'Of these other wastes, the sludges are particularly 'important because they contain substantial amounts

Of 'oSr, plutonium, and other actinides.

All the tanks

containing salt cake will also contain a 30- to 60-cm thick
layer of sludge on their bottoms.

Also, because of mixing

which occurs in pumping and vacuum crystallization operations, all the salt cake will likely be contaminated to some
extent, at least, with sludge.

7
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TABLE III

PRINCIPAL HANFORD SOLID HIGH-LEVEL WASTES
- ANTICIPATED 1980 INVENTORY Waste

Amount

Salt cake
Sludge
137

140 million liters
33 million liters
137

Cscl

90

Sr F 2

Pu-contaminated soil
from Z-9 Trench

.

CS
Megacuries
90
Sr
Megacuries

48 thousand liters

By 1980 also, present waste management plans envision
that megacuries Of 137 CsCl and 90 SrF 2, doubly encapsulated

either in stainless steel (CsCl) or in Hastelloy C and
stainless steel (SrF2), will be stored in water basins at
the Hanford site. This material represents radiocesium and

radiostrontium presently being removed from aged and current
Hanford wastes prior ta conversion to salt cake.
Between July 1955 and June 1962 plutonium-bearing
wastes from the Hanford Plutonium Reclamation Facility were
discharged· to the 216-Z-9 Enclosed Trench, a ground disposal

facility.

Waste solutions discharged to the ground were
partially neutralized salt wastes which at times contained
organic materials and undissolved solids that accumulated
during operations. The Z-9 system is now estimated[3] to
contain between 25 and 70 kilograms of plutonium. Plans to
remove the top 30-cm of the Z-9.Trench which contains the

bulk of the plutonium are being implemented.

The mined

contaminated soil will be placed in drums and safely stored
above ground pending further treatment and/or ultimate
storage.

The bar chart in Figure 3 further emphasizes the large
volume of the Hanford high-level wastes.
In the early

1980's some 175 million liters (#6 million ft3) of salt cake

1

i
-

8
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and sludge will be stored in underground tanks at Hanford.
This volume of waste is about 12 times the estimated

volume of all the solidified high-level waste from commercial fuels reprocessing which will be stored in a Retrievable Surface Storage Facility in the United States by the
year 2010.
GLASS FORMS AND PROCESSES

GLASS FROM SALT CAKE

Melt Formulations and Conditions
We have successfully incorporated all the various
wastes listed in Table III into silicate-based glasses.

Because its volume is so huge, not surprisingly the primary
thrust of our research has been directed to developing
technology for converting salt cake to satisfactorily immobile glass.

Our batch-scale experiments with both synthetic and
actual salt cake of the composition indicated in Table II
have culminated in tHe conceptual glass-making scheme indicated in Figure 4. This process envisions retrieval of the
bulk of the salt cake by dry-mining techniques. Following
preliminary drying, if necessary, the retrieved salt cake is
converted to

glass using either

a

"soda-lime" or

a "basalt"

formulation.

The basalt formulation employs Columbia River-type
basalt as a source of silica. Extensive deposits of this

basalt underlie the Hanford Reservation so that it is readily available as a raw material for large-scale glassmaking.

The chemical composition of typical Columbia River

basalt is shown in Table IV; physical properties of this
type of basalt have been determined by Krupka[3] and

RETRIEVED SALT

OFF-GAS

CAKE
NOX

1
DRY AT

' (02

100-1100C

H20

(OPTIONAL)

SO (7)
2'

<5% R A D I O Cs

FORMULATION, WT%

"BASALT" "SODA-LIME"
SALT CAKE

BASALT
8293

SAND
CaO

30-40
50-70
0-10

1 1 0 0-1 2 5 0°

--

- 40-50

' MELT

C
P

40-60

0

0-10

5. SILICATE GLASSES
-100% R A D I O S r
> 95% RA D I O Cs

(CONCENTRATION OF
OTHER.COMPONENTS
L I STE D I N TA BL E V)

6.
10 LONG-TERM STORAGE

"

>
FIGURE 4

CONCEPTUAL FLOWSHEET FOR CONVERTING HANFORD SALT CAKE TO GLASS
F
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TABLE IV

HANFORD BASALT--TYPICAL COMPOSITION
Wt%

Component
Si02

FeO·Fe203
A1203

,

52
14
13

Ca O'
Mg O

8
4

Na20

3

Ti02
K20

1.5

2. 5

We also note that
Leibowitz, Williams, and Chasanov.[4]
incorporation of radioactive waste material into melted

basalt was studied briefly earlier in Czechoslovakia by
Saidl and R lkova. Is]

Batch tests, described in detail in Reference 6, of the
basalt formulation with both simulated and actual salt cake
show that satisfactorily immobile glasses are obtained when

the process charge contains 30 to 40 wt% salt cake; leach
rates of glasses made from charges containing more than
about 40 wt% salt cake are inordinately high. Addition of
B203 to the basalt-salt cake mixture is beneficial, not only
to lower the melting range from about 1100°-1150° to 1000°-

1050° C but also to reduce volatilization of radiocesium to
5% or less of that in the salt cake.

The volume of the

glass obtained according to the flowsheet conditions of

Figure 4 is about equal to the volume of the salt cake in
the original charge.
Using the soda-lime formulation (Figure 4), charges
containing as much as 50 wt% salt cake can be successfully

converted to what are judged acceptable glasses for longterm storage. The volume of such glasses is 10 to 24% less
than the volume of salt cake in the original charge. Thus,

12
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costs of facilities and containers for safe, long-term

storage of soda-lime glasses would be less than for glasses
made with the basalt formulation.
Substitution of cheap CaO
for the more expensive 8203 also provides additional cost
savings.

For these reasons we currently favor the soda-lime

formulation over the basalt formulation for immobilization
of salt cake.

The off-gas from melting of mixtures of salt cake with
either basalt and B203 or sand and lime consists mainly of

NOx and C02 from decomposition of nitrate, nitrite, and
The off-gas will also contain water vapor
carbonate salts.
and, possibly, traces of S02. Not unexpectedly, some radiocesium also volatilizes when salt cake is converted to glass
at 1100°-1200° C. Our laboratory-scale tests suggest,

however, that of the order of 5%, or less, of the radiocesium will volatilize when salt cake is converted to glass in
a conventional continuous glass melter.

For example, only 1.3 to 4.7% of the 137Cs volatilized

when 100- to 150-g charges containing either 30 wt% salt
cake-60 wt% basalt-10 wt% 8203 or 50 wt% salt cake-40 wt%
sand-10 wt% 8203 were heated to 1100° C over an 0.5- to 3.5hr period.
From 6.3 to 7.6% of the 137Cs volatilized when

charges containing 50 wt% salt cake-45 wt% sand-10 wt% lime
were heated to 12000 C over an 0.5- to 3.5-hr period. The
lower volatility of cesium from charges containing 8203 is
in accord with results obtained in our earlier studies;[6]
Mukerji and Kanyal[7] state that a solid-state reaction
between CsNO) and 8203 occurs at temperatures as low as 130°
to 150° C. Other workers[al have also reported that titania

in glass mixes acts to decrease volatilization of 137CS.

In

our tests addition of small amounts of Ti02 (5 wt%) to the

soda-lime formulation decreased its melting point from about

ARH-SA-210
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1200° C to about 1000° C but did not decrease volatilization
of cesium.
Glass Compositions and Properties
The average compositions

of glasses made from

Hanford .

salt cake are listed in Table V. Also shown in Table·V is
the average composition[91 of nonradioactive, commercially
produced soda-lime glass.

As you can readily see, the

composition of the soda-lime-type glass made from salt cake
is quite similar to that of the commercial product; the
radioactive glass contains slightly more Na 20 and slightly

less silica than currently produced commercial soda-lime
glass.

Large quantities of soda-lime glass are made and

marketed each year throughout the world; its properties have
been characterized in great detail. Availability of this
great fund of knowledge provides yet another reason for
selecting a soda-lime formulation for making glass from salt
cake.

TABLE V

SALT CAKE GLASS COMPOSITIONS

Component
SiO2
Na 20

B 20 3
A1203
FeO·Fe203
CaO

Mgo

Composition, Wt%
Salt Cake Glassesa
Basalt
Soda-Lime
Commercial Soda-Lime
Formulationb Formulationc
Glassd
60

70

12

10

26
1

10

-

6

13

37
22

13

2

-70
-18

0.5- 2.5
5

-

-14

0-4

aComposition of minor components (e.g., P04, S04,
Ti , trace metal oxides, etc.) not shown.
b35 wt% salt cake-55 wt% basalt-10 wt% B203·
c45 wt% salt cake-55 wt% sand-10 wt% CaO.
dcomposition range listed in Reference 9.

1.
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Salt cake glasses made using the basalt formation
contain nearly the same amount of Na20 as do the soda-limetype but only about half as much silica.

The decreased

silica content is compensated for by increased amounts of
the network formers A1203 and Fe203. At ledst part of the
iron in Columbia River basalt is present as FeO, and at
least some FeO will persist even in the molten state at
1000°-1100° C.
That FeO strongly absorbs energy in the
infrared region is well known.

[10]

This property of FeO

causes difficulties in' continuous glass melter operation in

that it lowers thermal conductivity of the melt and causes
undesirable thermal gradients to be set up.

Various physical properties of glasses made from both
actual and synthetic salt cake using both the basalt and
soda-lime formulations have been measured.
Typical values
of some of these properties are listed in Table VI.

Micro-

structural and compositional characteristics of representa-

tive specimens of the nonradioactive glasses were studied by
J. L. Daniels of Battelle Pacific Northwest Laboratories
using both conventional microscopy and microprobe methods.

Daniels found both the basalt-type and soda-lime-type
glasses to have a highly uniform microstructure and composition.
The average pore size (42 um) of the soda-lime glass
was somewhat smaller than that in the basalt glass.

Techniques used to determine leach rates of powdered
glasses in deionized water at 25° C with a Paige-type apparatus have been described in detail previously.[6] Initial
(24-hr) leach rates, based on 137Cs, of both the basalt-type
and soda-lime-type glasses range, typically, from 5 x 10-5
to 1 x 10-6 g/cm2-day. Upon further exposure to deionized

water, leach rates decrease, in a well-known manner, 10-15
times to values in the range 2 x 10-6 to 10-7 g/cm2-day.

TABLE VI

HANFORD SALT CAKE GLASSES--TYPICAL PROPERTIES
Typical Valuesa
Soda-Lime-Type

Basalt-Type

Glassc

Glassb
Color - appearance

Green-black;
obsidian-like

Transparent window
glass

Density, g/cm3
Leach rate,d g/cm2-day

2.6-2.8

2.4-2.5

6 x 10-se-2 x 10-7f

3 x 10-5e-2 x 10-69

Viscosity, poise
Thermal conductivity at 23°
watts/meter °C

75-17h

127-66i

0.6 5

-

P

C,

aFor glasses made from both synthetic and actual salt cakes.
b
For glasses made from charges containing 30-40 wt% salt cake, 50-65 wt%
basalt, and 5-10 wt% 8203.
CFor glasses made from charges containing 40-50 wt% salt cake, 40-55 wt% sand,
and 5-10 wt% CaO.
d Based on 137
Cs; glass products leached in deionized water at 25° C.
eInitial 24-hr leach period.
f Leach rate after 461 days' leaching.
9Leach rate after 100 days' leaching.
hAt 1100°-1200° C.
iAt 1250°-1350° C.

>

D,i

7
SC
C/)

4
10

1-'

0
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Glasses exhibiting such leach behavior are judged acceptable
vehicles for long-term storage of Hanford salt cake.

Because of their low radionuclide content, the center
line temperature of glasses made from salt cake is expected
to be in the range 25°-30° C. These glasses are not expected
to devitrify upon long storage.

Even so, knowledge of time-

temperature conditions where these glasses do devitrify and
the censequence of crystallization upon leach behavior is of
interest.

We have heated representative samples of nonradio-

active salt cake "basalt" and "soda-lime glasses" at both

500° and 700° C.

The soda-lime-type glass did not devitrify

when heated two months at either temperature; leach rates of
heated glass specimens were within a factor of three of
those for unheated material. The basalt-type glass also did

not vitrify when heated two months at 500° C but did·devitrify when heated a month at 700° C. The leach rate of the

resulting crystallized material was 100-fold higher than
that of the glass-form.

Projected Continuous Melter Tests

We believe that large-scale continuous melting tech-

niques used in the commercial glass industry can be readily
adapted to conversion of Hanford salt cake to glass. To
this end, Battelle Pacific Northwest Laboratories engineers
are currently designing and procuring equipment for construction of a 1-ton/day, all-electric continuous melter.
This equipment will be operated, at least initially, with
simulated salt cake to gain operating experience in both

melter operation and in handling the large volume of off-gas
and to provide data for scale-up purposes. We in Atlantic
Richfield Hanford Company are also setting up a small, allelectric continuous melter for hot cell tests with

17
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kilogram-amounts of salt cake.

A typical commercial glass melter produces 125 tons of
glass per day.

To convert all the Hanford salt cake to

soda-lime glass over a 10-year period would require two such
melters operating around-the-clock for 300 days every year.
The resulting product would be approximately equivalent to

an 0.36 m (14") thick block of glass as high as the Washing-

ton Monument (196 m) and stretching from the Washington

Monument to the steps of the Capital (2285 m)--some window
pane!

GLASSES FROM OTHER HANFORD WASTES

Our glass-making activities have been concentrated, as
I have said, largely with developing technology for converting Hanford salt cake to a suitably immobile glass. Nevertheless, we have conducted some exploratory studies to

determine if other Hanford solid high-level wastes might
also successfully be incorporated in glass.

Typical results

of some of these studies are presented in Table VII.

The composition of Hanford soil is approximately the
same as that listed in Table IV for Columbia River basalt.

Not unexpectedly, therefore, Hanford soil is a satisfactory
In scouting
raw material for preparation of glasses.
studies, mixtures of such soil, contaminated with plutonium,
with B2O3 and Na2CO3 were melted at %1350° C to yield dense,
immobile glasses containing about-0.5 mg Pu per gram. Leach

rates of these glasses, based on plutonium, in deionized
water were typically of the order of 10-9 to 10-8 9/cm2-day.
The inventory of sludges presently stored in the under-

ground tanks at Hanford consists of solids precipitated when
acid waste solutions from the BiP04, Purex, and Redox processes were made alkaline.

Of the total Redox-type sludge,

TABLE VII

PROPERTIES OF GLASSES MADE FROM OTHER HANFORD SOLID WASTES

Waste Type
asludge:

Redox-type

cpu-contaminated soil

Waste
30

Charge, wt%
B203

Basalt
60

80

Na2C03

10
10

Inert CsCl

20

70

Inert SrF 2

20

70

Melt Conditions
Temperature Time
°C
hr

10

10

aunwashed sludge contained (all wt%):
4.2 CO3, 2.7 NO2, 1.7 Cr, 1.2 Si,
1.0
(all VCi/gram) 12000 'oSr, 549 137 Cs,
Pu per gram.
bLeach rate (based on 137Cs) after 435

10

Glass Product
Leach Rate
Density in Water (25° C)
g/cm3

g/cm 2-day

1350

O.5

2.5

2

1350

O.5

2.5

4.5 x 10-gd

1200

0.25

6.0 x 10-6e

1.0

1.0 x 10-5f

1050-1200

x 10-Gb
1-1

CO

25.3 N03, 19.1 Na, 7.7 Al, 6.8 Fe,· 5.2 S04,
OH, and 0.5 Ni.
Sludge also contained
116 125 Sb, and 43 154 Eu, as well as 0.04 mg

days' leaching.

cContained 00.5 mg Pu per gram.

dLeach rate (based on Pu) after 98-day leaching.
eLeach rate (based on Cs) after 96-hr leaching.
fLeach rate (based on Sr) after 96-hr leaching.
53

CC

111
1-1

0
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3 million liters stored in 9 tanks are of particular interest; this material, typical composition of which is listed
in Table VII, contains very little associated liquor and is
I

being air-cooled to about 90° C.

Tests (Table VII) with

such sludge show that it can be suitably incorporated into

gliss of.low water leachability by melting at 1200°-1350° C
mixtures containing 30-40 wt% sludge and appropriate amounts
of basalt and 8203. Such glass (Table VIII) contains considerably more Si02 and substantially less Na20 than basalt-

type glass made from salt cake (cf. Table V); otherwise the
composition of the two types of glass is quite similar.
TABLE VIII

COMPOSITION OF GLASS MADE FROM REDOX SLUDGE
Componenta
Si02
.

Wt%
42

Na20

8

B203

13
13
12

FeO·Fe203
A1203
Ca O
MgO

S04
Othersb

6
2

2
1

aComposition of radioactive constituents
not listed.
bothers include K20, Ti02, NiO, and Cr203.

Of special interest about basalt-type glass made from
charges containing 30 wt% Redox sludge is that it contains,
nominally, 2 wt% sulfate. Other workers[8,11,12] have
reported that sulfate has only limited (e.g., 0.9-1.1 wt%)
solubility in at least some borosilicate glasses. In some
instances, cesium-rich sulfate phases of high-water leachability have been observed to separate from borosilicate
melts containing high concentrations of sulfate. We did not
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observe any such phases to form with either actual Redox
sludge or with synthetic sludge known to contain exactly
4.7 wt% sulfate.

We also have spent some time studying conversion of
CsCl and SrF2 to silicate-based glasses. For convenience
and because radioactive compounds were not then available,
these studies were performed with inactive materials.
[Production of

137

CsCl and

90

SrF 2 started in the Hanford

Waste Encapsulation Facility in late 1974.] Leach rate data
in Table VII show that satisfactory glasses can indeed be
made from both CsCl and SrF 2•

These compounds are, however,

far from ideal feedstocks to a glass-making process. Not
only do excessive amounts of 137 Cs volatilize when CsCl is

melted, but the corrosivity of molten chloride and fluoride
systems tremendously complicates selection and maintenance
of melter materials.
Laboratory studies are presently in
progress to determine technical and economic feasibility of
encapsulating 137Cs and goSr in other forms (e.g., Cssilicate glass, SrTi03, etc.) potentially more suited than
CsCl Or SrF 2 for either long-term storage or eventual incorporation in glasses.

SUMMARY - CONCLUSIONS

Our research has clearly demonstrated that the Hanford
high-level wastes can be successfully converted to immobile
glasses.

We intend to press ahead vigorously With our

glass-making activities for these wastes including continuous melter tests with kilogram-amounts of wastes.
For some of the Hanford high-level wastes--e.g.,

sludges, Pu-contaminated soil--glass forms may indeed prove
to be the most suitable vehicle for long-term storage.
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However, formidable logistic and economic problems are
associated with converting the large volume of salt cake to
glass and storing the resulting glass as a high-level radioactive waste. A more prudent way of managing the salt cake,
which we are now studying, may be to remove all the longlived (t.1 / 2

>25 years) radionuclides and convert the vast

bulk of the material to a chemical waste or, at least, a

very low-level radioactive waste which can be immobilized/
stored inexpensively.
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