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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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TITLE 

REFRIGERATION SYSTEM 
~/ 

OIL REMOVAL SYSTEM DESIGN 

PROBLEM: 

To design an absolute oil removal system for the ESCAR 1500 watt belium 
refrigeration compressors, for flow of 3000 SCFM at 18-20 atm;; pressure drop 
and costs are to be minimized; service life 7000 hours. 

FJ.RST APPROACH: 

Design by standard procedures using empirical data for fiberglass filters, 
and sorbates. 

Pressure drop data for air at 1 atm is corrected to Ll p for He at 18 atm by 
densit·y ratios applied to: Li 

f 
2 Pail;. - i tJ"fl}t /) ~ . 

J\ I V )J " ~ {- ~~ { M. "ot I 
~ P = f J~) -2 g " k; - - ,.-",-,.,.-, ... ~ "r-- .-:;;::> 

- "'..,. , /Ie - { 9 /) - \.,J 
. ~ I/f!:~ ~rf.· 

Filter collection effeciency is assumed equal for all cases inthe first ap
proximation. If diffusion effects are predominant then possibly the diffusion 
equation may apply. 

N~~,. = - D ~.~ ;;. page 538, IICllem. Eng. Handbook ll
, 3rd Ed. 1950 

NA = Ib-moles of component A diffusing per 'br. ft. 2 

o c 
~s 

= c, concentration, Ib-rnole sift. 2 
s, distance, ft. 

D = diffusion coefficient - ft. 2 /hr . or cm2 /sec. 

3/2 / __ K T -
- 'C

7

f," P .(£1 1 1 3 t.,,I';:' 1 1 3 "j If 
1 + 1 
Ml M2 

~; l1a , b ! 
~ . , 

M- }n.ol. wts. of gases 
",./;.. = mol. vol. @ n., h .. p. 

P = pressure, atm 
T ;;; ternp., oK. 

At first glance, the P factor is predominant and for diffusion effects: 

n 
~He @ 20 atm 

P 
air 1 

D air @ 1 atm 
~ P--'-:::20 

He 

or efficien::y data for 1 atrn air 'is 20 times better than He at 20 atm . 

. -------------------------~----'-_______________ ......... ___ . _._. _________________ .. ___ ... __ .. _ .... ___________________ ..l 
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However, intuitively the coalescing process is improved by lowering the 
tell1pe rature. The particle ll10bility is slowed so that the sticking factor 
is better? 

D P 
Then: He ,_...., air 

~- PH'e aIr 

and lowering the tell1perature and raising the pressure should improve the 
coale scence. 

First approach design is discussed further in: 

EN 4313-03 M5l 1172" Bubble Chall1ber Aerosol Rell1oval ll -R. Byrns, Nov.1960. 

M2,904 

IIESCAR Refrigeration Systell1 Fiberglass Filter Design, II 
S. Mitina, Feb., 1976. 

IIESCAR Refrigeration Systell1 Charcoal Adsorbant De sign, II 
S. Mitina, Feb., 1976. 

SECOND APPR OACH: 

Use as a ll10del a cOll1IT1ercial helium cOll1pressor package. This consists 
of a two- stage reciprocating Freon compre s sor modified for heliurn with full 
oil injection as coolant and lubricant, and an absolute oil rell10val system. The 
oil injection provides an approach to isothermal cOll1pression and permits high 
cOll1pre s sion ratios pe r stage. The oil used wa s a synthetic, polyalkalene gly
col, DCON -LB -400-X. The X se rie s contains a standard a romatic amine anti
oxidant, all1yl aldehyde, which ea sily pa s sed thru the system charcoal ad sorb
ant. It then stopped in the 10w-tell1perature internal purifiers and was later 
released (chroll1atographic) to stop in the expander engine valves. The IIX II 

additive is no longe r purcha sed and only LB -400 is used. Othe rwise the oil 
rell10val system works well for continuous periods up to 8000 hours. 

The ll10del flow is 60 SCFM (4. 6gm/sec) fi rst stage pressure".-..... 30 psig; 
second stage ~\...- 235 psig, and oil pUll1P pressure 60 psig. Pressure drop from 
second stage discharge to the exit of the oil rell10val systell1 is ~ 10 psig. 

The oil removal system consists of an aftercooler, float trap, bulk oil sep
arator. dell1istifier and adsorber. Estill1ated removal andAP are shown in 
Fig. 1.' \~ Q,cl"" ''?. 

Model flow is 60 SCFM at 15-18 atll1. Our prototype flow is 3000 SCFM at 
17 -2 0 atll1 

Scale Factor (S. F. ) = 3000 
6"0 

50. 

By first approximation we could put 50 of the ll10del units in parallel for a sat
isfactory solution, (or use the sall1e supe rficial velocity an'd bed depths. ) 

Our prototype compre s sor will be vendor supplied with a bulk oil sepa rator 
of three stages, a 30 11 dia. triak for initial liquid/gas gravity separation, a ll1et
allic ll1esh disentrainer, and a fibertwith exit delivery approaching 200-300 ppll1 

, li 
,,\\t f 

RL - 3220 - 2.( ReT, 8/7 t) 
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COALESCER: 

A coale sce r stage is needed. 
but assumed to be fiberglass. 

The model (Fig. 2) internals a re unknown 

D , diameter of model, is 8" 
m 

• 

60 SCFM 
Model V s = 3.55 ACFM = -----2....---- = ------- = 10. 2 ft. I min. 

.... rr f 8 \ 17 a tm 2 
-4-\12) .348 ft. 

Prototype V s = 10 ft. Imin. = 3000 
18 A 

, A = 16. 7 ft. 2 = 1f D2 ; 
--r p 

D = 4. 65ft. = 56" 
P 

First approximation is a pressure vessel of 56" dia. with stages of fiberglass . 

• Othe r geometrie s can be used to obtain A ~ 16 ft. 2 with a smaller, more 
econo~ical pre s sure ve s sel, su~h a sPall reve rS;:; "UIti-Por" multiple units of 
.-'l~5 ft. each. (pr:. qA-NK\jo.J:!:C:~) '. Afi;.¥,&·OU:~.~,'~t!'~\)c>~ CAl...5-;-ON,~t..IC":;?Ce-i' 

CHAR COAL ADSOR BER. 

Model diameter is 6" 

(Fi~ure 3) "(....,.( .... 9 
.J 

tt.::n'·l i at:: t t /me. ;t :
I 

Model V 
s 

__ 6_0_..--__ = l.:..2..5 

6 2 17 atm -it 

2 • 
= 18. 1 ft. I $"io~;t"'. 

Prototype V = 18.1 = 
s 

12 16 

-.-_~3-00-0-, A = 9.26 ft. 2 = "11 D2 ; 
A . 18 atm 4 p 

D P = 3. 28ft. = 39. 4" 

Model charcoal bed depth is ~ 24"; make prototype depth also 24" (2 ft.) 

A 3 
Prototype charcoal volume V = A).!= (9.3)(2) = 18.6 ft. 

Charcoal density ( # JXC - 6 to 8 mesh); costA..$l. 00 per lb.) 

.45 - .51 gm/cc ::::.::-. 32 lb. 1ft. 3 

Adsorber charge J~' 32 (18.6) =rs96'~lb;J 
- I ,.,:; .. 1II1II 

Model service life recommended is 3500. hr. ; (actual service life 7000 -
8000 hr. ) 

p:e. 
With' flow of 3000 SCFM for 7000 ~r. i?:flOW is 3000 f~:n . 60 :: . 7000 hr 

7 3/ lbs' 6 
=126xlO ft. [' .Olll-z-r @OoC,latm\ ::::::=13xlO lbs. 

I ft \ 

\ 
' \ 

'. 0103 lbfi3 (6) 70o C, 1 . l 
.- . '-'! rrlM J 

~--:1~-?-e-_-?-.(-Q-o-.--O-/7-'-\-------------------- I 
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If oil impurity is 1 ppm by weight, we need to ad sorb 13 1b s of oil. 

7 
If oil is 1 ppm by volume, He volume is 1Z6 x 10 =7 x 107

5ft. 3 
18 atm 

We need to adsorb 70sft. 3 of oil vapor. 

If oil vapor density is 0.2 - 0.4 lb. 1ft. 3, we need to absorb 14-Z8 1bs oil. 

If charcoal absorbs 10-15% of its weight in oil vapor before break-through, 
then 600 1 bs. of charcoal sorbs 60-90 1bs. of oil and we have adequate safety 
factor. 

PRESSURE DROP THR U CHARCOAL. 

L P = DL (K
1

,'u Y + Kz/' yZ) .... see page S 

D = bed density (30 1bs. 1ft. 3) 

L = bed depth (Z ft. ) 

K1 0 7.05 

K
Z 

= Z. 1Z 
, 

).J. = viscosity, ZOO x 10- 6 ,pose = . OZ centipo'se 

,I::> = density at 18 atm:::. 0.198 1bs. 1ft. 3 

Y = superficial velocity (100 fpm) = 0.18 ft. Imin. 
s 

L.P = 30 (Z)[i.05 (.OZ) (0.18) + Z.lZ (0.198) (.0325!J = 60[0254 + .13iJ= 
_. 60 (0.162)-= 

iL~ P = 9.72 inches of H
2

0 

MAXIMUM ALLOWABLE VELOCITY (to prevent bed de struction') 

G 2 = .0167 d d Dg 
g a 

d = gas density; 0.198 1bs. 1ft. 3 g 

d a = bed density, 30'. Ibs. 1ft. 3 

G 2 = (0.0167) (0.198) (30) (.010) (32.2) = 

D = avo particle diam. , 
0.125 in =.010 ft. 

12 Z 
g = 32.2 ft. Isec. 

0.032 = 3.2 x 10- 2 

I 

'Gmax = 1. 79 x 10-1 = 0.179 1bs. I sec. ft. 2 

Our flow is 3000 s ft. 3 fo. 0103 Ibs ) = 30 1b~ 
min \ f't:4 mm 

G = O. 5 Ibs. I sec. = O. 5 .;. 054 ~ 2 
A 9.26 ft. sec. ft. 

min :=':-_O.slli: [230 grrfseJ 
bOSe c . .$€e.. ' J 

.054 <0.179 ~". OK for beel l::Y-aC;(z,::i...,\::}'}-\ 
--,--------------
RL - 3220 - 2 a( R e • , 8 ! 7 1) 
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Superficial Velocity - feet per minute 

Resistance of Dry Packed Granular Beds to Air flowing Downward 
(1 Atm. pressure and 70°F) 

GENERAL EQUATION FOR PRESSURE DROP 
FOR ANY FLUID THRU A PACKED GRANULAR BED: 

MAXIMUM ALLOWABLE GAS 
VELOCITY TO PREVENT DESTRUCTION 

OF ACTIVATED CARBON BED: 
P DL = K1fL Y + K2 py2 

P = Pressure drop (inches water) 
D,= Bed densi~y (Ibs 1ft 3) 
p. = Fluid viscosity (centipose) 
p = Fluid density (lbs 1ft 3) 
V = Superficial fluid velocity (100 fpm) 
l = Be d d ep t h (f t ) 

Reference: fluid flow Through Packed 
Columns Chern. Eng. Progress yol. 48; ND. 
2, Pg. 89, February, 1952 

Carbon Si ze 
(Tyl er) 

V4 
4/6 
B/8 
8/14 
6/14 

·K 1 

1. 055 
3.33 
7.05 

12.8 
15. B 

·K 2 

0.282 
1. 33 

. 2. 12 . 
4.04 
4. 12 

·Based on P for ai t at 1 
atm. and 70°F. 

G2 
-:--~=-- = 0.0167 
dg da D g 

G = Maximum mass velocity (Ibs Isec ft 2) 
dg = Densi ty of gas (I bs 1ft 3) 

da '" Densi ty, packed bed (I bs 1ft 3) 

D ~ Average particle diameter (ft ) 
g IS Gravi tat lanai constant (32.2 ft Ise!: 2) 

Reforence: Avol ding Destructive Veloci ty 
through Adsorbent Beds. LedoUx Chern. Eng. 
March, 1948. 

Telephone Contacts 
Chicago, III. (312) 822·7000 0 Los Angeles, Calif. (213) 583·3061 0 New York, N.Y. (212) 551·2345 

MColumbia" is 
a registered 

trade mark of 

Form CP·3147 Rev. 1 
l.5M 5·73 

Pittsburgh, Pa. (412) 922·5700·0 San Francisco, Calif. (415) 765·1000 

UNION CARBIDE CORPORATION 
CARBON PRODUCTS DIVISION 
;nO'PARK AVENUE, NEW YORK, N.Y. 10017 

Export: International Department, New York 
In Canada: Union Carbide Canada Limited, Toronto 

Litho in U.S.A. 
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CARBON ADSO.RBANTS: 

Further information by phone Z3 Feb. 1976, from Blaine Joyce 
Technical Sales 

FTS -Z 93 - 3131 Z16 -43 3 -8600, X 794 Union Carbide Corp. 
Cleveland, Ohio, 45433 

IICarbon absorbs oil only, no HZO. In toluene extraction, the carbon ab sorbs 
toluene, exce s s steam is us'ed to take out the toluene @ 6000 F (tempe rature 
desorb cycle) and then toluene displace s the residual HZ ° on the sorbtion cycle. 
Heavy hydroGarbons will displace HZO in carbon. 

SiO Z orAlZ0 3 will load with HZO if there is any HZO present and not absorb oil. 
The se sor5ants thus are not good for oil. 

The UoC.C. JXC/608 mesh will sorb 3lbs. oil per 100 Ibs. charcoal (3% wt./wt) 
below 1000F and O. 50/0 up to 300o F. 

For air compressor design, use 1. 3 lb. oil per 10 6 SCF, lube cOqlpressor out
put, 60% is In droplets, rem.ove mechanically with filter; 40% is vapor, use 
charcoal. 

The charcoal can be regenerated with steam or hot gas at 600o F. Flushing gas 
is needed to sweep. Use pellets as they are harder (not granular) design below 
critical velocities to prevent dusting and break-up due to vibration. Granule s 
are subject to break-up leading to local channeling and higher local critical 
velocities. II I 

~::s:'a:~ C~h::ii:a~.d~:~::t~~:~~:~r:~~;ta ;;:i1-;;::;al' ~'~t ._-f 
I anticipates a 10% to 15% loading on all of their granular IINucharl1 carton grades;l, 
I Price for WV-H 4x8 was $0.78 per lb. in 150 lb. drums (Nov. 1974) 

RL- 8220- 2.< ReT.R/7!) 

\, 
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Because of its incredibly porous structure, activated 

carbon has a singular ability to adsorb materials from 
I 

gases and liquids. Each particle holds a vast intercon-
necting network of many-sized pores. This provides a 
very large surface area for adsorption of molecules. ' 
Almost always, adsorption on activated carbon is the 
result of so called "van der Waals," or "dispersion," 
forces. This is physical adsorption. These forces exis,t 
among all molecules or atoms, whether or not they are 
chemically combined. The same forces are primarily re
sponsible for the condensation or liquefaction of vapors. 
The forces of attraction which a particle of activated car
bon exerts upon mOlecules in its vicinity may be com
pared to the gravitational forces the earth exerts upon 

" objects near it. As a rule, molecules with a higher molec-
ular weight experience greater forces of attraction than 
materials of lower molecular weight. Hence, activated 
carbons, aside from the effects of molecular screening 
due to the sizes of the pores, have a preference for 
higher molecular weight substances. 

A particle of activated carbon has associated with it an 
"atmosphere" of adsorbed molecules in much the sams 
way the earth has a surrounding atmosphere of air. A 
gran'u!e of activated carbon placed in contact with a mix
ture of gases of various molecular weights will adsorb a 
mixture of all the gases present...!! will adsorb a greater 
proportion of the higher molecular weight gases, how-
ever." .--

When a granule of activated carbon is placed in con
tact with a liquid mixture, there is a similar tendency 
for higher molecular weight substances to be adsorbed. 
In liquid systems, however, activated carbon tends to 
"prefer" not only substances of higher molecular weight 
but also non-polar substances. Thus, there is an affinity
for the adsorption of non-polar organiC molecules from 
polar solvents such as water. Figure 2 represents an en
larged portion of the pore structure showing absorbed 
molecules (the spheres) within the pores of the carbon 
particle. 

The forces cf attraction between the carbon and ad
sorbate molecules increase directly as the size of the 
adsorbate molecules approaches the size of the pores. 
The most tenacious adsorption takes place when the 
pores are barely large enough to admit the adsorbate 
molecules. To put it another way: the nearer the pore 
size to the diameter of the molecules, the ·greater the 
attraction. 

LOCATION DATE 

,8 2.( rr:6 76 

fYC?SrVA~O Cn:t:7V1 #I .P/ v~ 
{1.v'N(lTIJ#, YA. Zt42b 

The p'ores cannot be so small that the adsorbate mole
cules cannot enter, or else the adsorptive capacity for 
those molecules will be greatly reduced. Since adsorbate 
molecules are Dhvsicallv prohibited from entering pores 
smaller than those molecules, the size distribution of 
pores isa critical factor in adsorption. A carbon with 
pores predominately smaller than the desired adsorbate 
will have a low capacity for that particular adsorbate. 
Consequently, the pore structure of activated carbons 
is extremely important in determining their adsorptive 
properties. 

Although the reasons are not completely understood, 
it is known that the presence of other elements can have 
a considerable influence on adsorptive properties of car
bon. Particularly important is oxygen, which can exist 
in a variety of chemically combined forms with the atoms 
on the particle surfaces. These oxygen groups appear 
to increase the adsorptivity of the carbon for polar com
pounds. In some circumstances the inorganic "ash" por
tion of an activated carbon can also be important in 
determining adsorptive properties. 

Figure 1: Molecular Sieves 

... 
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PORE DIAMETER IAI 
LEGEND: 

lal LINDE MOLECULAR SIEVE TYPE JA 
Ibl LINDE MOLECULAR SIEVE TYPE 4A 
lei LINDE MOLECULAR SIEVE TYPE SA 
Idl LINDE MOLECULAR SIEVE TYPE lOX 
lei LINDE MOLECULAR SIEVE TYPE 13X 
III TYPICAL SILICA GEL 
Igi TYPICAL ACTIVATED CARBON 
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