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3.0 DESIGN TEMPERATURES

4.0 MATERIAL OF CONSTRUCTION

APPLICABILITY

The following design criteria are applicable for both feasibility studies and pre-project

studies.

PRESSURES

The design pressure of a vessel shall be taken as of the following ;

Operating pressure Design pressure Note : Pmin = 3.9 barc
barg barg
0-10 MOP + | bar MOP = Maximum Process Operating
10 - 50 MOP + 10 % Pressure
50 - 100 MOP + 5 barg
> 100 « MOP +5 %

Vessels subject to vacuum during operation shall be designed for the maximum external

operating pressure plus a margin of 0.15 bar.
If the internal pressure is 0.35 bara or less the vessel will be designed for full vacuum.

Design pressure for pump discharges shall be calculated by taking 120 % of the normal
pump/ P when operating at design conditions.

Design vessel temperatures shall be as follows :

Maximum design temperature = max. operating Temp + 15 °C
Minimum design temperature = min. operating Temp -5 °C

or minimum ambient temperature.

Consideration for the minimum design temperature must take into account any
depressurisation of the vessel that may occur during emergency or shut down situations.

(See section on flaring).

Details of the required material of construction for various temperatures are given in

Table 1.

Details on corrosion allowances and wall thickness are given in the vesse| design section.
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l. APPLICABILITY

Virtually all process schemes use phase separation of some description. The design and sizing
of a separator with acceptable accuracy is required for both the feasibility and pre-project

phases.

Consideration is given in this section to the specification of vertical and horizontal
separators for vapour-liquid and vapour-liquid-liquid separation. Dertails are also given

concerning vessel internals.

Separation of solids from gas or liquids is not covered in this design guide. Generally a

vendor will be consulted for details of a proprietory designed vessel.

SEPARATOR APPLICATIONS AND CONSIDERATIONS

2.1. 2 PHASE SEPARATORS (usualy vertical unless stated)

Comoressor and Fuei Gas KO drums

Efficient separation of liquid from vapour required. Always consider a mist '

eliminator. Provide sufficient surge time (1 to 2 minutes) between the HLL and

tripping the compressor.

Relief System KO drum - See section 9.0 Flare Systems

Unit Feed KO drums

bed

Required upstream of acid gas absorbers, glycol contactors and dessicant b-
dehydrators. Can be incorporated into base of tower for weight and space saving.

Always use demister pads.

Production separators (Vert or horizontal)

Liquid separation from gas not as critical as compressor KO drum unless a
compressor is located immediately downstream of separator. Always consider

start-up, shut-down and process slugs when designing.

2.2. 3 PHASE SEPARATORS

3 phase production separators are generally horizontal. If good liquid-vapour de
entrainment is required demisters are usually stated. Oil separation from the
water phase must be sufficient so as not to overload water treatment units.
Chemical additives (demulsifiers, anti-foam, pour point depressants) may be added

to aid separation.
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" 3. HORIZONTAL OR VERTICAL DESIGN

Provided sufficient L/D ratio is selected a horizontal separatQr is more efficient than a
vertical for the same flow area.

Vapour velocity in a horizontal drum can exceed the liquid settling velocity provided

L/D > 1. For vertical drums the velocity cannot.

. Horizontal drums are more effective and geometrically more practical for a heavy

liquid phase removal than vertical drums.

A rising liquid level in a vertical drum does not alter the vapour flow area.

Consequently vertical drums are preferred for compressor and fuel gas KO drums.

Vertical drums utilise a smaller plot area and are easier to instrument with alarms and

P shutdown controls. For floating installations are preferred as less "sloshing" occurs.

For high volume flowrates a split flow horizontal drum is preferable as smaller drum
diameters can be used. The preferred split flow arrangement is a single centre entry

nozzie with two end exists. Head exits can be used where plot space is limited.
Each design case must be evaluated separately but in general the following can be used

as a guideline :

- Vertical drums Compressor KO drums Degassing boots
Fuel gas KO drums Absorber feed KO drums
Floating installations

- Horizontal drums  Production separators HP Reflux drums
3-phase separation Flare KO drums

Try to avoid vessels with wall thickness greater than 100 mm as these require special

fabrication and can prove expensive.

4. CALCULATION THEORY AND EQUATIONS (for use in calculation sheets)

(Valid only for pure gravity settlers with no internals to enhance separation)

4.1. LIQUID-VAPOUR SETTLING VELOCITY

2
@ Vs = K E_"H Pev - liquid or vapour density kg/m3
Vs - settling velocity m/s

vy _ K = correlating parameter m/s
0.003615<%> D - particle diameter -microns
l C - drag coefficient

v

w, M - vapour viscosity - centipoise

‘/z
0.003615 9> = m/s
<) |

©
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For medium and low pressure’ with gases of viscosity less than 0.0l c¢p Figure !

can be used to estimate Vs.

For higher pressures (> 50 bar) or viscosities in excess of 0.0l cp it is necessary to

calculate Vs. The drag coefficient C is calculated using Figure 2 (curve 2) where :

] 3
CRe 2 - (3072 « 0 . /J,.- D. (fn.-fv)
/M

e ——
e ———

Equation 3 is then used to calculate Vs.

4.2. LIQUID-LIQUID SETTLING VELOCITY

(based on Stokes law of terminal settling)

The following equation can be used for calculating the settling velocity of water in
oil or the upward "settling" of oil in water. The important fact is to use the viscosity
of the continuous phase i.e : for oil settling upwards through water use the water

viscosity, for water settling in oil use the oil viscosity.

Ug = terminal velocity m/s
g = gravitation accel m/s2
Ut = 3.01.-(F- - f’t) £ H= density heavy fluid kg/m3
1% - Me ' L= density light fluid kg/m3

/‘c: viscosity (continuous) kg/m.s

Setting the particle size to 125 microns and using more useful units gives :

@ Ut = 0.513 Pnr~ fe > Ut mm/min

Me _Ae in centipoise

The above equation is valid for REYNOLDS no of 0.1 - 0.3

If calculated settling velocity is > 250 mm/min use 250 max

4.3. VESSEL VOLUMES

Partial volumes of a horizontal cylinder can be calculated using the partial
volume charts in Figure 3 or estimated using the following equations :

(for vessels with a diameter < 1.2 m ignore head volumes)

| TEP/DP

|

(see p:
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| (]
(see page 2.13 for sketch) . AL = %3 Cos ED_'_DZﬂ - Q_D. - XDh - h2> m?
i

-1

= 3
HORIZONTAL CYLINDER Ve=AL.L m in radians

o 2 DISHED HEAD Vdh = 0.21543 hZ2 (1.5D - h) m3
2 ELLIPTICAL HEADS Vel = 0.52194 h2 (1.5D - h) m3 (most common)
2 HEMISPHERICAL HEADS Vhh = 1.047 h2 (1.5D - h) m3 (gives extra vol)

VOLUME UPTO BAFFLE )
for depth h = 0.5219% h. (1.5D-h), AL.B

2
(elliptical heads)

- . These formula are accurate enough for general design and are easily programmed

on to a calculator for time saving.

" More accurate formula are available, see ref list, but are often too complicated

y to be useful for multiple calculations.
For greater accuracy the length L should be the tan-tan length and not the
flowpath length between nozzles. This is especially true with large vessels and a
tight design.

4.4, CALCULATION PROCEDURE VERTICAL VESSEL (vapour-liquid separation)
A guide for filling in the attached calculation sheet.
-w

Decide if Figure | can be applied i.e P < 50 bara,/x < 0.0l cp

If applicable use the 500 micron curve to evaluate settling velocity (this assumes
a mist eliminator will be instalied) or 150 micron with no mist eliminator. It is

recommended to install a mist eliminator for most applications. If not calculate
Vs using equ 3.

Derate the calculated settling velocity by 85 % design margin to give a

| maximum allowable vapour velocity.

Calculate drum internal diameter and round to nearest 50 mm. (note further

adjustment of ID : OD can be made to suit standard head dimensions).

i . Check if wall thickness is less than 100 mm (See 4.8).




h7 - 1-2 min residence time - minimum 150 mm

h8 - 150 mm for bottom connected LC

300 mm for side connected LC

Note : For compressor suction drums that are normally dry set HLL at 450 mm

above tan line and use bottom connected LC. This will reduce vess¢1

" height if required. No specific HLL-LLL hold up time required.

TOTAL PROCESS ENGINEERING.DESIGN MANUAL | Revision : 0 PageNo : TC
VAP - :
TEP/DP/EXP/SUR OUR - LIQUID SEPARATORS Date . 2/85 55 , TEP/L
* - Sommmeme—
|
calculate vessel height based on following criteria :
hl - max (15 % of P or 400 mm)
v h2 - 100 mm if mesh selected
. /j-\ 150 mm for compressor KO
[
nt
T T V//f/// h3 - max (50 % of § or 600 mm)
+ -
¢
. If no mesh use hl + h2 + h3 = 60 % P or 800 mm
. F
e i = h4 - 400 mm + d/2: d = inlet nozzie P
% .
S h5 - calculate based on |-2 minutes residence time at
| ELL
i maximum liquid inflow - min 200 mm
hé L . -NLL
LLL . .
+ — hé - base on following hold up times : (min 350)
h? o
+ e —— - reflux drums 4 min
h8 . .
- ~ product drums J min with pump
3 min no pump
- - heater feed 8 min -
- HP sep. to LP sep. 4 min.
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|

4.5. CALCULATION PROCEDURE HORIZONTAL VESSEL (Vapour-liquid)

A guide on how to fill in the attached calculation sheet.

a

l. Calculate settling velocity Vs for partical size 15 O/. y use Fig. 1 or equ. 3.
2. Derate this by F = 0.85 and calculate required vapour velocity V m/s
Vm =F x Vs x (L/D) m/s use L/D of 3 to 4 max (3 initial est)

3. Evaluate required vapour cross sectional area, Av

4. Assume drum is 70 % full i.e h/D = .7 and evaluate drum § to give required Av

(to nearest 50 mm). For "dry" vessels use h/D = .35

5. For required liquid surge volume, calculate vol at HLL, if insufficient adjust D or

L (note if L/D changes significantly recheck Av using new Vm).

6. Set position of LLL in drum and confirm required surge vol between HLL-LLL. If

volume is insufficient increase @, L or h. Include volumes in heads.

7. When setting LLL height take into account any LSLL, LSL alarms and vortex
breakers which may set minimum value usable. Usually 300-350 mm.

8. Rationalise all heights and dimensions to nearest 10 mm.

NOTES :

-w - For high volumetric flows of gas with small liquid volumes consider using split

flow arrangement. Design is as above but with half vapour volume flow.

Normal design is with top entry, exit nozzles. However if space is limiting

(primarily offshore) head mounted nozzles can be used to increase flowpath.

L is designated as the flow path length i.e distance between inlet and outlet
nozzle. L' is the tangent-tangent lengh. For lst estimatesL'=L + 1.5 0i + 1.5 9>

$i = inlet nozzle diameter P2 = outlet nozzle diameter

"Normal" liquid levels are taken as midway between the high and low levels.
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4.6. CALCULATION PROCEDURE HORIZONTAL VESSEL 3 PHASE (See Figure &)

Sufficient residence time to allow separation of the oil-water mixture as well as

the oil surge and vapour flow areas must be provided.

l. Proceed with steps | to 4 as for a two phase separation. Use L/D = 3 (lst |

estimate) and evaluate L.

2. Provision now has to be made to accomodate bath oil and water surge volumes. I

Use Tan-Tan length L' and not nozz-nozz distance L.

3. Calculate LLL required to give approx 4 mins oil surge capacity (minimum).l

Inspection will reveal whether sufficient height exists below LLL to include the

interface levels. If not, adjust the vessel for L to give sufficient room. ‘
Note : If the water cut is very small, consideration may be given to using a
water boot instead of a baffle arrangement see step 10.

4. Having determined HLL and LLL now set both position and height of baffle.
Calculate terminal settling velocity of water droplet (equ 5 sect 4.2) at both HLL
and LLL. Volumetric flow of liquid is in both cases the oil plus the water. !
Calculate fall distance of a droplet across length of the drum. Baffle height and |’
position can now be set noting :

- the baffle should be at least 75 mm below the LLL ‘
- the baffle should be at least 2/3 down the length of the drum from the inlet ;
- in some cases the water droplets will settle to the floor in a short distance.
The baffle should still be set at a minimum of 2/3 along the vessel. -

5. Set the HIL at baffie height - 75 mm. The LIL according to height determined +§ ;r

vortex breaker + LSLL use a minimum of 300-350 mm. ;

6. Check if an oil droplet will rise through the water layer (from drum floor) to LIL
before reaching water outlet. Use area at LIL with normal oil + water flowrates.

(This criteria is very rarely governing but must be checked).

7. Calculate water surge time Vol HIL - Vole LIL, and residence time Vol NIL -
Vaol.® outlet. Remember to use only one head volume, and length of drum upto
baffle. Minimum acceptable times are 4-5 mins. If calculated times are very long

consider using a water boot arrangement.

8. Rartionalise all dimensions and "tidy" levels to standard values if possible i.e :

150 mm, 200, 250, 300 etc. This allows use of standard displacers.
9. Recalculate all residence times based on "tidied" levels (if required). !

Note : In calculating the final residence times make sure that the vessel tan- '

tan length is used and not the nozzle to nozzle distance L.
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f

10. Boot calculation (See Fig. 5)

. If the water volumetric flow is so small as to not warrant a separate baffled
s . sertling compartement as detailed above a water boot should be used instead.

To design proceed as follows :
st ! 1. Proceed as previous upto step 3.

' 2. Calculate settling distance of water droplet when vessel is operating at LLL.
$ Water droplet should reach floor of drum before oil outlet. Remember that
the oil exit nozzle will be raised above the floor as a standpipe. Adjust drum

). l @ or L to achieve settling.

3. Check that settling is also possible when operating at HLL, droplet to fall
V below drawoff nozzle level.

4. Size water drawoff boot @ (try to use standard pipe diameters). Calculate
rising velocity of the oil in water, set downward velocity of water in boot at
90 % of this and evaluate boot §. Boot length by inspection (use standard

displacers).

g Note : Boot § must be less than 35 % of vessel
When heavy walled vessels are used a remote boot may be more

economical to prevent large cuts in the main vessel.

4.7. NOZZLE SIZING (see section 10.0 also)

Inlet nozzie

w . Size based on normal volumetric flow + }O % (liquid + vapour flow)
i) . Limit inlet velocity to 7 - 13 m/s

. Round nozzle diameter up or down to nearest standard size

. Gas outlet Liquid outlet
Size on normal flow . NorméJ flow + 10 %

Velocity limit 15-30 m/s . Velocity limit  1-3 m/s HC

2-4 m/s water

. Manholes : 450 mm or 600 . Min. diameter = 2" (avoid plugging)

4.8. VESSEL WALL THICKNESS

Calculate vessel wall thickness using the ASME VIII div. | formula. The wall
thickness should be calculated immediatly after D is known to confirm if
t < 100 mm.
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-D = diameter mm
t = wall thickness mm
T o= PD «C P = design pressure barg
23 - 1.2P E = joint efficiency
use | for seamless shells .85 otherwise
S = max. allowable stress bar
C = corrosion allowance mm use 1220 bar for CS plate
- use 3 mm unless stated 1000 bar for SS plate
otherwise by EXP/TRT for t < 100 mm no fabrication problems
100 < t <150 mm : vendor advice may be needed
t> 150 mm Major fabrication problems

In order to meet standard vessel head sizes and wall thicknesses the following ranges should be

observed :

Vessel cdiameter :

Standard wall :

thicknesses

4.9.

250 - 1250 mm in increments of 50 mm

1300 - 4000 mm in increments of 100 mm

l - 30 mm in increments of | mm
30 - 60 mm in increments of 2 mm

60 - 140 mm in increments of 5 mm

VESSEL WEIGHT

Vessel weights either horizontal or vertical can be estimated using Fig. 5. This figure |

i.e. 250, 300, 350...
i.e. 1300, 1400, 1500...

i.e. 1,2, 3, 4...
i.e. 30, 32, 34, 36...
i.e. 65,70, 75, 80...

is for the steel shell including manholes, nozzles, fittings etc but not the removah!a

. /i
internals or support skid. The heads can be estimated by using weight of 2 heads = » P -

(m) x wall thickness (mm) x 20 kg.

5. VESSEL INTERNALS

5.1,

MIST ELIMINATORS

Mist eliminators or mesh pads are located under the vapour outlet nozzles of all

compressor suction drums and fuel gas KO drums. For production separators it is

always geod practice to install an exist mesh pad.

For dirty or and high viscosity liquids the efficiency falls to approx. 75 %. Consult

vendor for futher data.

e

TO

TEP/DF
L ——

.
3
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Mesh is usually made from 304 SS. YORK DATA as follows :

Types of pad : York n® kg/m3 Thickness = Residual*
mm entrainment PPM
General purpose 431 144 100 1.0 - 1.2
High efficiency 421 192 100 S5 - .61
326 115 100 .17 - 0.19
Dirty service 931 80 150 1.6 - 1.8
644 150 .8 - .87

The engineer should specify type, diameter and thickness of pad required on

the vessel data sheet.

w
. For particle sizes of 5 microns or less use two pads spaced 300 mm apart eg :
e
. glycol contactor.
5.2. INLET INTERNALS
Inlet internals can be specified to aid feed distribution and promote vapour-liquid
separation. Generally for pre-project stage details are not required.
5.3. LIQUID PHASE INTERNALS
I . Vortex breakers should be detailed for each oil/condensate and produced water
outlet where the oulet flow direction is vertical.
re |
..ep . Vendors will sometimes specify internal packs of tilted plates or baffles or other
y.¢ _ arrangements to promote phase separation.

Sand jetting facilities should be.provided for on services where there is a risk of
silting or sediment build up in the vessel. Generally jetting facilities are not
required on gas-condensate systems.

6.0 REFERENCES AND USEFUL LITERATURE

all
is 6.1. LUDWIG VOL | CHAPTER &
6.2. PERRY CHAPTER 6
ult

6.3. Program calculates partial volumes Pierre Koch
0G3J Dec. 3 1983
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EQUIPMENT N° D 234 DEGASSING  BooT .
Operating data : Vo
2
_i..
Pressure (operating) bara = [-O&
Temperature (operarting) °C = 34 3
Gas MW = S Liquid description: CR<>Z ow T
Gas flow rate  Wg kg/hr = 7+ 240 Liquid flow rate kg/hr = 10 Sco <
. X
Gas density T, P kg/m3 = 24 Liquid density (T,P) kg/m3 = 8o "
Actual volume flow Qg m3/s = 1 Actual volume flow m3/min = 2.22 +
Particle size microns = So- ré
b -
Mesh pad - Ye; : Estimate Vs using Figure 1 and 500 micron line
No : If P < 50 bar and M < 0.01 use Fig. | and 150 microns he
ItP>50baror _a > 0.0l use calculation for Vs
. Vapour-liquid serttling velocity : from Fig | Vs = {« & m/s 7. W
or calculated C = ; Vs = m/s
2. Derating % = 85 maximum velocity Vm = 1-36 m/s
3. Actual volumetric Drum flow area = O-H m2
gas flow = m3/s Calculated drum § = toco mm *
T Nagpswr afea. Ay sso.u.f-&«3f -
SELECTED DIAMETER = 25co0 mm (. &
= &R,
Rased oM Lavd LLTEmTem MY
4. Required liquid hold-up times, * ;. L~ 8. Vv
h$: HLA-HLL = 2 min = &% m3 = Qoo mm height t
hé : HLL -LLL = min = wiS m3 = 2150 mm L
h7 «: LLL -LLA = 2 min = L% m3 = Qoo mm D
5. Mesh pad: @/no thickness = too mm
|
Sheet | of 2 —
T ] PROCESS. CALCULATION SHEET l ;
' U IAL ITEM : DEGASS1=G GooT
[ & =
VERTICAL VAPOUR-LIQUID SEPARATOR wno: D 12314 o
TEP/DOP /1P / EXP/ SUR
ey | | cux | DATE | | JoB TITLE - Examece | JoB Ne - EXAMIE | nev



. Height calculation

v

T
1
) yyaei
.i.-
¢
3
+
Y
HILA
b4
BS FLL
+ —
b6 R 11
LiL
= e ———
b7 LIA
.!.- P ——
h8
T

7. Wall thickness

.9 = 2902 mm

hl: 15% of P or 400 mm (Use max)
h2: mesh pad

‘h3: 50% of § or 600 mm

With mesh: hl + h2 + h3 .
No mesh: hl « h2 + h3:60 % P or 800
h4: 400 mm +d/2:d = inlet nozz @
hS: From step & or 200 mm
hé: From step & or 350 mm
h7: From step 4 or 150 mm
h8: 150 mm for bottom LC

300 mm for side LC
For "dry" vessel
hé « h7 + h&

TOTAL VESSEL HT TAN/TAN

‘(-OO mm

6% mm

{t00 mm

SS0 mm

Qoo mm

22%¢ mm
o mm
{So mm

mm

5850 mm

DESIGN PRESSURE P= 25 barg Diameter D = 2500 mm
CORROSION ALLOWANCE C= 3 mm
Max stress :
S = 1220 bar CS t o= PxD .C
1000 bar £5 (220 ¢xSxE-1.2P
Joint efficiency (.85) SR
= 6@ mm
w tmin = D/800 + C + 3 mm - = S mnm
LY S
8. Vessel weight (Fig. 6)
t= 9 mm Shell weight = Fooo kg
L=58a m(sa-) Head weight = 450 kg
D=2% m {t x D x 20)
| TOTAL WEIGHT - FS00 kg
! Sheet 2 of 2
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CALCULATION SHEET FOR HORIZONTAL 2 PHASE

TAN/TAN (L°) 6530 mm
o

L = 6000 mm

1@

* Delete as applicable

Operating data :

Operating pressure bara

Operating temperature °C

Gas molecular wt

;Zgas flow rate  Kg/hr
Gas density T,P Kg/m3=
Qg actual vol flow m /s =

Gas viscosity cp =

I. Vapour-liquid settling velocity : from Fig. |

or calculated

2. Max. vapour velocity

Indicate on sketch if demister mesh required

DESCRIPTION :

s T

|7 sTaqe SsetheatoR

Vm=VsxFxL

Av
HLL
D= Zooco
AL
|
Head type  2:l elliptical/hemisphesical * - EQUIPMENT N°: Voo

Vm= 0-5%6 m/s

20
'8
204 Liquid nature : cauoe
i+ 450 Liquid flowrate Kg/hr = 121 ¢so
2.0 Liquid density T,P Kg/m3= 658
o-23% QL actual vol flow m3/min = 265
O-ot08S Particle size microns = \So
150 micrea VS = o013 m/s
C = H Vs = m/s

pi

P2

Fe

3. Actual vapour volumertric flow Qg = 0-2%¥% m3/s Av =Qg =033 m2 ;
vm ) ?
e
B!
=T /] PROCESS CALCULATION SHEET | )|
TOTAL TION FOR HORIZONTAL ITEM : ’ i
I ] CALCULATION EXAMPLE ) S——
TEP/DOP/DIP/ EXP/ SUR HASE NO : ; ‘j—ev
1 1 1 R | b e 10 ue - ] By I



¢ 4. Nozzle sizing vel limits:

)
gi : Inlet flow = ©-32t

(+ 10 %) 0-3%
P2 : Gasexit= 0-28

5. Drum sizing

For trial 1 tpag = 4 mins

elected h/D
Vapour area Av
% Total area (Fig. 3)
Total area Ar
Liquid area Al

Calculatd drum ¢
Selected drum P D

L/D(3-4)
Flowpath length L

a) Tan/Tan length L

i HLL height

b) VOL @ HLL

LLL height

Vol® LLL

‘AvoL R
- .
Calculated tres

NOTES :

inspection).

Liquid outlet = 0-04 m3/s

b) If VOL HLL is less than required su

LA

m/s inlet 7-13, Exit 15-30, liquid 1-3

m3/s NozzleID= 8

m3/s NozzielD= 6
NozzieID = &

1S x{@i+0g) s 530mm

Actual vel = 10:8 m/s

Acwal vel = 15 m/s
Actual vel = 2-t m/s

vol required= 4 xQL = 106 m3

| TRIAL Tl 1 TI : 30 e |
| | | I |

I O'? ' 0.6 - l! ] l

m2 | o3 | | |
| o258 | | I

m2 | 84 l A | |
m2 | L2 | | |
I | | |

mm | 1380 | 2000 »\! | |
| I | | |

| 3 | i i i

mm | S280 | | | I
I | I | [

mm | S¥1s0 | €%30 | |
| ! Ij d |

mnm -1 1228 { t200 'f—- " A | |
m3 - (6°8 | ol — 1-96Bx 2+-|2)'-P*-(J ;*{M'l
mm | oo | Lo A pe |
m3 | 236 I ——|~“;;* ‘3;’*2‘ HECRRIR|
m3 [ % | | e |
| { ! | |

min I 3 l 1 | 1
| I | | |

[E 1 [ |
SN ol I N

SELECTED DRUM : DIAMETER # 2000 mm x 6530 mm tan/tan

a) Tan/tan lengthL'= L + 1.5 x pi + 1.5 P2
(ignore this correction if D < 1.2 m and use L for volume calcs. For trial | use L
and ignore heads).

rge increase D, L or h/D or reduce tres (by

— | [ /] PROCESS CALCULATION SHEET
TOTAL CALCULATION FOR HORIZONTAL ITEM :
[ /] 2 PHASE "o ExAAPLE
[TEP/D0P /P / EXP/ SUR :
paTe | | Jo8 TiTLE : JOB N® : { rev |

TL‘LYl 1one |




6. Wall thickness

DESIGN PRESSURE P
CORROSION ALLOWANCE

3 mm

209 barg Max stress

2:(S

CS = 1220 bar
SS = 1000 bar
S= 220

Joint efficiency E = ©'8S

T = P xD + C = p R

— XD mm
2SE-1.2P
|
8. Vessel weight (Fig. 6) ., Op
t= 25 mm Shell weight = lo 800 kg | A
L=653 m Head weight = (000 kg ..
D 2 m  (txD x20) |
oca
s
TOTAL WEIGHT = !'Z 000 kg Ve
Dei
Qg
NoTKS:
Par
" 1.
| -
2.
l 3.
mE | ' PROCESS CALCULATION SHEET ‘ |
TOTAL ITEM :
RIZONTAL
"7 /] CALCU’LATIOZNPilOAl;EHO - £ e | EProc
EP/DOP /DIP/ EXP/ SUR ' ] T b‘"
1 1 ) 1 | S e L aFv




TAN/TAN LENGTH L" « Soco

T

FLOW PATH LENGTH L=4%00 _,

. Amend sketch if boot
required instead of baffle
. Indicate on sketch

HLL
D= 1500 I teo if mesh required
625 _':.H':.. E . Heads : 2 : 1 elliptical
sso __HIL N | lhemicpherical
4 6 ha |h.|h
ase LIL Y |4 wo 1131772
hs| 1 v v 1 EQUIPEMENT No : D So10
1 il B [WES _L o DESCRIPTION :
! 3400 l @ OFFSHORE TEST SEPARATOR
Operating data :
Operating pressure bara = W&o CONDENSATE Flowrate Kg/hr = %t ooo
. Operating temperature °C = So pcC ) Density T,P Kg/m3= 3284
g QL Vol flow T,P m3/min= o
GAS MW MC Viscosity cp = O3S
Wg flowrate kg/hr = 450Q- 2 B3 Wi, oo et
Density e T,P Kg/m3= 3S-0 WATER CUT  Flowrate Kg/hr = Q]55
Qg Vol flow m3/h = 124: O-fén?/s W Density T,P Kg/m3= 488
« oo}
- QW Vol flow T,P m3/min= o-1¢8
Particle size microns= 150 MW Viscosity cp = O 5%
l. Vapour-liquid settling velocity : from Fig. 1 Vs = o135 m/s
or calculated C = Vs = n/s
w <4- Maximum vapour Vm=VsxFxL Vm= O.446 m/s
E___ —  —  — —__J
§ velocity L/D=3 B R D
3. Liquid-liquid settling
Oil in water Ug = 0513 F,,,-,‘ mm/min Utoil = L3 mm/min
Water in oil Ue¢ = 0.513 mm/min ., Ugwater = (335 mm/min
—_ ™7 /., PROCESS CALCULATION SHEET |
TOTAL ITEM :
_ 7 CALCULATION FOR HORIZONTAL ExXAAPLE
{T€»rooP roiP/ EXP/ SUR
ey ] | cmm | oaTe | | Joe TiTLE - J0B N° : | mev |




1

T

A R

4. Nozzle sizing : vel limits m/s : inlet 7-13, Exit 15-30, liquid 1-3
m3/s : nozzle id : actual vel M/S
l. Inlet flow : .
(+ 10 %) 0.0S55 L (100 ~n) .2
2. Gas exit: o 036 ¢’ o
3. HC outler: o .oz 3" (F5mm) 2.6
4. Water outlet : .
0 .0072% ‘ 3 06
5. Vessel sizing
For trial | use hold up time oil (HLL-LLL) = 4 mins = 28 m>
e 4T
OIL SECTION
"-'_\3‘6/ s
I | | | |
l TRIAL | l | 2 | 3 |
| ] | |
%
Selected h/D | oF | 9% l
Calculated (Qg/Vm) Av m2 | 0% | - | ©3F%
Av as % AT (Fig. 3) | 2s | 32 fozes
Total area AT m2 | o332 | L2z} T 2 S
Liquid area AL m2 | o-2¢ | ©%%: | G353 |
| | | !
Calculated 9 mm | 6So ; ? | i
Selected ¢ D mm | Ltooo [= 1256 |wt1Se0
| | | |
L/D (3 - 4) ! 3] % | 3z
Flowpath length L mm | D0 | 5000 | 4800 |
a) Tan/Tan length L ‘mm | 3250 | g0 | Soéo |
| | | |
HLL height hl mny | 6eo | Boeo | oo
VOL at HLL m3 b3 | w63 | ¥6F |
LLL height h2 mm | | oo I - N
VOL at LLL m3 ! | 9 | Gt |
AVOL m3 | | 28 I 323 |
| | | |
Calculated tres min { | 319 | LSt |
| | | |
Notes or comments : ] Lt toe Low | |
| | for waver | Chade o =>
a) tan-tan lengthL'=L + 1.5 x(#| + §2) mm - Ignore if D < 1.2 m
] PROCESS CALCULATION SHEET 2
TOTAL ITEM
CALCULATION FOR HORIZONTAL :
| - & 3 PHASE EXAMPLE
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+ 1] "WATER SECTION
Trial! B=2/3xL= 34S0 mm (rounded)
' l | i | { |
1 CTRIAL 1 2 3 b
| i | | !
Total liquid vol flowrate ! | | I |
‘ Qw + QL m3/min | O-3% | | I I
{ | | | I
Baffle distance B mm | 3450 | 3too ) | I
Liquid area at HLL AL m2 | o ¥ | 353 | | I
Horizontal vel at HLL VI mm/min| 'S5 | &3« | | |
Ut water (step 3) mm/min | 1F3S | S | | |
. Vertical fall from HLL | | - | | |
= B x Ut/V mm | S%o | 952 i | |
Final settled h = HLL - vert fall mm | 20 | tSe | ! |
i | | | |
Liquid area at LLL , AL m2 | o«® | o%25 | | |
i Horizontal velatLLL . V2 mm/min| 2uo | to&3 | | I
Ut water (step 3) mm/min [ @®s | FFT | I I
Vert fall from LLL | | | | l
=B x Ui/V2 mm | 2%e | S65 i I |
" Settled baffle height h3 mm [ leoo i 815 | I I
W Selected HIL level h4 mm | 350 | Ss0 | l |
(adjust h3 and B if necessary) } } | I |
{ { i
Check oil rise : i | | | {
Horizontal vel at LLL V2 mm/min | 2o | ed3 | | |
Ut oil (step 3) mm/min | 243 | 2% | I |
Vert rise avec dist B [ | | | {
=B xU+/V2 mm | 400 | %2 | | |
= max outlet height ! | i ! !
| | | | l
h5 selected LIL level mm | 250 | 250 | | |
! I 20 | i |
hé selected outlet height mm | %P0 | “°° | | l
| | | | |
gl water vol at HIL (upto baffle) m3 | t-ot | 29 | | |
| | l | |
q2 water vol at LIL (upto baffle) m3 | 062 | ©-9 | | I
. I | | | -
- q3 water vol at NIL (upto baffle) m3 | 0%t { 3¢ I |
' | | | |
q4 water vol at outlet { * ) m3 | O45 | o4 | I |
I { [ I I
q surqge = vol (ql - q2) m3 | 029 | Ll | | (
| | | | !
surge time q/Qw mins [ 23 | %5 l I [
| | | i |
residence time q3-q4/QW mins | 2% | 5% I I I
| | | | |
calculated oil residence time (upto baffie) | | | | I
I | | I I
Vol (NLL - NIL)/Q. mins |} V'8 | lemes | | |
i | | I {
“toe small oK .
e
7] : PROCESS CALCULATION SHEET 3
TOTAL CALCULATION FOR HORIZONTAL | 'TEM:
/. Exameec
3 PHASE .
TEP/DOP /DIP/ EXP/ SUR NO :
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6. Wall thickness

2494

DESIGN PRESSURE P= 429 barg Maxstress CS = 1220 bar '
CORROSION ALLOWANCE C= 3 mm SS = 1000 bar :
S= o 7
Joint efficiency E= .8¢
t = _PxD .cC = 35 mm
2SE-1.2P '
8. Vessel weight (Fig. 6) A
2260
t= 35 mm Shell weight = }&830 kg ;
‘= S m Head weight = (050 kg
D=5 m (t x D x 20)
525D
TOTAL WEIGHT = 12650 kg
’ é
4
|
b
NES PROCESS CALCULATION SHEET 4
TOTAL CALCULATION FOR HORIZONTAL ITEM:
| | 3 PHASE EXAMOLE ,
L‘awoop/ou:/ E€XP/ SUR ) NO: EY
av ]l | moe 1 DATE | 3 TITLE : 108 N°® - | mev ]_i
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FIGURE 1

VAPOUR AND LIQUID SEPARATORS
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VAPOQUR AND LIQUID SEPARATORS
TEP/DP/EXP/SUR Date  : 2/g5 5 23

FIGURE 4

3 PHASE SEPARATOR z
£
ALL DIMENSION SHOWN ARE MINIMUM RECOMENDED 'k

MIN
——i
T T Opticnal .
/‘ If na mesh 300 71 »
use 300 mm min T IIXIXXYY !
HLL T 300 :
SRS . LY “SUNNs SR 1" Y —
XU e '\
HIL — _7’2
NIL ;
k —————————— 300 - ‘-LR_T—L- T f
\ 100 5!
I 150 (3 i
J t 1 :
—t—t=—
- B e -
L ¥
1

OIL RESIDENCE TIME - Volume between NLL-NIL upto baffle only
use residence time of 3-6 minutes for design

OIL SURGE TIME - Volume between HLL and LLL across full length of vessel
use 4-5 minutes if feeding to another column/vessel

5 minutes if pumping to storage

3 minutes if flowing to storage (no pump)

8 minutes if sole charge to fired heater

WATER RESIDENCE TIME - Volume between NIL and outlet
‘Use 4 minutes minimum

WATER SURGE TIME - Volume between HIL and LIL
Use 4-5 minutes minimum




essel

v o e

[TOTAL

PROCESS ENGINEERING DESIGN MANUAL | Revision: 0 | Page No -

VAPOUR AND LIQUID SEPARATORS

TEP/DP/EX®/SUR Date 1 2/85 2.24
25.000 Z A 9 .
4
07 P Vs ya'vd%
w000 ol y.AaV.MmV. V'
B aANp A Az
d V; 17 Pa % A
/7 ,35’ Z P d% 1" A /
¢ 7
10.000 1% :ar/ L/M ard XA
v - ]‘ A /// A
o | A 4 ’ FIGURE 6
E V’f‘: 7 Y Y Vessel weight estimation
T -+ A
'gg 5.000 //‘_16 Pa / B //IV'
S (500 Dz S ?
133 4;,00 q 157 /‘/1 A d wt of two heads =
c.g 3.500 2] {“///1 p. Al 8 (m) xt(mm) x 20 Kg
= 000 LA | AAAA VA 1A
< 2800 L 4 LA yd
2.500 - L p. AR,
= 200 ’ 7 Z
g 22200 7 | < _ ]
w f:gg S YT A T4 From hydrocarbon processing
= 1500 RARZAW 4 August 1981
1.400 /l/ /,"/ " '
1200 < J/'l ,/ |
1.000 L
900 L ¢ L
00 (L £ f -
L A (|
700 s L
600 ’/ For nteel saddies
500 A odd 1 m 10 lenght i
W ot tteetdogor |

§ 6 7 B 910 12 14 161820246 8230354045 S0

_t Thickness mm
, _minof 11/2 x nozzle B

- L I
FEED GAS OUTLET
T T
|
/ HLL
g
gy _LLL VB
5 ?
1 o .
(=]
@l HIL L
—— STANDPIPE OIL
gB <358 —| 28 EXIT NOZZLE
LiL

Ho !

WATER DRAIN
FIGURE 5
3 PHASE SEPARATOR WITH WATER BOOT
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OILFIELD DJVISION

M-30"" 10: 001, 03

TABLE 2

%d - Pcrccntage of Total Diamecter

FOR GAUGING HORIZONTA.L CYLINDRICAL TANKS - FLAT ENDS -

" %c - Percentage of Total Capa

N
o

of Tank ) of Tank
o d %hc Go Foc Jed  Yec
0.1 0.0053 8.8 4,3131 17.6 11,851 2B.5 23.49
0.2 0.0152 9.0 4.458¢2 17.8  12.046  ¢9.0 £4.07
0.4 0.0429 9.2 4.6045 18.0 12.240  29.5 24,65
0.6 0.0788 9.4 4.71525 18.¢ 12.437 30.0. 25.¢3
0.8 0.121¢2 9.6 4,9015 18.4 -12.633 30.5. 25.81
1.0 - 0.1692 9.8 . 5.0543 18.6, 1¢.831 31,0  26.40
1.2 .0.2223 10.0 5.2040 18.8 13.030 © 31.5 ¢6.9%
1.4 0.¢800 10.2 5.3580 19.0  13.¢49 .0 . 27.58
1.6 0.3419 10. 4 5.5122 19.2  13.4¢9 32.5 28.18
1.8 0.4077 10.6 5.606Y90 19.4 13.630 33.0 ¢B8.78
2.0 0.4773 10.8 5,8258 - 19.6 - 13.832 33.5 ¢£9.38
2.2 0. 5501 11.0 5.9848 19.8 14,035 34.0 ¢£9.98
2.4 0.6¢63 11.¢ 6.1445 20.0 14..38 34.5 30.58
.6 0.7061 11.4 6.3060 20.2  14.444 35.0  31.19
l.8 0.7046 11.6 6.4685 20.4  14.649 35.5 31.80
3.0 0.874¢2 11.8 6.6320 20.6 14.854 36.0 32.4)
3.2 0.96¢25 12.0 6.7970 ¢0.8 15.0%0 3.5 33.0¢
3.4 1.0533 12.2 6.9630 © 21.0 15.267 7.0 33,63
3.6 1.1470 12.4 7.1305 21.¢2 15,475 37.5  34.¢5
5.8 ° 1.243¢ 2.6 7.4£990 21.4 15.683 38.0 34,87
4.0 1.3418 12.8 7.4680 1.6 15.892 38.5  35.4%
4.2 1.14¢9 13.0 7.6390 21.8 16.101 39.0  36.11
4.4 1. 5461 13.2 7.8110 22.0. 16,312 39.5 36.72
4.6 1.06515 13.4 7.6840 l2.¢ 16.524 40.0. 37. 3¢
4.8 1.7594 13.6 £.1580 22,4 16,737 $0.5 37.6¢
5.0 - 1.8693 13.8 8.3330 2.6  16.949 43.0° 3B.é&C
5.2 1.8914 14.0 8.5090 2.8 17.16i 41.5 39.,2:
5.4 2.0956 14.2 8.6360 23 0 17.376 4¢.0  39.8¢
S¢6 - L.2116 14.4 8.8645 e3.2 +11.590 42.5 40.4¢
5.8 2. 3291 14.6 9.0440 23.4 17.806 43.0, 41.1
6.0 2.4497 14.8 9.2240 23.6 18.02¢° 43.5- 41.7¢
6.2 .5715 15.0 9.4080 23.8 18.240 14.0 42, 3!
6.4 ¢.6952 15.¢2 9.5880 -24.0 18.457 44.5 43.0
6.6 2.8211 15.4 9.7710 4.2 18,675 45.0 43.6:
6.8 2.9483 15.6 9.9560 e, 4 18,892 45.5 44.2:¢
7.0 3.0771° 15.8 10,142 24.6  19.110 56.0 44.¢9
7.2 3.2082 16.0 19.327% 24.8 19.330 46.5 45.5!
7.4 3.3408 16.2 10.515 25,0 19,551 47.0 46, 1!
7.6 3.4749 16.4 10.%03 £5.5 40,106 47.5 46.8
7.8 '3.610% 1.6 10.893 26,5 49.06) <8.0  47.4
8:0 3.7460 16,6 11.08¢ 26.5 ¢l.222 48.5 4B8.C'
8.¢ 1.8869 17.9 11,273 27.0 ¢1.185 49.0 48.7.
6.4 4.0276 17.2 11.455 27.5 &£2.353 49.5 49.3
8.6 4.1690 17.4 11,657 28.0 2¢.923 50.0 50.0
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1.

APPLICABILITY
It is not expected that a hand calculation of a tray distillation or absordtion column be
performed by the engineer. For the purpose of a feasibility or pre-project study any required

rigorous column sizing would be performed using SSI PROCESS simulator, or similar.

Should, however, a quick estimation of tower diameter and height be required one of the
most common methods of hand calculation for valve trays is the "GLITSCH METHOD". An

example of the procedure for this method is given in Section 3.

A detailed mechanical design of a tray column is beyond the scope of this guide. For details
on glycol towers see package units.

rs

DESCRIPTION AND NOTES
2.1. TRAYS

There are bpasically three types of tray used in distillation columns ; sieve, bubble cap
and valve trays. Each type has specific applications and flexibilities dependant on the

process criteria. Some of the major aspects are detailed as follows :

Bubble caps

Operation 1 Vapour passes through "risers" into the bubble cap then bubbles intc
the surrounding liquid on the tray. Bubbling action effects liquid-
vapour contact. The liquid exits the tray via outlet weir anc

downcomer arrangement to the tray below.

Capacity :  Moderately high efficiency (minimum 50 %) is maintained at varying

rates due 1o weir maintaining liquid head.

Efficiency : For many years was the most common type of tray-consequently
many published tray efficiencies are available from vendor sources.

Note : most expensive type of tray.

Application : All major services excepts coking, polymer formauon or other higt
fouling conditions. ldeal for use in low flow conditions where tra:

must remain flooded to maintain a vapour seal.

Tray spacing : 18" is normal. Consider 24" to 36" for vacuum conditions.
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Sieve travs
With downcomers Without downcomers
Operation :  Vapour rises through 1/8" to I" Vapour rises through holes in

Capacity

Efficiency

Application :

Tray spacing :

holes and bubbles through and bubbles through liquid.
liquid. Liquid flows across tray Liquid head forces liquid
over weir via downcomer to  countercurrent through same
tray below. holes to tray below. Flow is
generally random and does not
form continuous streams from

each hole.

As high as or higher than bubble cap trays for design rates or
down to 60 % of design. At lower rates efficiency falls and
performance is poor. Generally unacceptable to operate below 60
% capacity.

&

As high as bubble caps at design capacity. Efficiency becomes
unacceptable below 60 % design capacity. Not suitable for

variable load columns.

Systems where high capacity near design rates are to be
maintained in continuous service. Handles suspended solid
particles well, flushing them down to tray below. Can be problem
to run with salting-out systems where trays run hot and dry, holes
may plug. Not recommanded for oil + gas service due to poor
flexibility.

L5" average, 9" to 12" accep- 12" average, 9" to 18" accep-
table. Use 20" to 30" for table. Use 18" to 30" for

vacuum. vacuum.

Valve travs/ballast cap

Generally the same aspects as for sieve trays. Most valve trays are specialist

proprietry design for specific operation problems and capacities. Specialist vendors

include Glitsch, Koeh (flexitray), Nutter, Union Carbide. Best choice of tray for

distillation application.

Tray layouts

Not only may the type of bubble cab/valve/sieve hole be specified for a particular

design but also the tray hydraulics ¢ liquid path. Common arrangements are shown

in Figure 1.
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2.2.

General tray efficiencies to use :

Trav efficiencies

Absorbers Strioping
Hydrocarbon oils + vapour 35-50 % Hydrocarbon oils + vapour 50-3C %
Amine units 15-20 % {Amine towers usually have 20 actual
Distillation columns 60-80 % trays)
CONDENSERS

2.3.

Condensers are usually installed on the overhead of fractionation towers to
recover liquid product and provide internal tower reflux. Design of condensers is

covered in shell + tube exchanger section.

Basically two types of overhead condenser exist, partial and total. When using a
total condenser the heat joad is equal to the latent heat of the saturated overhead
vapour. The resuitant bubble point liquid is split with some returning as reflux and

the remaining portion as distillate product.

For a partial condenser the vapour withdrawn from the accumulator is in
equilibrium with the returning reflux and consequently the condenser is acting as
an "external" additional tray. The vapour is normally withdrawn under pressure

control with all or part of the liquid returning as reflux to the column.

REBOILERS

Generally three types of reboiler exist for light hydrocarbon fractionators.

internal reboiler thermosyphons
external "kettie" type

external "heat exchanger" type furnace, electrical
In most cases the "heat exchanger" type is preferred for efficiency.

The heat exchanger should be located 2-3 m below the exist nozzle from the

column so that sufficient head is available for thermal circulation.

Reboilers may be heated by direct fire, electrical coil, steam, closed heating

medium or process fluid exchange.

Values of U overall (incl. fouling factor) for various types of reboiler and desigr

methods are given in the heat exchanger design guides.
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3. CALCULATIONS

See following pages: 3.5 to 3.11

4. REFERENCES AND USEFUL LITERATURE
$.1. Distillation

Part | : Distillation Process Performance
Part 2: Hydrocarbons Absorption + stripping

Part 3: Mechanical Designs for Performance
8.2. Absorption and fractionation fundementals
4.3. Gas liquid systems

%.6.  Thermosyphon reboiler piping design
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TRAY CALCULATION DATA SHEET

D 2016

Column item:
Tray number: )

l. VAPOR TO TRAY

& D

Number-of passes: 2

Fluid kg/h MW kmol/h tc Pc R
Hfoocaetnd
LeeD a8 oco 12-% 298%
VAP X 168 oo Ut SIS 2087 K (B2
TOTAL 766 %00 _—
I‘\- = "5"? .C P - 2?-6 ATM. abs
Ty =ty + 273 =. 2864+ K o Lgi2
C = L
Tr = T\' = Oc\?_? pr = P . OS?‘
Tc “Be
Then Z = ©O-6171
Vapor density
Dv = _12.03x M x P (atm) . 12.03x 3% x 236 : .
z x Tv(°K) 5673 X 286.%
S%-806 - kg/m3
Vapor actual rate
CV = kg/h - 6% Koo 21332 m3/h
Dv S1806 —
Sheet 1 of 4
..C] PROCESS CALCULATION SHEET
I D IAL ITEM
)/ -/, TRAY COLUMNS € XAMPLE
[TEP/DOP/OIP/ EXP/ SUR NO :
ev| | cmx | OATE | | Jos TiTLE : J08 N°* - [ mev




2. LIQUID FROM TRAY

o= 132 °C
dyl3 = 0389 dp atty = Ol kg/l' or
Liquid flowrate = 18090 kg/h
CL = kg/h = Qg 000 Vfo‘,
dp at ty (kg/l) Lt

3. DOWNCOMER DESIGN YELOCITY  VDgsg
TS = |3‘ = kSo mm
DL-Dv = 35% kg/m3
System factor KI = | « (Tablel)
VDgsg = VDdsgo x Kl = 320 m3/h/m2

—_—

8. VAPOR CAPACITY FACTOR CAF

TS = &S0 mm

CAFo = O-%% (Fig.3)
System factor K2 = (.0 (Table 2)

CAF = CAFg x Kz = (-0 x 03%. =

5. YAPOR EFFECTIVE LOAD V Load

V Load

V37 x0388 = \21\€ mi/h

6. APPROXIMATE COLUMN DIAMETER DT

= 2'5

-2 )

X 103 = Lr“ kg/m3
= 2334 m3/haty
—_—

" Tray SPAcdq

m3/h/m2 (Fig.2) (610 m3/h/mZ maxi)

o 38

____—————:-’

m (Fig.4)

C\'. L = :’3('57'2)( _5_3_&0_6 = 133 2 x D-lfo:}_
DL - Dv 15%

Sheet 2 of 4

..D ' PROCESS CALCULATION SHEET
TOTAL TEM
Lo/ TRAY COLUMNS EXAAPLE
P /700P /TP / EXP/ SUR NO :
Yl l CHK 1 DATE l l JO8 TITLE : JOB N° 1 REV l

S
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COLUMN HEIGHT ESTIMATION

Hy

Hy

i
H3

TL
-

3t

22

/) l\ e
/ \ ‘ ht
& ) —
’ 1
l |
! !

Transition

Hl: OSee design details on vertical vapour-liquid separators.

Minimum distance for ,Hl will be one tray spacing. Minimum distance between

inlet nozzie and to tray 300 m.

H2:

Selected Hl = GOO mm

H2 : tray spacing x (number of actual trays - 1)

No actual trays = theoretical trays/o?

for ? see section 2.1

. 569

Actual trays = (6 ESTIMATE

Note : if the column diameter changes over the length, the transition piece will be

hy = / 3 (§1 - §2) long and H2 will increase by this amount
2

Selected H2 = 6350 mm

Sheet 3 of 4

[ /] PROCESS  CALCULATION SHEET
TOTAL ITEM :
| /.. ] TRAY COLUMNS EXAMPLE
[TEP/DOP /DIP/ EXP/ SUR NO -
BV‘ } CHK l DATE l l JOB TITLE : 308 N° ] REV |




c. H3:

H3 = hl «+ h2

hl = tray spacing x 2 =

Q0% mm

h2 - see vertical separator sizing = hé + h7 + h8

hé = hold up time volume

For production flowing to :

another column
storage

a furnace
another unit

reboiler/heat exch.

he = 2000 h7 =

H3 = hl + h2 = 570 mm

15 min

~
1]

So0 h8 =

%00

— h2 = ¢%00mm

Selected H3 = 3%90 mm

TOTAL COLUMN HEIGHT = Hl + H2 + H3 = 6350 mm

Sheet 4 of 4

3.8

[/ &

PROCESS CALCULATION SHEET

TOTAL
&

P/OOP /P / EXP/ SUR

TRAY COLU: NS

ITEM :
NO :

EXAAPLE

—
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TABLE 1
SYSTEM FACTORS .
Service System
Factor
Non foaming, regular SYSTeMS .t cettatecetececeeaeaciasieenccesesasensanesesnnacneees 1.00
; Fluorine systems, €.8., BF 3, Freon et icnaenniiceniaeceniaiecenivenaaace 0.9
’ Moderate foaming, e.g., oil absorbers, amine and glycol regenerators...... 85
g Heavy foaming, e.g., amine and glycol absorbers ccceccceciccniaiccnnccceaaaes. .73
v Severe foaming, €.g. MEK UNI TS eeeruienicircnieeiaiiiieieieniactanteninceininennecen .60
g Foam-stable systems, €.g., CRUSTIC [EBENEraTOrSeeeeccerercscccncessacscocoancacacscs .30
t
-w i
‘f TABLE 2
i ~
SYSTEM FACTORS
Service System
Factor
i Non foaming, regUIAr SYSTEMS c o issssssssssessssnnsnccasanasannsasaacssnaassssensassasness 1.00
Fluorine systems, €.g., BF 3, Freona e ecaeccacccciaceas tenensarmnamnsranesestsats 0.9
Moderate foaming, e.g., oil absorbers, amine and glycol regenerators...... .85
Heavy foaming, e.g., amine and glycol absorbers.cecceeeeeceeceaeccceaccaeacaness 73
Severe foaming, €.,y MEK UNiTS uiieiieeieinnneiinrnnecnaccsnecaaneccciecennnns .60
- Foam-stable systems, €.g., CAUSTIC FEBeNEraATOrSeaeesacseccrcsesasscesactsssancacass .60
TABLE 3
Column diameter mm Minimum recommended
Tray spacing : 75 mm
p < 1200 450
1200< § < 2500 600
2500< @ < 4200 ' 700
¢ > 4200 ' 950
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Fig. £ BALLAST TRAY DIAMETER
(FOR APPROXIMATION PURPOSES ONLY)
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Note
FOR FOUR PASS TRAYI : - g

1} Divice V Load by 2
2) Liguic Load by 2
3) Obtain diameter
from two-pass tray line
&) Wultipiy digmeter by J;_T
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I.

2.

NOTES AND GUIDELINES

APPLICABILITY

FEASIBILITY STUDY : PRE-PROJECT

Under normal circumstences the design of a packed tower would be detailed by a vendor
based on process data supplied by the engineer. The detailed design of packed towers is
complex and requires specific information regarding both packing type and size and mass

transfer data for the fluids contacted.

For the purpose of this design guide details are given on the general arrangement of packed

towers, various types of packing and loading and pressure drop correlations.

The determination of the height of a packed tower should be evaluated by a vendor or
determined by the engineer if required using methods outlined in design literature (see
references). A detailed description is beyond the scope of this guide and is normally
unnecessary for feasibility and pre-project level.

PACKED TOWER DESCRIPTION + NOTES

A general arrangement of a packed tower is shown in Figure 1.

Packing

The correct selection of a tower packing will normally be made by the vendor based on the

required process, flowrates and pressure drops stated. Details on packing are given in:

Table | - Packing service applications.

Carbon steel towers may be lined for corrosive service with rubber, plastic or brick

depending on the nature of the fluids being processed and the temperatures encountered.

Towers are generally loaded by dumping the packing rather than stacking. Stacking is more
expensive and gives inferior liquid distribution but smaller pressure drop. Certain packing

types will be stacked at vendor request.
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Packing heights per support plate/grid should not exceed 12' (3.6 m) for Raschig rings of
15-20" (4.5 - 6 m) for other packing types. Individual bed heights are normally limited to &
column diameters or 6 m maximum.
rendor
‘ers is o
Good liquid distribution over the packing is necessary to promote adequate phase contact
mass
within the bed. The streams of liquid should enter the bed on 3" - 6" square centres for small
towers with D < 36". For larger towers the number of streams should not be less than (D/6)°.
acked . . ] . . .
Liquid redistributors should be installed after approx. 3 tower diameters for Raschig rings
and 5-10 diameters for other packing types. Redistributors are not generally required for
stacked packing as the downward liquid flow is vertical.
for or
: (se . . .
(see , In order to reduce ceramic and’carbon packing breakage occuring during flow surges hold-
all . L
maty ? down or floating bed limiters are installed on top of the packing. The limiter must be heavy
5 enough to hold down the bed and be able to resettle as the bed moves.
For plastic or metal packing the bed limiter is bolted in place and does not rest on the
E packing.
‘é
; Packed towers are not recommended for dirty service fluids nor for glycol dehydration.
z Packed tower should be considered in preference to tray towers for :
i) small columns with § < 2 f1
n the ii) acids or corrosive liquids
iii) highly foaming liquids
1 iv) low hold up times
¢ v) low pressure drop requirement
é
brick
:d.
more
icking
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4. REFERENCES AND USEFUL LITERATURE
4.1 Applied Process Design for chemical + LUDWIG
Petrochemical plants - VOL II pp 129-239
4.2 Design Information for Packed Towers NORTON Co.
Bulletin- DC-11
4.3 Tower Packings Bulletin P-78 "
Packed Tower Internals TA-80R "
Hy-Pack MY-40 "
Interlox saddles CI-78
4.4 Design Techniques for sizing - John S ECKERT
Packed Towers Chem. Eng. Process Sept. 1961 VOL 57
4.5 No mystery in packed bed Design John S. ECKERT
Oil and Gas Journal Aug. 24 1970
4.6 Calculator Program for Designing V.. PANCUSKA
Packed Towers Chem. Eng. May 5 1980
4.7 Packed column Design on a Pocket T.J. HIXSON
Calculator Chem. Eng. Feb. 6 1984
4.8 Packed Columns Perry Chemical Eng. Handbook

pp 18.19 —> 18.47
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’ Gas Outlet
=~
Liquid talet /Liqvid Distributor - EE_J;R‘E_l_
GENERAL TCWEZR
I3 5.:- 3 %,. % Shell ARPANGEMENT

oo

Pecking
(Oumped or

Stacred) Access Maswey for

Packing Remaval

For Distiligtion Operatiaa Feed Shouid Eater

. IBEEREREREI Between Support ead Distributor ,ualess
Pacting s"”“'\ | lj [ I : Smalt (12° or less) Tower.

Flanged Conagction for
Access info Bottom Section

=
E;_Ci c:r C:T«t
Liquid Rt-bmribnw/ "P{’I—

Stacked Layars

of Lorge and ‘D""‘P“
tatermediate or Steciad)
Sized Paclking

{Not Necesserily s S

Same a3 Bailt o C T 1 v
Tower Packing) to -

Preveal Support
Plate Plugqing. . e

<EEEEY I

I NS
M

o~
-
o o,
.

-,J.

-3

Liquid Qutlet R

Packing Scrvice Application

__Packiag Support

0
2 7 '. ~5 Gas intet

Support Bers

General Sexrvice
Packing Material Appliaation Reznarks
Glazed and un- Neutral and acid con- Unglazed usual
glazed, Porcelain  ditions except bydro- type ex-
or Chemical fuoric, solvents. Not cept special re-
Stoneware good in hot. caustic quirement of low
(above 70° F.) adsorption on sur- TABIE 1
face. Special ceram- ——
ics available for
mild caustic Poré PACKING SERVICES
i e AND SIZES
stopeware.
Carbon Hot alkali, all acids ex- Stand Thermal
cept pitric, no oxidiz-  thock, low cubic
ing ammospberes weight
Plastic Alkali, slts, agueous Light weight

Steel and other

light gauge
metals

and acids depending oo
resin
Hot alkali for steel,
other service to suit
metals

May be hcavxer
than ceramic,
more expentve

Packing Size

This affects contact efficiency; usually, the sma’
packing is more efficient; however, pressure drop
Creases.

As a general guide, use:

Packing Size, Nominal, inches  Columm Diam., inct
y,"_ %I’ 6" — 12[!
n—1 127 — 18"

1 1y 18" — 24
l y:" — 21/ 241! — 48"
2" —3” 36" — larger
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‘Design "
Techniques
for Sizing

Packed Towers .

GENERALIZED PRESSURE DROP
CORRELATION

PARAMETER OF CURVES 1S PRESSURE DROP
1N INCHES OF WATER/FOOT. FIGUAES SHOWWN
IN PARENTHESIS ARE WM OF WATER/METER
OF PACKED HEIGKT,

Reproduced from NORTON e
'Design Information for Packed ;':
Towers' az
Bulletin DC-11
o.t \
GENERALIZED PRESSURE DROP CORRELATION 006
T PROPERTY SYMSOL _BRITISH UNTS METRIC UNITS o oy ‘
Gas Rate G Lds/ft! sec KG/M! 3 h
Liqu«d Rate t Lbs/ft? sec KG/M* s
Gas Density Pe Lbs/tt? KG/Mm*
Lqusd Density N Los/1e XG/w’ oc2
Lqud Viscosity v Cer C
Conversion Factor [+ 1 000 10.764
Packing Factor F — — oon
oo 002 004 06 G102 04 Q6 10 20 40 &0
/e
Packing Factors
(DUMPED PACKING)
Nominal Packing Size (Inches)
Packing Type Mat‘l,
LA 3% 15 % 3% |lorfl|1%{1% |20rf2 | 3 | 3%o0r¢3
Hy-Pak ™ Metal 43 18 15
Suspaedrdllt;tsalox ) Ceramic 60 30
Super Intalox | prastic 33 21 16
Pall Rings Plastic 97 52 40| 24 16
Pall Rings Metal 70 48 33| 20 16
Intalox Saddles | Ceramic | 725 | 330 | 200 145 92 52| 40 |22
Raschig Rings Ceramic ]1600 |{ 1000 | 580|380} 255 155 |125] 95 65 37
Raschig Rings 43"
gnings | m2 700 | 390 | 300 [170{ 155 | 115
Raschig Rings Yie" - . 5
"“Zta' 4101290220} 137 |110] 83 57 32
Berl Saddles* Ceramic j 900 240 170§ 110 65 45

Packing factors determined with an a(r-water system in 307 1.D. tower.
“ODats by Leva

al
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1. To design a packed tower, first it i3 necessary to know
the amount of liquid or gas to be handied and from thus
determine the liquid-gas ratio (L/G). The densities of
both liquid and gas should be known and the term

-é is calculated, then the abscissa, X = -—L— —@;
R G V R

2. After caiculating the vaiue of X consult the generalized
pressure drop correiation adove. It wiil be noted that there
are 3 senes of marked parameters ranging from 0.05to 1.5
inches of water pressure drop per foot of packed deoth
(4 to 125 mm of water pressure drop per meter of packed
deptt).

Normally, a packed tower should de designed to operate
at 3 maximum economical pressure drop. The design engs-
neer must determine the best balance befween higher
capital investrnent vs. lower operating costs {or low pres.

sure arop towers, and low capital investment vs. higher
operating costs for towers operating at higher pressure

drop. Ordinanly, packed towers are not operated 3bove

1.0 inch of water pressure drop per foot of packed deoth

(83 mm of water pressure drop per meter of packed depth).

Higher pressure drops are possible when nstrumentation

is such as to maintain 3 constant pressure drop. Most abdb-

sorbers and regenerators are designed for low pressure

drop cperation, i.e.. somewhere between 0.20 and 0.60

inches of water pressure drop per foot of packed depth (17

and 50 mm of water pressure drop per meter of pached

dgepth). Atmosphenc or pressure distillations are designed

tor pressure drops of 0.50 to 1.0 inches of water pressure

drop per foot of packed deoth (42 mm to 83 mm of water

pressure drop per meter of packed. depth). Vacuum distil-

lations run the complete range of pressure drop and are-
gependent on what is to be accompiished and whether the

vacuum is solety for improved separation or whetner it s

to reduce temperature of separation to mprove product

quality.

The ;yesagner should keep in mind that the pressure drop

parameters shown oOn the generalized pressure drop cofr-

relavon are in inches of water (mm of water). Therefore,

when gesigning columns operating with other liquids, spe-

cal consideration should be given, especially when the

specific gravity of the liquid is substantiaity less than that

of water. For example, an absorber handiing a hydrocarbon

with a specific gravity of 0.5 will exhibit the properties of 2

tower with a hold-up voiume corresponding to 3 pressure

drop approximatety 80% greater than that for which it was

designed.

3. After having determined the vaiue of X as the abscissa in
Step 1. and selected an operating pressure drop in Step 2.
the vaiue of the ordinate, Y, may be determined by the use
of the generslized pressure drop correlation. Locate the
value of the abscissa on this chart: move verticaily until the
proper pressure Grop parameter 1S contacted: then move
nonzontalty from this point to the left hand edge of the
chart and read the vaiue of the ordinate. Make the vaiue
equal to this group of vanables: -

RR-£L)
4, ThenG = (M) Q.5

CFUd1

The vaiue of all vanabies s known except for the viscosity
of the liquid. the packing factor F and the gas rate G. The
wiscosity of the liquid can be determined from lterature,
expenment or approximation. The pacxing factors of ail
si1zes of packing are given in the tadie on page 4. Broaaly

Y=

speaking, packings smaller than 1 nch size are intended
| for towers one foot or smalier «n diameter, packings 1 inch
| or 114 inch in size for towers over one foot to three feet
i (0.3 to 0.9 meters} 1n diameter and 2 or 3 inch pachngs
! are used for towers three or more feet (0.9 meters) in diam-
t eter. The designer should select the proper size of paciung,
! n this  first

and therefore the praper tactor

Caiculation.

packing

5. Now that all vanables have assigned values, G may be .
Calcuiated and the Ciameter Of the tower adetermined by

using the equation:
Q.5 .5
o= (“_’1) =1.134a
L 3

G’ total tbs. /sec.

whefe A = e
G Ibs./sq. 1. /sec.

as determined from Step 4.

This establishes the diameter of the tower which, when
filled with the packing seilected and operated at aesign
hquid and gas rates, will develop the seiected pressure arop.

6. The depth of the ded required will be dependent upon the:
approach to total mass transfer required with 1009, mass:
transfer theoretically requinng a bed of nfinite depth.,
Therefore towers are 3iways designed to cperate at iess:
than tota! mass transfer. In gas apsorption probiems. the:
bed is usually caiculated from the mass transter co-.
efficient:

— N
HAPA YW

because the dnve s from the gas to the liquid phase.

Or it a stripping operation is involved then the mass trans-
fer co-efficient becomes:

Kea =

N
HAAa Xin

because the dnve i3 trom the liquid to the gas phase.

The definitions of the terms for the above equations for

Kaa 3nd K.2 are as follows: )

Kea = Mass transter co-efficient. Ib. moies/ft.3 Hr. Atm.

Kea = Mass transfer co-eficient, {b. moies/tt.3 Hr.

N = Lb. moles transferred/Hr.

H = Packed depth of tower packing, f.

A = Tower cross sectional area, 8.2

P = System pressure, atmospheres

Y. = Gas phase mole fraction, component |

Y. = Gas phase mote traction of component i in
equilidbnum with liquid bulk phase mole fraction of
component i, X,

X, = Liquid phase moile fraction, component ;

X.* = Liquid phase moie fraction of component 1 in
equilibnum with gas bulk phase mole traction of
componenti, Y,

Kia =

For counter-current gas-liquid ﬂow'
(Y- Y= (Yi-Yh
Lo LY Y2 / (Yi-Yin )

where the subscripts 1 and. 2 refer t0 the top and bottom of
the column respectively. The equation of AX.u 1S 3naiogous
to the equation for AY.x given above.

Keda and K.a data are avaidable tor most absorption and
stnpping operations. Because the data on absorption of CO,
with caustic soda solution are so compiete for the vanous
packings, it is not at all unusual to use the data as a ratio
nformation source for gesign with other packings and other
rates than those for which direct information exists.
Distillation units are generaily designed on the basis of HETP
(height equivalent to a theoretical plate). Hundreds of distl-
lation expenmental studies have caused us to conciude that
the properties of 3 system have littie to do with the HETP
value, provided that good distnbution 18 mantained and the
packed bed 1s operated with pressure drops of at ieast 0.20
inches of water pressure drop per foot of packed depth (17
mm of water pressure drop per meter of packed depth). Mass
transfer taking place in packed beds. where any substantal
amount of pressyre ¢rop exists, will ocgur pregomnatety as
a result of turbulent contact of gas and hquid rather than as
a oiffusional operation governed by film resistances at the
interface.

Once the total bed depth has been determined, the depth of
1ndvidual beds must be estabhished. Generaily, individua! bed
aepth 18 heid to eight column diameters or 20 ft., although
under certain conditions 30 ft. beds are permissible,

Proper tower internais are required to reabize the full poten-

tial of the paciing in any apphcation. (See engineening manual
TA-80R.)

AYim =
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1.

APPLICABILITY

It is not expected that a hand calculation of shell and tube exchangers be performed by the
engineer. For the purpose of a feasibility or pre-project study any required rigorous

calculation would be performed using computer programs HTRI or HTFS.

A quick estimation of heat exchange area, shell diameter and tube length should be done by

hand calcuiation. An example of the procedure is given in Section 3.

A detailed mechanical design is beyond the scope of this guide.
DESCRIPTION AND NOTES

2.1. DESCRIPTION

The flow of fluids inside the exchanger varies according to requirements and can be
single or multi-pass on either tube or shell side. Figure | shows the types of tubui_.
heat exchanger manufactured to TEMA standards ;

The following types are frequently found :

- Exchangers (Heaters) - Condensers
- Reboilers (Thermosyphon or forced circulation)

- Evaporarors (Kerttle) - Chillers (using refrigerants)

2.2. SELECTION OF SHELL OR TUBE SIDE FOR THE FLUIDS

a. Tube side: ’ ‘/Méuﬂ I
- Most of time highest pressure fluid - Cooling water, steam

- Fouling or corrosive fluid
- Sea water (it is always recommanded to install the sea water on tube side)
b. Shell side :

- Fluid with the highest viscosity - Condensation
- Evaporation (refrigerants in chiller) - Least fouling fluid

- Most of time lowest pressure fluid

2.3. SELECTION OF TUBES

Standard length : 12/, 16', 20' but longer tube lengths are possible (upto 40')
Diameter commonly used : 3/4", 1"
Pitch commonly used : triangular or square. External tube cleaning is possible

with square-pitch only.

2.4. TUBE SIDE VELOCITIES

The tube side velocity f.or most materials and services should be held between
about 1.3 to 2.5 m/;.,

Below | to 1.2 m/s fouling will be excessive, much above 2.5 m/s erosior. can

become a problem. ]
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2.5. CHARACTERISTICS OF TUBES
BWG = BIRMINGHAM WIRE GAGE
1 by the ’
T T 1 ] | | 2 |
rigorous | | Daernal ) I THICKNESS| Jmernal | secrion|  AREAMYM)  jygguy
[ ameter [ (mm) | I em?) T [ [ (kg/m)
I (in et mm) ' | , (cm) | | External | Internal |
done by | I | | | o I [
I 1/2in | 14 | 210 | 0.848 | 0.565 | 0.0399 | 0.0266 | 0.600
| (12.7 mm) | 16 | 1.65 | 0940 | 0.694% | | 0.0295 | 0.490
| | 18 | 1.24 | 1.021 | 0.819 | [ 0.0321 | 0.384
I I [ | I I o |
[ 3/4in | 10 | 3.40 [ 1.22¢ | 1.177 | 0.0598 | 0.038% | 1.436
| (19.05mm) | 12 | 2.77 | 1351 | 1434 | | 0.0424 | 1.216
| | 14 | 2.10 | 1483 | L727 | | 0.0466 | 0.963
[ | 16 | 1.65 | 1.575 | 1.948 | | 0.0495 | 0.774
{ can be I {18 | 1.24 | 1.656 | 2.154 | | 0.0520 | 0.597
I I I I I l I !
tubus.. |  lin | 10 | 340 | 1.859 | 2714 | 0.0798 | 0.058% | 2.024
| (254 mm) [ 12 | 2.77 | 198 | 3.098 | | 0.0624¢ | 1.696
I |14 | 2.10 | 2.118 | 3.523 | | 0.0665 | 1.324
! | 16 | 1.65 | 2.210 | 3.836 | | 0.06%% | 1.057
| |18 | .26 | 2291 | 4122 | | 0.0720 | 0.811
l | ! I I | ! |
. 1l/4in | 10 | 3.40 | 2.494 | 4.885 | 0.0997 | 0.0783 | 2.604
| 31.75mm) | 12 | 2.77 | 2616 | 5375 | | 0.0822 | 2.158
) l [ 16 [ 200 | 2743 [ 5909 | [ 0.862 [ 1.682
| I 16 | 1.65 | 2.845 | 6.357 | | 0.089%4 | 1.340
! | 18 | 1.24 | 2921 | 6.701 | | 0.0918 | 1.024
I I | I | I | f
| 11/2in | 10 | 3.40 | 3.124 | 7.665 | 0.1197 | 0.0981 | 3.185
| (381 mm) | 12 | 2.77 | 3.251 | 8.300 | | 0.1021 | 2.634
| [ 14 | 2.10 | 3378 | 8.962 | | 0.1o61 | 2.039
[ | 16 | 1.65 | 3.480 | 9.512 | | 0.1093 | 1.622
de) | [ 18 | 1.24 | 3.556 1| 9.931 | | 0.1171 | 1.237
I l ! ! | ! ! I
2.6. TEMPERATURE APPROACH AND PINCH
. minimum temperature approach 5 °C.
minimum pinch for condenser or chiller 3 °C.
2.7. DESIGN MARGIN
10 % on area is recommended.
pOSsible 2.8. PRESSURE DROP
Allowable A P varies with the total system pressure and the phase of fluid.
Liquid pressure drops of 0.7 to 1.0 bar per exchanger are common. The
between equivalent gas drop is about 0.2 to Q.5 bar.
4 k - Some exchangers have low pressure losses and as reboiler and condenser (less
sior. can than 0.1 bar) especially those in vacuum system.
—
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2.9. CHOICE OF HEAT EXCHANGER TYPE (Figure 1)

a. Front end stationary head types

Type A: Used for frequent tube side cleaning due to the ease of dismantling

the cover.

Type B: Cheaper than Type A but the dismantling of the bonnet is more

difficult. To be used for clean products.

Type C: Cheaper than Type A for low pressure. The price increases quickly

with the pressure. This type is practically never used.

. Type D: Special for high pr‘essure P > 200 bar.

b. Shell types
Type E : In general the most commonly used.

. TypeF: .Advantage : Fluids flow at perfect counter current (F = 1).

. Disadvantage : - leakage between the longitudial baffle and shell

-decreases in value.

- mechanical problems from expansion.

- low pressure drop eg : < 1 bar (risk of damaget

of the longitudinal baffle).
This type will be used only to avoid a great number of Type E shells in series.

Type G & H : Used for low AP= 50 mbar as for thérmosyphon reboiler.

the length of the shell must be limited.
Type J: Used for high flow or high AP for Type E and also sometimes on

Vertical baffles are not installed for these types and due to that‘

condensates to avoid the use of vapor belt.

Type K : Used for vapor separation is required ie chiller, some reboilers...

c. Rear end, head tvpes

Types L, M and N : Fixed tube sheet, used for clean fluid on shell side and for

low AT<30°C.1If AT > 30 °C use other head types or install an expansion

joint cn the shell. ‘

Type L and N will be used for dirty fluid on tube side. For the other cases the

type M will be used it is the cheapest.

Type P : Generally not used.

Type $: Used very frequently, no restrictions.

Type T: For frequent dismantling, expensive, shell diameter larger than type
S for same number of tubes generally not used.

Type U: For clean fluids on tubeside no other restrictions, low cost.

Type W : Generally not used.

d. Conclusion

The most frequently used types are : BES, BEW, AES, BEM, divided flow, BEU.

l

3
I
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Heat-exchonger nomenciature
PIGURE 1
;mantling
‘ FRONT END snews REAR END
STATIONARY HEAD TYPES TYPeS HEAD TYPES
is more e
T N b
E L ] 1 L) H
s quickly T 1 %J %
FIXED TUBESHEET
A ONE PASS SHELL UKE “A= STATIONARY MEAD
e
, T 1 s
b el
HANNEL
AND RESOWABLE COVER F |_ M
AXED TUBESHEET
TWO PASS SHELL UKE "B~ STATIONARY HEAD
WITH LONGITUDINAL BAFFLE
). TR
. T ————’: 3
and shell B
G ——————————— N
= -1 FIXED TUBESHEET
Gt UKE "N~ STATIONARY HEAD
[}
. BONNET (INTEGRAL COVER) SPuT ROW —
' damage . H
P
ies = H T T
‘ l .l. OUTSIDE PACKED FLOATING HEAD
- c A MOBE
. e =
SUNOLE DOUSLE SPUT FLOW J 1o STSSTS
e to that ow T . I=z==d
1‘-. T S ritara
CHANNEL INTEGRAL WITH TUBE- vode sz
SHEET AND REMOVASLE COVER 3
times on . FLOATING HEAD
_ T WITH SACKING DEVICE
. I
| £3F:_
DIVIDED FLOW sTTTTTRA L ST 2,
20Seee .
’ ‘ N ' T T %B\\ Can
g . PULL THROUGH FLOATING MEAD
e and for ) K : f=!
' CHANNEL INTEGRAL WITH TUBE- T T
sxpansion SHEFT AND REMOVABLE COVER U )
KETTLE TYPE REBOILER-
|
U.TUBE SUNDLE
cases the L
T C,-_"v)
D X - il
L L w iﬁj
CROSS £L0wW EXTERNALLY SEALED
FLOATING TUBESHEET

than type

BEU. c e
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| ITEM: | : VALUE NOTES : :
i | . | I
I DUTY Q(2) ! kcal/hr | o-s « c* | Indicate temperamresI
| HOT FLUID i . f 28" :
| Inlet temperature T1 | °Cc | O | 1 '
| OQutlet temperature T2 | °C | 25 | :
I ar /-\ -
| coLp FLUID 1 | | 2 Vo <
| Inlet temperature tl | °C I \8 [ U |
i Qutlet temperature t2 [ °C | 25 i l l
l i | 18’
|
f TI - 12 °C g |
|
T2-1tl } °C F '
LMTD (1) °C 35
t2-1tl °C 2
Tl-1tl °C 16
' T1 -T2 . °C bt | ]
! , | |
| p=12-tl | | 0§ | |
| Ti -1l I | i l
| | | | |
| R=T1L-T2 l | {125 l |
| 12 -t i | i |
| { [ | {
F = LMTD correction Fig. 2 | 0.45 ot | ',
| factor (2) } v ' :
| [ |
Number of shell passes (3) Fig. 2 2 | i
Number of tube passes Fig. 2 le 2 i
I HEAT TRANSFER COEFF. U | kcal/hr | Leoo I including fouling l
| | m2°C | °© | factor i
I | I I ‘ I
]
‘ HEAT TRANSFER AREA l ; | l
[ | | | |
lA=_Q _ | m2 | (FS | Frots |
‘ U.F.LMTD ' | | I
I | a, " v
| ESTIMATED TUBE LENGTH |  FT | 20 |2 @ fe prs
! ESTIMATED SHELL DIAM ‘ ins | 29" ( F0na) } 6 6uG - = 480 Whs
|
| | . :
| ESTIMATED WEIGHT Bundle| tonnes | 23 | Ercamser. wwee 6o |
| Shell | tonnes | 5% | I
l » Total | tonnes ! 2.0 l |
i = |
..Q PROCESS CALCULATION SHEET
TOTAL ITEM :  FED [fasdoct EReHANgR
N SHELL AND TUBE HEAT EXC .
T EP/DOP /DIP/ EXP/ SUR HANGER NO : E (23«
av | | cmux | OATE |« (35 | JOB TITLE : DEum eadmeav JOB N® 1 EXAMILE | rev

{s) .

(%)
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(1) Use following formula

LMTD = (T2 -t1) - (T1 - t2) if T2-t1>Tl-12
” Tl -12

l LMTD = (T1 -t2)-(T2-tl) - ifTl-t2>T2-1¢l
LaTl-12
T2 -1tl

(2) For total condensing

TEMPERATURE '\

. \

Remark : If the heat exchange curves are not linear the LMTD should be determined step
; by step with the linearisation of the curves and with the ponderation of the
partial LMTD by the partial duty on each linear step.

|
PINcE i \
)

surface for the exchanger.

i (5) See LMTD correction factor (Figures 2)

H the number of shell and tubes passes should be chosen in order to have 1 < F < 0.8

If F < 0.8 add shells (2 exchangers in series)

(4) See Section 5 shell and tube heat transfer.

4. ESTIMATION OF SHELL DIAMETER

f With the heat transfer area, selected tubes size, pitch, tubes length it is possible to

determine the number of tubes and with table | or 2 hereafter the approximate sheil

0 diameter.

Take maximum shell diameter about 60 inches.

' Temperature
i t Approach
. )
'
! ] > 0
| | Zone ] L 2one 2 - 2one ’ kcal/hr
Oessupeheating Condensing Subcooling

In this case calculate the heat transfer area for each zone, the sum of these areas is the
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TOTAL PROCESS ENGINEERING DESIGN MANUAL | Revision: O
SHELL AND TUBE EXCHANGERS
TEP/DP/EXP/SUR Date 1 2/85 4.9 TE!
e f—
: T, TUBES ge /4" :
| sHELL : PITCH Q 1* ,r - PITCH & I* : 5. SH
! 6i in incnes | NUMBER OF PASSES TUBE SIDE | NUMBER OF PASSES TUBE SIDE :
: ! 1 ] 2 7| . ] ) i 2 I . : Api
3 32 2 20 3 32 21
10 52 52 0 60 %6 «7 (inc
12 12 76 3 30 12 7% .
13 e T % 12 109 106 90
13 1/% 137 12 116 164 130 137
17 1% 138 166 153 211 200 133 TABLE |
19 1/s 236 220 204 27 234 261
21 1/s 27s 270 286 320 306 279
23 1/% 323 3i2 308 383 3?75 350 MAXIMUM TUBES NUMBER PER SHELL kca:
23 07 394 370 a1 32 .19
Py s w0 2 556 336 37
29 351 526 sg0 630 . 603 356
3 633 616 589 745 726 677
33 740 712 685 833 230 772
35 323 812 770 97 937 832
b} 928 901 130 1074 1047 1014
39 1026 1014 983 1206 . un 1129
2 1202 1163 11e7 1806 1313 1310
«s 1433 1ot 1367 1639 1611 1543
ot 1620 1598 1353 1872 1843 1766
52 1918 1390 1842 2212 2133 2092
36 2241 2214 2167 2563 2563 2666
60 2587 2556 2510 2987 2945 2327
} 7| TUBES 1~ {
D osweLL | PITCH O I 1/ : PITCH 4 1° t/s :
! 6 in inches } NUMBER OF PASSES TUBE SIDE " NUMBEF. OF PASSES TUBE SIDE |
| T 1 1« T 7 T 7 T . !
s 20 16 16 20 T3 16
10 30 3% "2 3 30 2
12 Y 9 o 57 st Y]
13 1/6 6l 53 st 67 63 57
15 1/% 1 32 76 96 92 26 TABLE 2
17 1% 113 108 102 129 127 147
19 1/e 188 139 137 170 160 150 MAXIMUM TUBES NUMBER PER SHELL
21 148 170 166 158 199 139 179
23 176 207 197 197 246 232 213
23 243 246 222 294 21 257
27 287 287 267 349 335 302
29 39 139 320 396 376 339
31 390 390 363 w72 “36 «31
33 58 52 3Y 538 . 520 7
33 326 313 «8) 610 592 361 i
3 577 337 333 674 664 633 :
39 643 3y 61z 766 733 698
«2 746 129 709 900 - -
«s 894 173 233 1038 1013 982 !
«8 1029 1010 979 1188 1163 109%
32 1216 e 1 tier 1405 1373 1323 i
Se 1420 1600 1371 1638 1605 1349 :
60 1639 teld 1587 1889 1831 1797
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o :F | To TAL PROCESS ENGINEERING DESIGN MANUAL | Revision: 0 Page No :
TEP/DP/EXP/SUR SEELL AND TURE EXCHANGERS Date  : 2/85
4,10
-~} L— ™y
Yater/gas 1 - 33 bars 170 - 230
5. 'SHELL AND TUBE OVERALL HEAT TRANSFER Vater/gas 33 - 70 bars 230 - 35¢
Vater/gas 70 - 100 bars 390 - 30¢
§ Approximate overall heat transier coefficents. tater/gas over 100 bars . 300 - 700
= WL Water/natural gasoline 340 - &40
Keal/te m2 °C Vater/MEA 630 - 73¢C
(including fouling factors) Vater/aic 70 - 120
+ Heating/coolin Vater/WVater 300 - | OCC
- Cas/gas (< 35 bars) 240 - 340
GCas/gas (about 70 bars) 270 - 360
; Cas/CJ chiller 290 - &40
’ Vater/light H.C. viscosity < 0.3 Cpo 290 - 73C
Vater/average H.C 0.3 Cpo < Viscosity < | Cpo 250 - 610
kcal/h.rmz"c x 0.2047 = BTU ftep Vater/heavy H.C. viscosity > | Cpo 30 - 300
x 1.162 = W/m“°x Ou/eil 300 - 450
Dowtherm/gas 20 - 200
Dowtherm/heavy oil 30 - 300
Steam/water 340 - 1100
Steam/gas 25-2%
Steam/light H.C. Viscosity < 0.5 Cpo 300 - 1 000
Steam/average H.C. 0.5 Cpo < viscosity < 1 Cpo 250 - 500
- Steam/heavy H.C. viscosity > | Cpo 30 - 300
Steam/water 700 - § 700
Light H.C/water 420 - 6460
b. Condensing Fracuionator overhead/water 340 - 390
Steam/oil 340 - 340
Casoiine/water 320 - €30
Heavy H.C./water 190 - 370
¢. Vaporjzation {reboilers) Hydrocarbors light/steam 440 - 900
Hydrocarbons C4-C3/steam 360 - 720
440 - 590

6. VEICHT ESTIMATES

| : 2.

KERN

4.3, HTFS Program

January 1930

¥'ith hot oil

See figures 3 and & hercafter.

&4, CAMPBELL VOLUME }
4.5. NGPSA Chapter §

&.6. PERRY

&.7. HTR! Program

REFERENCES AND USEFUL LITERATURE

1.  TEMA (standaras of tubular exchanger manufacCturers assoCiation)

4.3. LUDWIC VOLUME ) second edition

4.9. QUICK CALCULATION OF HEAT EXCHANCER WEIGHT Process Engineering
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PRESSURE 300° Temp «650°C

Base : 3/4” BWG 14 PITCH : 1”0 TUBES LENGTH 16’
MATERIAL : CS

SEELL AND TUBE EXCHANGERS
FIGURE 4
TYPE BEU
WEIGHT ESTIMATE
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TOTAL PROCESS ENGINEERING DESIGN MANUAL | Revision: 4| PageNo: Tc

AIR COOLERS TEP/C
TEP/DP/EXP/SUR Date  : /85 4.13 "

A

1. APPLICABILITY

For both the feasibility and preproject study it would generally be required to state the
required duty of the air cooler, the overall dimensions and weight and an estimate go*

required fan power.

A calculation procedure sufficient for a preliminary estimate is given in section 3.0.

2. DESCRIPTION AND GUIDELINE NOTES

Water or Air Cooling ? I

Air cooling offshore is sometimes prohibited due to the modular layout of the platf . F
This may require installation of the air cooler too remote from the associated

equipment. Use closed loop water cooling.

nuisance of water treating is eliminated if air coolers are used. '

. Air cooling is cheaper, simple and flexible when compared to water cooling. The cost and

In warm climates air cooling will not be as effective as water which will produce a

cooler product stream. Air cooling is approx 50-70 % as effective as water. |

‘Forced on induced draft ?

. Forced draft pushes the air at Jowast available temperature (highest /o ) hence lower"

power requirement.

. Accessability to motor and driver are better on forced. Structural and main-tain. 2

costs lower.

. Possibility with forced draft of hot air recirculating into suction of fan thereby reducing

efficiency.

Induced draft gives better air distribution due to lower inlet velocity with less chance of

recirculating of hot air.

Induced draft coolers can be easily installed above piperacks or other equipment.

Protection is giver by induced draft coolers from effects of rain, wind snow on finned

tubes. Important if fluid in tubes is sensitive to sudden temp change also freezing ofl:

tubes can occur in cold climates or heavy snowfall.
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TOTAL PROCESS ENGINEERING DESIGN MANUAL | Revision: 0 Page No :

SHELL AND TUBE EXCHANGERS
TEP/DP/EXP/SUR Date  2/85 414

Finned tube elements (see Table Q)

I" OD tubing is most common with 0.5" to 0.625" fins. Fin spacing 7 to 1l per inch.

Extended surface area is 7 to 20 times bare area. -

Standard tube lengths from 6 ft to 50 ft (2 m to 15 m). Longer tube designs are less’

costly than short ones.

Bundie depth may vary from 3 rows to 30 rows of tubes. 4 or 6 rows is common for

smaller units. Use 4 as first estimate.

Fin material most commonly AL. Adequate upto 400 °C operating . Use steel for higher

temperatures.

Fans and motors

Fans are axial-flow large volume low DP devices. Use total fan efficiency 65 %. Driver

efficiency 95 %.

Fan @ equal to or slightly less than bundle width. Normally 2 fans preferred. Fans have &

to 6 blades. Max fan diameter 14'-16'.

Distance between fan + bundle 0.4-0.5 of fan diameter. Ratio of fan ring area to bundle

area must not be less than 0.4._

Fans may be electric, steam, hydraulic or gasoline driven. Individual driver size usually
limited to 50 hp, (40 kw), 380 V.

Face velocity of air across a bundle is 300-700 ft/min (1.5-3.6 ms=1).
A 10 % change in air flow rate results in ~ 35 % change in power used.

Temperature control

For close control of process outlet temperature auto-variable pitch fans, top louvers or

variable speed motors are required.
Variable pitch fans more efficient than louvers.
Louvers can be manually adjusted for winter or night time operation.

For process fluids that freeze or gel ai temperatures above the winter ambient a

recirculation system is necessary 10 maintain air temp entering the tube bundle.
General approach temp to ambient air is 20-28 °C. Absolute minis 10-12 °C.

Note : Air coolers are noisy. Keep fan speed as low as possible and consider relative layout

carefully.
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4.0 REFERENCES AND USEFUL LITERATURE

4.1.  Air cooled heat exchangers

4.2.  Air cooled heat exchangers

4.3.  Air cooled heat exchangers

4.4, Aerial coolers

4.5. Design of air coolers - A

Procedure for estimation

4.6. Estimate air cooler size
HP 41CV program

PERRY

LUDWIG

GPSA

CAMPBELL pp 207-209

R. BOWN

chapter 9

pp 11.23 5 11.25

pp 177 > 193

Chem. Eng, Mar 27 1978, p 109

N. SHAIKH

Chem. Eng, Dec 12 1983, p 65-70

OP:ER/
Duty

Fluid i
Fluid ¢
Fluid i
Air am

Overal
(See T:
work sl
{Based




;'j 416
R

OPERATING CONDITIONS AND NATURE OF FLUID : HID2acARBems SAS Coo g

Duty iQ= i 2x%0° keal/hr 4
g A .

Fluid inlet temperature ITl=| too. °c |
\1 Fluid outiet temperature IT2= 1 So °C |FLUID Ty-= T1-T2-= S50 eC
g’ Fluid inlet pressure IP= | (O barabs |
Air ambiant temperature ltl= | 3o *C IINLET Tt=Tl-1tl= 3o .
P Overall heat transfer coeff. iU= | kecal/hr m2 °C |

{See Table } and/or attached

, work sheet) = %00
s (Based on bare tube area) I NOTES
. STEP
1.Optimum number of tube =~ IN= | 9 I (curve N° &)
! rows
»m =Atair/Dtm IR= | ©%® ] (curve N° &)
' 1! - T2/T1 - t!l | | o3 °C |
4.Y =Dt air/T1 -1l Y= | 0-35 | (curve N° 5)
5.Qtair = Y x (T1 - tl) latair | 245 °C |
' 6.Exit air temp t2 =Atair + tl [t2= | %S . °C |
7. Average differential temp. I | |
[ Dm =4tair ltm=| 30-6 °C |
. R
| I I
, 8.Bare tube surface A=_Q A= | 326 m< |
Uxatm
| | |
, 9-Bare tube area/row Fa=A/N {Fa=| &\ m2 |
i 10. Tube length |L = 1 35 Mol 3,4,5,6,7.50r 9 m are common
~ ll. Tubes/row TR = Fa/Lx0.08 |[TR=1| 68 | (1" OD tubing)
'~ Zooler width W=TRx0.0635 | W | &3 m |
i-. Total fan power =Fax0.795 | Fp | 324 kW |
'Y 14. Number of fans | Nf | 2 I max. fan diam = 4.6 m
15. Fan diameter Il Fp 1 3-8 M
+ 16. Power/fan Fp/Np i PF 1162 kKW |
i7. Estimated weight I M | R*Soeo kg | (including motors)
. 4.88 (36.4X9.35 N)xWxL | | |
Notes: Curve numbers refer to
: Process Design Manual Chap. 4.
1
' | [ . PROCESS CALCULATION SHEET
TOTAL ITEM : -
) : AIR COOLER E xAMPLE
1 EP/DOP /DIP / EXP/ "UR MO y
] | cnx | DATE | { o8 TITLE : JOB N | mev |




. LIQUID COOLING

LIQUID VISCOSITY AT T L+ T2 =
2

GLOBAL HEAT TRANSFER COEFFICIENT : U
(Read curve n® |)

H

. GAS COOLING

MOLECULAR MASS : MW =

GLOBAL HEAT TRANSFER COEFFICIENT :U-=
(Read curve n° 2)

TOTAL CONDENSATION

T -T2 = °C

GLOBAL HEAT TRANSFER COEFFICIENT : U =
(Reat curve n° 3)

. PARTIAL CONDENSATION

4.1.  WITHOUT LIQUID AT INLET

inlet gas flowrate WG] =
outlet gas flowrate WG2 =
outlet liq flowrate WL2 =
T1 -T2 =
GAS MOLECULAR WEIGHT AT I1+ T2
Cu \ —_—
HEAT TRANSFER COEFF. Uc =
(Read curve n°® 3)

HEAT TRANSFER COEFF. Ug
(Read curve n°.2)

GLOBAL HEAT TRANSFER COEFF.

U=WL2yxUc=WG2xyg -
WGl WGl

SELECTED GLOBAL HEAT
TRANSFER COEFF.: U =

Curves refer to PDM Chptr. 4.

13

Cp

kcal/hr m2 °C

_ kcal/hr m2 °C

kcal/hr m2 °C

kg/hr
kg/hr
kg/hr

°C

kcal/hr m2 °C

kcal/he m2 °C

kcal/hr m2 °C

kcal/hr m2 °C

PrOOP/DIP/ EXP/ SUR

) /| /] PROCESS CALCULATION SHEET

TOTAL AIR COOLERS
| /] HEAT TRANSFER COEFFICIENT

ITEM :

NO :

.

T cu | loate |  looemmie

108 N° - | mev |

8y

i



4.2. WITHLIQUID AT INLET

inlet liquid flow rate wL1
outlet liquid fiow rate WL2 =

LIQUID MOLECULAR WEIGHT AT 1 +2T2 =

LIQUID SPECIFIC HEAT AT 1! +2T2 CPI =

QL:(LI"Z_WL_z)xCPlx(TI-TZ)

inlet gas flow rate’ WGl =

outlet gas flow rate WG2 =

GAS MOLECULAR WEIGHT AT 11+ T2
e

GAS SPECIFIC HEAT AT 1*2L2 CPg

. QG = (WGl +2WGZ x CPg x(T1-T2) -

CONDENSATION HEAT
Qc=Q-QL-QG -
LIQUID VISCOSITY AT L+2T_2 =

LIQUID HEAT TRANSFER COEFF- U
(Read curve n°® 2)

GAS HEAT TRANSFER COEFF. Ug
(Read curve n°® 2)

CONDENSATION HEAT TRANSFER
COEFF. Uce
(Read curve n® 3)

GLOBAL HEAT TRANSFER COEFF.

U= Q U =
QL . QG ., QC

ue LT U

SELECTED GLOBAL HEAT

kg/hr
kg/hr

kcal/kg *C
kcal/hr

kg/hr
kg/hr

kcal/kg °C

kcal/hr

kcal/hr

CPg
kcal/hr m2 °C

kcal/hr m?Z °C

kcal/hr mZ °C

kcal/hr m2 °C

TRANSFER COEFF. : U = kcal/hr m?2 °C
-/ - PROCESS CALCULATION SHEET
| TOTAL AIR COOLERS ITEM :
A HEAT TRANSFER COEFFICIENT NG -
[TEP/00P /OtP/ EXP/ SUR :
avl rcmg { DATE | | Jo8 TiTLE - JOB N* : | mev |




<

gTAL PROCESS ENGINEERING DESIGN MANUAL | Revision :

AIR COOQOLERS
’DP/EXP/SUR Date

: 2/85 4.20

0 Page No :

CUPVE 1 - COOLING HYDROCARBON LIQUIDS

1~ HIGH AP
[ —

[/
[/

LOW FOULING FACTOR

1/
.

NN

N
Lowrap \R

HMIGH FOULING FACTOR N

N

N

NN

N N

VISCOSITY Cp

0.2 0.3 0.4 0.5 0.6§0.76.83 1

~N
w

4

W in kcal/hr.m?2 ~ o
CURVE 2 - COOLING GASES

S

€ 7 8 910

-

Ha

\_\
\
\

= 150
moL WT = —
. L/“‘L""TO—

MOL WT =

—

\

|

PRESSURE BAR ABS
+ )

T

1 2 3 4 S 66 7 8 310 20 3o

T
40

$ bl e
S0 60 70
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TOTAL CONDENSATION

with automauc vanable pitch fans.

CURVE 3 [ ]|
|
800 <
700
600
500 m—
\\
: 400 —— e
300
200
150 ]
PRESSURE BAR ABS
1 2 3 4 5 20 30 40 SO 70
B'I'U/h.rftz"f‘ 4.885 = k 2
x 4. = kcal/hm ..
TARLE 2 ) TRBLE 1 o /hrecler
. . r<
Fintube dota for l-in. OD tubes Typicol overall heat-trensier coeHicionts
Fin height by Fint/inch Yy . by @ % in. by 10 bor oir conlens
—————tt Soroum Voo Comintns
APF, sq hi/tt 3.80 5.58 A
AR' 3q f"/ﬂ 14.5 21.4 . Weter & wemer bt Uy M, Uy \,
Tube Pitch [ 2ina 2% 3[{2% »m 3 2% in A R T No—?s 1
Prag -
APSF (3 rows) 68.4 60.6 891 80 4 (.:::::m *y—a } [RY V)
{4 rows) 91.2 808 118.8 107.2 30-30 evariony girees—wnen
(rgoQQ@W .. ... ... ..... . e0—a2 103—a @
(5 rows) 114.0 101.0 148.5 134.0 30- 30 evthybone gorvesw orer
Grows) | 1368 1202 ! 1782 160.8 a2 OO o3
’ Mydrawarton bawd seien
Notes: APF is total external area/ft of fintube in g ft/ft. AR :s thearea Vincouty <
ratio of fintube compared to the extersor grea of 1 in. OD bare tube @ong teme Uy, U, Uy v,
which has 0.262 8 f1/ft. APSF is the external area in &q f1/(t of bundle 02 03—39 1007
face area. . ’ 0s 73—3.2 90-—s.2
10 a—a3 73=33
13 a3--3 1 3%—12s
a0 0—121 B—1s
1o .0 2014 25—12
100 10we0 7 13—0
100 ’ Hydrocorbon gon cosien
c.g/ / Design Croe g Uy U, Uy U,
90 ) v Point 30 30-2.1 35—t
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l. APPLICABILITY
FEASIBILITY STUDY : PRE-PROJECT '

2.

Under normal circumstances, the design of plate type exchangers would be detailed by a

vendor based on process data supplied by the engineer.

Two types of plate exchangers could be used:

Plate fin excnangers ;

Plate exchangers.

For the purpose of this design guide, only a quick description and some characteristics are

given.

For plate fin exchangers, the size could be done only by a vendor.

For plate exchangers, the size could be estimated if some vendor (ALFA-LAVAL, APV,

VICARB) information are available.

An estimation of the heat transfer area could be done if the heat transfer coefficient is
known using the same formula as for shell and tube heat exchanger with a LMTD correction
factor = 1. The heat transfer coefficient is difficult to estimate ; it depends on many factors

as flow rate of different f.uids, pressure drop, plate spacing, ect...

DESCRIPTION AND NOTES

2.1 PLATE FIN EXCHANGERS

These exchangers consist of stacked corrugated sheets (fins) separated by flat plates and
an outer frame with openings for the inlet and outlet of fluids. This core is immersed in a

liquid salt bath to braze all the separate parts together.

Flow in adjacent fluid passages can be cocurrent, counter current, or crossflow and

several fluids can be exchanging heat at the same time.

In case of the iniet fluid is a two phéses flow a drum is required to separate the two

phases in order to have a good distribution. Nt Ww\j Cecordan :‘fO
(VIO s PARET - Hhans WeTweadts Jur i~ avy ol o ovaledt Qo= to eadve

Aoed oyny  AApbewr o .
ese plate fin exchangers are used only with clean fluids.
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Figure | shows the principle of construction of a platefin exchanger. A large amount of

surface can be accomodated in a small volume (1,000 m2/m3).

Maximum design pressure : 54 barg (some recent models claim 80 barg)

Temperature range : -195°Cto+65°C

Size max. ¢ 1,220 mm x 6 096 mm x | 340 mm
Temperature approach : 2°C

Applicability : LNG, LPG recovery, ...

Pressure drop as for shell and tube heat exchangers.

2.2PLATE EXCHANGERS

Plate exchangers are an assembly of metal plates separated by gaskets to give a small
clearance between each plate. The two fluids pass in opposite directions each through

every alternate plate. Refer to figure 2.

The exchanger is easily dismantled for cleaning if required. A good overal} heat transfer

coefficient is obtained and small temperature differences can be used.

The plates can be made from exotic materials such as titanium which are resistant to
corrosion and are used for sea water coolers. They are very compact exchangers and

occupy a small floor area.

Maximum pressure : 10 - 20 bars
Maximum temperature : 250 °C
(Need special gaskets)

Overall heat transfer coefficient

Water/water : 2000 - 5000 Kcal/hr mZ °C
Maximum surface : about 1‘500 mZ2
Maximum flow : 2500 m3/hr

Applicability : Sea water - service water, water-TEG, TEG-TEG, ...

Pressure drops : allowable pressure drops vary according to the total system

pressure and the service of the fluids.

- for sea water - service water : 0.5 to 2 bar (high AP increase the overall heat

transfer coefficient),

- for water-TEG or TEG-TEG the AP could be very low such as 10 to 20 mbar.

REFERENCES AND USEFUL LITERATURE

Vendors information.




PRINCIPLE OF CONSTRUCTION

1. Assembiy

2. Mamfold

3. Core

4. Heacer

5. Nozzie

6. Widgth

7. Stacking hewght
8. Length

9. Passage oullet
10. Extenor sheet
11. Parung sheet
12. Heat transter fin
13. Distnbution fin
14. Si0e Dar

§. End bar
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Incoioy”
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1. APPLICABILITY

It is not expected that a hand calculation of furnaces be performed by the engineer. It is

normally done by a manufacturer based on process data supplied by the engineer,

Furnaces are used to transfer heat directly to the process fluid and generally have a large

duty and produce high process temperatures.
2. DESCRIPTION

2.1. A furnace consists of the following :

. A combustion chamber lined with refractory and burners

. Tubes which are located within the combustion chamber and where heat is

transferred to the process fluid by radiation

Tubes which are located externals to the combusion chamber in a convection zone

which is also lined with refractory.
Stack for disposal of flare gas.
Air supply system by fan or induced draft.

Instruments and controls.

2.2. TYPES OF FURNACE

2.2.1. Cabin furnace

. This is a rectangular furnace and contains tubes which can be horizontal or
vertical. The burners are situated in the walls or floor, and the convection

zone is located above the furnace.

Flue gases discharge to a stack either directly or are driven by an induced
draft fan.

Burners are normally arranged in rows on two walls and are spaced so as to
provide a radiation zone of constant temperature and avoid flame
impingement on the tubes. An alternative arrangement is burners located

in the floor of the furnace as shown in Figure 1.

The connection bank contains rows of tubes across which the flue gas
leaving the furnace is obliged to pass.

A small negative pressure is maintained to prevent hot gas leakage.

There is a pressure loss in the flue gas system and this has to be made up

either by use of a fan discharging to a short stack or by natural bouy2ncy

creating draft in a tall stack.
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2.2.2. Cylindrical furnace (see Figure 1)

These furnaces are vertical and contain radiation and convection zones or

solely a radiation zone.

The burners are located in the bottom and the radiation zone tubes can be
vertical or helicoidal. The convection bank is located above the radiation

zone and contains rows of horizontal tubes.

Generally the stack is vertically above the convection bank with no fan.
2.3. BURNERS

- Two types of burner are used in furnaces, induced air or natural draft burners

and forced draft burners.

2.3.1. Induced air burners

These can burn gas or fuel oil simultaneously or independently. Excess air
required is 15 % to 20 % for gas and 30 % to 40 % for liquids. If fuel oil is
burned 0.3 kg/kg oil of steam is required for atomising. (Excess air indicates

that above the stiochiometric ratio)

2.3.2. Pressure burners

The air for pressure burners is supplied by fan. It is therefore capable of

control and the burner can operated with less excess air 5to 15 %.

EXCESS AIR
Determine the excess air recommended by the burner manufacturer and the type of
burner air system proposed. See § 2.3.
From this determine the kg of flue gas per kg of fuel fired remembering that air
contains 21 % Vol of oxygen.

STACK GAS TEMPERATURE

This is controlled by 2 factors :

The process fluid inlet temperature will determine the temperature of the gas leaving

the convection bank.

! . . .
Condensation is to be avoidec. if sulphur is present in the fuel the stack temperature is
raised to avoid the possibility of production of corrosive sulphurous acid. This would

result in a minimum exit temperature of about 120 °C.
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5. EFFICIENCY
- 106G - josses y Hf - Hc .
7 100 Hf
If Hc= flue gas enthalpy at exit
Hf = enthalpy of combustion (net calorific value + sensible heat in fuel and air) « heat

being by atomisation steam if required.
Losses include radiation and unaccounted, e.g. unburned fuel (2 % is a good figure).
For a furnace which is all radiant duty the efficiency is of the order of 50 to 55 %.

A furnace with a convection bank will be from 75 to 85 % efficient.

6. PRESSURE LOSSES

Pressure is lost in :

Burner air regulation : 3 - 15 mm-water . Ducting : variable

Convection bank : 5-15mm water . Stack : variable

Pressure 1s gained by natural buoyancy of hot stack gas.

For a system using natural draft burners a low pressure |oss is required across the burner and

the furnace operates under negative pressure.
FLUE GASES VELOCITY

The flue gases should leave the stack at 10 - 20 m/s velocity to ensure safe dispersal.

8. CHOICE OF TYPE OF FURNACE

Above a capacity of 60 x 106 Kcal/hr the cylindral furnace gives constructicn problems

as the maximum diameter is about 10 - 11 m.

A cabin furnace requires much more floor area than a cylindrical furnace the length can
be as much as 27 m. If the tubes are horizontal then a withdrawal space for tube
replacement will also be required. However for offshore applications the space

requirement tends not to favour the cabin furnace.

With a cabin furnace it is possible to obtain a uniform heat release across the radiation

zone. The height can be about 15 m.

With a cylindrical furnace it is not possible to obtain a uniform heat above release across

the radiation zone. The height can be about 25 m.
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9. ESTIMATION OF SIZE OF CYLINDRICAL FURNACE

The following is for a very preliminary sizing

D = & 2xQa

Dinm

H D
Qa = absorbed heat in 106 Kcal/hr
9 = D+l m “
H = 25D m util radiation bank {

T
comvE o /tlno:no'«
10OME DOOA
CONVECTION
ZONE
-
-
RAQIATION
TOnE AAQIATION gl
ZONE Lo
i s
' L
1 fo ¢
t / -pup"
i " H
. FLOOR PEEP HOLE
4
QURNERS BUANER
HORIZONTAL TUBE CABIN FURANACE

\ VEATICAL CTLINORICAL FURNACE
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1.0 APPLICABILITY i

For both the feasibility study and a pre-project study the engineer will be required to

evaluate a pump selection and fill in a data sheet with the basic information,

In order to provide the basis of a good cost and layout estimate it is important to understand |
the type and number of pumps for the service in consideration, and the associated power |

requirements. 1
2.0 DESCRIPTION AND GUIDELINE NOTES

TYPES OF PUMPS

Generally there are three classes of pumps :

Centrifugal Rotary Reciprocating
)
1. Centrifugal 1. Cam 1. Piston
2. Propeller ‘ 2. Screw 2. Plunger ‘
3. Mixed flow 3. Gear 3. Diaphram !
4, Peripheral 4. Vane ’ 1
5. Turbine 5. Lobe

A pump selection chart is shown in Figure 1.

.

GENERAL USAGE

Centrifugal pumps (Process Pumps)

Medium to high capacity for low to medium head requirements. | |
Higher head requirements can be met by using multistage impellers. |

General service for all liquids, hydrocarbons, products, water, boiler feed.

Simple, low cost, even flow, small floor space, quiet, easy maintainance. l 1
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Rotary pumps

Many proprietery designs available for specific services.
Essentially can handle clean fluids only with small suspendec; solids if any. Can pump
liquids with dissolved gases or vapour phase.
Can handle wide range of viscosities - upto 500 000 SSU at high pressures.

. Typical fluids pumped : mineral, vegetable, animal oils, grease, glucose, viscose, paints,
molasses, alcohol, mayonaise, soap, vinegar and tomato ketchup !

Generally specialist pumps for specific requirements.

Reciprocating pumps

Pumps produce virtually any discharge head upto limit of driver power and strength of
pistons and casings.

Overall efficiency is higher than centrifugal pumps. Flexibility is limited.

Piston pumps : can be single or double acting. Used for low pressure light duty or
intermittent services. Less expensive than plunger design but cannot handle gritty
fluids.

Plunger pumps : high pressure, heavy duty or continuous service usage. Suitable for
gritty or foreign material. Expensive. '

Diaphram pump : driven parts are sealed from fluid by plastic or rubber diaphram. No
seals no leakage. Ideal for toxic or hazardous material. Can be pneumatically driven at
slow speeds for delecate fluids.

Triplex pumps : commonly used for TEG circulation.

! REFERENCES AND USEFUL LITERATURE

4.1. LUDWIG VOL | CHAPTER 3

4.2, PERRY CHEM. ENG. HANDBOOK CHAPTER 6
43.  CAMPBELL VOL I CHAPTER 14-
4.4, "Centrifugal pumps and system Hydraulics"

Ugor J. Karassik Chem. Engrng Oct 4 1982

4.5. “"New Program Speeds up Selection of a Pumping unit"
M. Seaman Oil and Gas J}. Nov. 12 1979
4.6. “Rapid calculation of Centrifugal-pump hydraulics"

W. Blackwell Chem. Eng. Janv. 28 1980
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2.

3.

4.

Pume wTBLAULICS
e = —— —

FLUID CHARACTERISTICS

Always quote at pumping temperature ie : normal suction T.

SUCTION PRESSURE

Evaluate at pump suction flange
Ps = Pop + Static head - line loss

Pop = minimum vessel operating pressure bara.
Stauic head : evaluate at LLL always take static head above pump centreline.
h2 (approx. 0.6 m). head (bar) = m x specific gravity/10.197
Line loss : evaluate APline for bends, fittings, etc : for estimate use
0.1 bar/100 m.

NET POSITIVE SUCTION HEAD NPSHA

NPSH, available is evaluated by the -engineer. NPSHR required is stated by the vendor
always try to provide 0.6 - | m NPSH more than vendor states.

Vapour correction is calculated by substracting the vapour pressure of the fluid beiig
pumped from the calculated suction pressure. Convert this to m head. For a fluid at
bubble point the vapour pressure = Pop

head (m) = bar x 10.197/SG.

NPSHA = static head - line loss + vapour correction

DISCHARGE PRESSURE

Delivery pressure - use maximum Pop of destination vessel

Static head h3 - height of delivery point above pump or if a submerged discharge into a
vessel the height of the HLL.

AP discharge line - calculate based on line length, fittings etc or use minimum of 0.5

bar.

/A P exchangers, heaters, etc - use allowable A P from equipment data sheets. Estimate

0.7 - 1.0 bar if not available.

10.
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i - . A Porifices - for flow meters use 0.2 - 0.4 bar.

A P control valves - use maximum valve of 0.7 bar, or 20 % of dynamic friction losses
or 10 % of pumpAP.

. TOTAL DISCHARGE PRESSURE - sum of all aboveA P values.

5. DIFFERENTIAL HEAD

Discharge pressure - suction pressure convert to m head

6. FLOWRATE

Normal flowrate is maximum long term operating flow
Design flowrate is normal flowrate + design margin.

Design margin

Use 10 % for feed pumps or transfer pumps

20 % for reflux pumps and boiler feed water pumps

7. POWER REQUIREMENTS

Note : although the term "horsepower" is still used power requirements are given in kW for

metric calculations.
Hydraulic horsepower - theoretical fluid HP = flow x head/36 KW
Brake-horsepower (BHP) - hydraulic HP/ p pump efficiency KW

Operating load - electrical input to electric driver at normal pump operating load =

BHP/ nm motor efficiency Kw
Connected load - electrical power to motor at rated motor size Kw

Note pump speeds are either | 450 rpm or 2 900 rprn

8. MAXIMUM DISCHARGE PRESSURE (shut off pressure)

Shut off pressure = max suction pressure {(calculate at HLL and f maxi)

+ 120 % x normal pump AP

9. PUMP MINIMUM FLOW

. For an estimate use 30 % of normal flow.

10. PUMP WEIGHTS

For an estimation purpose only Figure 4 can be used to determine the weights of a
centrifugal pump package.




Py olp bara,

Te-

APzo}

|
NA

Indicate pressure, elevations and system sketch

PUMP TYPE : Cemramifuca.  Smiul staqd
FLUID PUMPED : Liquid: CRoD< Speed : 2900 rom
Pumping temperature T: B °C Viscosity at P, T 3.2 cP
Vapor pressure at T l.oy bara Specific gravity 154 : © %o¥%
Density at P, T B22 kg/m3 Normal flow Q : 15 m3/h
Specific gravity at P, T: o0-822 Design margin T 2S %
Design flow (1): 139 m3/h
[ i | {
SUCTION PRESSURE ! | DISCHARGE PRESSURE i I
| | | |
. Min. Origin Pressure= baral !:031*%| Delivery pressure bara | f.ot [
Static head @ LLL = m | 245+7% | Static head (~ew) bar | 1:24- {
- (m x sg x 0.0981) bar| ©25- | AP control valve(s) bar | o3 l
— A P suction line bar| o-to | AP exchanger(s) bar | o030 |
lr | AP orifice(s) bar | - |
| AP bar | - |
PUMP SUCTION PRESSURE T L ‘AP line loss bar | o4& |
{ | Other CanVrmnantny bar | ©-S i
NET POSITIVE SUCTION HEAD | L. | |
| I | e o |
Static head@ LLL m | 345 | TOT DISCHARGE PRESS bara | k.6 |
- Line foss szt o mo | e 7| i |
+ vapour pressure correction m | o | DIFFERENTIAL PRESSURE | i
| | | |
. | Suction pressure bara | 1-(8 ]
TOTAL AVAILABLE NPSH m -4 | Discharge pressure bara | L -6
1B | !
MAXIMUM SUCTION PRESSURE | | Pump AP bar | %-%Z (2)l
) [ ! m | 43 i
Vessel PSV setting ~ baral ¥5  y- e | |
Static head at HLL -+ :i%¢ bar|i 0.5 Vo | i
| ' | POWER REQUIREMENTS ) |
netbara | 4.0 ‘ i i
} | Brake Horse-power = 1 x2 kW | 322 3 |
MAXIMUM DISCHARGE PRESSURE | (Fig 2 for ? ) 36 9 | I
| i | l
Max. suction pressure baral &0 59| Estimated motor size kw | 375 4|
Normal pump AP x 120 % bar| | f |
. | | Design operating load Q/ym kW | 4oo 5|
net bara : (Fig 3 for ?m) : :
Noves: ) Siwd Ge 20000 aserd ] . . | !
. | Estimated weight kg | Stoo 5 |
| I |
17/ /= PROCESS CALCULATION SHEET
TOTAL " PUMP ITEM : PrRooucT Puraf
T EP/DOP /DIP/ EXP/ SUR nNo: P 20%F0 A/0
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CHEMICAL HIGH SPEED
WECTION CENMTRIFUGAL PUMPS,
PUMFS
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Kw= @n? s 053

ELECTRIC MOTORS, RECOMMEN.DED SIZE & EFFICIENCY (1)

oil pump

| — - ~ Pump skid (pump = electrical motor driver)

Pump Requirement Probable Motor Efficiency Power Facror{2)
At Design Motor % of Full Load % of Full Load
Condiuons Rating Capaarty Capacity
BHe HP 0 73 100 0 73 100
0 - 05 i 11 12 12.5 63 73 10
0.51 - 0.73 1-1/2 67 7} 75 69 80 3
0.75 - .00 - 2 75 78 30 69 31 3
t.01 - 2.00 3 75 79 10 73 3% 36
2.01 - &.00 3 t 1 33 36 73 ¥ 36
.0 - 6.00 7-1/2 73 g0 2l.5 t L4 32 90
6.0 - 13.00 10 30 ¥ 1) ) 3 90 ”"
3.01 - 12.0 15 31 $5 86.5 L 33 9"
12.1 - 16.0 20 30 83 36 s 13 %0
t6.1 - 20.0 25 83 36.5 12 3 33 %0
20.1 - 26.1 30 83 36.5 88.5 L § 33 990
26.2 - .3 0 5] 12 23.5 16 90.3 %
.9 - &35 50 30 35 87.5 36« 39.35 1.3
43.6 - 32.2 60 1) 88 29.5 32 13.35 0
52.) - 63.2 75 17 19.5 9%0.5 i1 86.5 39
65.3 - 37.0 100 8 39 91 3 19 9l
37.1 - l1s 1235 83 39.5 91.5 13 90 92
115 - 136 150 86 12 91 t 31 90 92
137 - 182 200 32 9N 92.5 $7.5 91 92
18y - 227 250 90 92.5 93.5 30 36 39
228 - 213 300 90.5 93 9% 13 2 ”
7% - )3 330 91 93 9 17 90 93
le - Jes 400 b 1 93 9 | 5 90 "
363 - 409 4350 91" 93 9 33 90 "
0 - 833 300 91.5 93 9.5 t 31 90 "
436 - 345 600 9 9% 943 20 33 0
Notes: (1)  Applies to totaliy enclosed motors only (i.e., expiosion proof) -
(2) To be used in determination of KVA's if desired.
_ e
’ FIGURE 4
DRY WEIGHT ESTIMATE FOR CENTRIFUGAL PUMP PACKAGE
- ——
L ORY S e
-WEIGHT - — o7
FTONNES ™ N P
1S
———"=~"|" = CENTRIFUGAL PUMP PACKAGE INCLUDING : B R ~ali
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— ~ Lube
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1. APPLICABILITY

For both feasibility and pre-project studies the engineer will be required to evalﬁate 2

compressor selection, discharge temperature, power and complete a data sheet.

To evaluate the discharge temperature and power it is more accurate to use SSI instead of

the manual method presented here.

In order to estimate the basis of cost and layout it is important to understand the type of .

compressors for the service in consideration, and the associated power requirements.

2. DESCRIPTION AND GUIDELINE NOTES

2.1. TYPES OF COMPRESSORS

The principal types used in the oil and gas processing industries are :
reciprocating (volumetric) . centrifugal

rotary (volumetric) . axial

A compressor selection chart is shown in Figure ..

2.2. GENERAL USE

2.2.1. Reciprocating compressors

Reciprocating compressors are widely used in the oil and gas industry for small

to medium gas flows and high compression ratios. For example :

. Instrument and service air compressors

. Low capacity/high p}essure gas compression for re-injection of field gas to
maintain the gas lift capability.

2.2.2. Rotary compressors

The types of rotary compressors most frequently employed in the petroleum
industry are as follows :
Lobe compressors ("ROOTS" type) . Screw compressors
. The reliability factor is generally higher than reciprocating machines.
. "Roots" type compressors are used where a high flow rate with a relatively
low-pressure is required.
. Screw compressors are sometimes used in low flow gas service or for

instrument and service air for installations of small to medium size.

2.2.3. Cenrtrifugal compressors

. These Centrifugal compressors have become very popular offering more
power per unit weight and essentially vibration-free. Initial costs normally
are less than re=ziprocating compressors but efficiency is less and utility

costs may be hiz :r. Frequently used in the oil and gas process industry.

!
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2.2.4. Axial compressors
These machines are particularly useful where a very high gas flow at
moderate pressure increase is required. Such applications remain refatively
rare in the industry, the exception being LNG plants.
2.3. DISCHARGE TEMPERATURE LIMITATION
. Discharge temperature is limited either for reasons of gas stability, gag
condensation or compressor (or upstream equipmeht) mechanical resistance
limit.
For reciprocating compressor the maximum gas outlet temperature to be allowed
is usually between 160 to 190 °C.
For centrifugal compressor used in gas and oil extraction industries the discharge
temperature is limited to 170/180 °C.
; Normally intercoolers are used to maintain temperatures within the above limits.
t
2.4. DESIGN MARGINS
j If the flow is constant, no margin, but if  the flow is coming from a productior]
separator a margin of 10 % is recommended in order to take into account thq
possible slugs at the inlet of these production separators.
5. WEIGHT AND SIZE
For weight and size we recommend to ask the manufacturer as vendor catalogues detai
! only the size and weight of the compressor itself. As the compressor package also included
also the seal and lube oil console, control cabinet and sometimes the driver and gear box
j The use of vendors catalogues could be misleading in estimating the installed weight.
Figure 4 could be used for a very preliminary estimation. It is established for the dry
! weight of a centrifugal compression package including :
compressor skid (aeroderivative gas turbine + compressor)
‘ control room
overhead tank (seal oil)
' 6. REFERENCES AND USEFUL LITERATURE

6.1. LUDWIG Volume 3 Chapter 12
6.2. CAMPBELL Volume 2 Chapter 14
6.3. GPSA Chapter 5 1979

6.4,  S51 Program
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OPERATING CONDITIONS

T4

SUCTION PRESSURE Pl = © BARA
DISCHARGE PRESSURE P2 = I+ BAR A PRESSURE RATIO P2/P|l = 233
SUCTION TEMP. TI= 46 C
=319 K MW= 3274
SUCTION FLOW ° w =l00000 KG/H GAS DENSITY AT
ACTUAL VOL FLOW V =12400 M3/H SUCTION = 333  KG/M3
STEP NOTES
1. GAS PROPERTIES PC = Llb-U BAR A
TC = 1244 K
2. POLYTROPIC EFFICIENCY %= 0-%0 SEE FIG. 2
3. AVERAGEYX = MCP/MCP-1.99 [¥= LS ESTIMATE T2 (§57%)
. DISCHARGE TEMP
=Ti* (P_Z_ ¢ (T -1} It2 = 36 K  |REPEATSTEP 3-4IF T21IS
£1 ¥ 70/ = Qa3 e DIFFERENT FROM ONE
- g v qe e o~ |USED IN STEP 3
S. DETERMINE Z AYG SUCT Zl = ©0-4965!
DISCH 22 . = 0-G50%
AVG Z =o-af8

6. CALCULATE GAS HORSEPOWER

GHP =Z*R*W*¥*(T2-T1) IGHP = \¢9¢ KW (R = 8.314 KJ/KGMOLE
MW * 3600 * (¥-1)
7. CALC SHAFT HORSEPOWER F oM
' GHP<800 KW 5.0 .96
PS = GHP * (1 - F/100) + ll?m PS = \655 KW 800<>10 MW 7.5 .97
>IOMW 10 .98
8. ESTIMATE DRIVER POWER
ELECTRIC MOTOR PS*K PO = (903 KW K = 1.15
GAS TURBINE PS*(l.146+K) |PO = KW K = 0.02 TO 0.04 WITH
GEARBOX
9. ESTIMATED PACKAGE WEIGHT
COMPRESSOR-DRIVER-LUBE |M = 4o «t0> KG (SEE FIG 4)
NOTES :
.ﬁ PROCESS CALCULATION SHEET
m'm CENTRIFUGAL OR AXIAL ITEM & £ o 0L
5 1008 rotP 7 EXP/ SUR COMPRESSOR O -
_BV[ | CHK 1 DATE 1 I JOB TITLE : Procars Admuvar 108 N°® : l REV ]




OPERATING CONDITIONS

3.5

SUCTION PRESSURE Pl = © PRESSURE RATIO = P2. 2133
DISCHARGE PRESSURE P2 = (& Pr
SUCTION TEMP TL= &6 oc MW= 3270
= 3.4 K
SUCTION FLOW W = lcooco kg/hr DENSITY AT SUCTION
ACTUAL VOLUMETRIC CONDITIONS = 3.33  kg/m3
FLOW = (o0 m3/h
STEP NOTES
1. GAS PROPERTIES Tc = 249t |K
Pc = &%t |bara
2. AVERAGE ¥ = MCp/MCp - 1.99 |
¥ = las T2 « q0°c
3. CALCULATE DISCHARGE TEMP
¥-1
= Tlx(P2Y\¥ T2 = 362 |°*K Repeat 2 - 3 if T2 differs
Pl - %9 °c from that used in STEP 2
4.DETERMINE OVERALL EFFICIENCY
78 78 =038 See Fig 3
5.CALCULATE GAS HORSEPOWER
GHP = RxWx ¥ x{T2-T1) |GHP =232 kW R = 8.314 kJ/kgmole
MW x 3600 x ¥- 1
6. CALCULATE SHAFT HORSEPOWER PS = kW
PS = GHP/f x 9 g oo f = 0.96 10 1.97
7.CALCULATE DRIVER POWER
Electrical Motor  Po = 1.15xPS Po =480 |kW
8. ESTIMATED WEIGHT
Fo cco kg

NOTES :
NN PROCESS CALCULATION SHEET
TOTAL "TEw -
)/ /) RECIPROCATING COMPRESSOR ExAmiLs
T EP /00P /D7 EXP/ SUR NO : . )
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l. APPLICABILITY
For .both the feasibility study and a pre-project study the engineer will be required to fill in
a process data sheet with the basic information and to estimate the expander horsepower.

Outlet conditions and horsepower estimation can be calculated accurately by computer.

rand caks for pure component systems using a MOLLIER diagram are OK.

2. DESCRIPTION AND GUIDELINE NOTES

The turbo-expander is a mechanical device which is designed according to the laws of .

thermodynamics and aerodynamics. It removes energy from a process gas which results
in a drop in pressure and temperature of the gas. The energy removed is converter ‘o

mechanical energy which is most often used to drive a single stage compressor. b
- Turbo-expanders could be used for :

cryogenic pressure let down - . CZrecovery

dew point control . ethylene processing, etc...
'C3/Cb recovery

Thermodynamical principal. See Figure |.
E xpanders efficiency * -

The expander efficiency is the ratio of the actual energy removed to the maximum

theoretical energy on Figure | :
HBI HA )

Expander efficiency depends on: A

- mass flow rate - discharge pressure

- inlet pressure - gas composition ‘
[

- inlet temperature - speed

Generally a value of 80-85 % can be used for estimation purposes. See Figure 2.

Liquid content at the outiet of the expander varies from 10 to 30 % (weight)

Inlet gas must be free of solid particles and water (ice formation is prohibited). S
' !

Maximum horsepower of the manufactured turbo expanders is about 12 000 HP. This

figure should not however be considered as a limit. .
Turbo expanders can be used in series.

Efficiency is affected by the variation of the design flow rate See Figure 3 for an

estimation.
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3. REFERENCES AND USEFUL LITERATURE

CAMPBELL VOLUME Il

Engineer's guide 1o turbo expanders HYDROCARBON PROCESSING APRIL 1970

Page 97...
Turbo expander applications in JOURNAL OF PETROLEUM TECHNOLOGY
natural gas processing May 1976 Page 611 etc...

What you need to know about gas HYDROCARBON PROCESSING
expanders February 1970 page 105...

Turbo expanders offer processors THE OIL AND GAS JOURNAL

a way 1o conserve energy Jan. 23, 1978 page 63...
Use expander cycles for LPG HYDROCARBON PROCESSING Dec. 1974
recovery ‘ Page 89...

VENDOR DOCUMENTATION
i.e. : ROTOFLOW, MAFI-TRENCH..;
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PRESSURE FIGURE 1
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l. APPLICABILITY

2.

For the feasibility and preproject studies, a detailed design of the flare system is not

needed. Required information for either study will include ;

DEFINITIONS (see section 3 in DESIGN GUIDE)

FLARE SYSTEM ANALYSIS AND GUIDELINES

This section details how to determine the number and levels of the required flare system for

a feasibility or preproject study and other guidelines.

Evaluation of number and levels of flare system

Determination of maximum relieving (and hence flare design capacity)

Flare KO drum Design

Estimation of height of flare stack or boom length and type of tip required

PSV sizing (not always required, depends on project).

For further more detailed specification and design requirements consult the CFP

DESIGN GUIDE ON FLARES-VENTS-RELIEF AND BLOWDOWN SYSTEMS.

Relief system

Blowdown system

Flare system

Vent system

Design pressure

Set pressure

Accumulation

A system of items of - ipment and piping can be protected against overpressure most

economically by consic

includes any pressure relief valve/rupture disc downstream piping‘

and liquid separator

includes any depressuring valve, downstream piping and separator
(normally the pressure relief and depressuring systems utilize

common piping and separator)
a system which ensures the combustion of hydrocarbons

the release of hydrocarbons to the artmosphere without

combustion

the pressure used to design the vessel and calculate the .l

thickness (see section 1.0.)

the pressure at which a safety device is adjusted to open under

service conditions. Usually equal to the Design Pressure

maximum allowable increase in vessel pressure during discharge
through the safety device. Normal accumulation is 10 % but 20 %
is allowed for external fire due to hydrocarbon liquids. For HC gas

fires an accumulation of 5 % is recommended.

1g it as a single unit when calculating the relieving capacity

e e e St - st



? '_TOTAL PROCESS ENGINEERING DESIGN MANUAL | Revision: 0 | Page No :

FLARE SYSTEM

TEP/DP/EXP/SUR Date :2/85 9.2

s e e —— e, S—

Block valves should not be present in the system so as to isolate a unit from its

relieving point. Special cases may warrant a car-sealed open or locked valve. However
such arrangements should be avoided if possible -

Interconnecting piping should be of adequate size and not subject to plugging. The
system should not be of such a size that two separate systems would be more

economical

In specifying the design pressure of the individual items and safety valve setting there

are two approaches

- Set the design pressure of each item independently. Then specify safety valve

settings to protect the weakest link in the group of items

- Study the items as a single system initially. This is preferable as it avoids having an

unexpected "weak link" fimit the operating conditions.
Consideration should be given to possible abnormal conditions viz :
- Light hydrocarbon systems can reach low temperatures during depressurization

- Heat exchange trains may be bypassed resulting in higher than normal downstream

temperatures -

- Failure of cooling medium can cause excessive downstream temperatures
- Production separators may have a varying feed temperature, especially offshore.

It is often required or beneficial to provide two or more separate piping systems from
the items of equipment to the flare system eg: high and low temperature headers.

Consideration should be given to the following

- Relief gases below 0°C must be kept apart from warm moist gases to prevent

formation of ice within the flarelines. This could cause a system plug up

- Segregated systems may be economically desirable to minimize the extent of Jow

temperature piping

- By segregating the flows from high and low pressure sources into two separate flare
systems greater use of the high pressure drops can be achieved without imposing

severe backpressures on the low pressure systems

- The molecular composition of some streams may warrant their segregation from
other streams. eg moist CO2 or H325 is corrosive. It may be cheaper to fabricate a
second smaller vent system to handle these rather than fabricate the entire system

in corrosion resistant material.
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Determination of the flare system and level can be summarized in the following step by step
analysis.

l. Does the facility contain process areas with distinct pressure levels eg : HP compression,
LP compression ; atmospheric separation 7
If so, consider two or more flare levels if sufficient limitation is imposed by the LP

section

2. Does gas exist at high pressure that on depressuring will fall ta below 0 °C. If so, it must
be segregated from warm relief gas. If the temperature falls below - 29°C may have to

consider low temperature steel headers
3. ldentify any corrosive relief sources and consider if need to pipe up separately
4. Is a vent system required for tank breathers, regeneration vents etc...

5. ldentify on the PFD(s) the set pressures of each PSV anticipated and consequently its
maximum allowable backpressure (MABP usually 10 % of set pressure). Locate the “"weak
links" in the process i.e. : the low design pressure vessels. If only | or 2 exist within the
system consider installing balanced relief valves (MABP = 40 % set) so as to incorporate
them into a higher pressure flare system, or even alter the design préssure of the weak

links to acheive the same. This may be more economical than specifying two flare levels.

Having determined the configuration of the flare system, it is necessary to size the main
headers only and the flareline itself. For this, an idea of the maximum relief load generated
will be required. For the studies a full "risk analysis" of upset conditions is not necessary

neither is a listing of every relief load and conditions.

The sizing case of the flare system can usually be judged by inspection. Invariably, the
largest vent flow will be a full flow relief off the first separator or compression drum or a
total electrical failure. This may be supplemented by a simultaneous depressurization of a
compressor or equipment loops resulting in a flare-design flow higher than the normal plant
throughput. Generally fire generated loads do not dictate the sizing of the flare system, but
may influence the sizing of laterals and subheaders. A certain degree of experience will help
in identifying the possible one or two cases that will size the flare system without having to

perform a full plant risk analysis.

In some cases, the resulting flaring loads may be minimised by using ESD isolation valves or

automatic controis to start back-up equipment.
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4.1.

4.2,

4.3.

4. HEADER SIZING : STACK AND TIP CHOICE

In order to estimate the main flareline and header sizes based on backpressures, 3 pieces of
<

information are required :

Design flowrate temperature MW
Length of flareboom or height of stack

Type of tip and stack to be used.

DESIGN FLOWRATE TEMPERATURE AND MW

This has already been determined from the previous section.

TYPE OF TIP + STACK TO BE USED (see section 10 in Flare Design Manual)

The choice of stack and tip type will obviously be dictated by the location of the
plant under design.

For onshore plants in remote areas it is usually sufficient to use a remote vertical
stack with a conventional pipeflare tip. The height of the stack will be determined
by the radiation limitation on the designated sterile area round the stack. For non
occupied areas, this figure could be high as 5000 BTU/h.ft2 (15 700 W/m?2) resulting
in a short stack height. For cases where high flaring loads still result in a tall stack,
a further reduction in height can be achieved by using a Coanda/lndair or similar
type high pressure sonic flare tip (see section 10 in FLARE DESIGN MANUAL for
discussion of each tip type).

Offshore the choice is somewhat more complex in choosing between a remote
vertical flare or similar, or an integral 45° mounted boom flare or even on board
vertical stack. The decision between these is more often than not governed by
economics, structural considerations and specifics pertainent to each platform
location eg: water depth. Generally, however sonic flare tipS are used where
pressure levels allow (2-5 bars) at the tip entry in order to reduce stack/boom

lengths, by reducing radiation levels, and associated support structure weighis.

FLAREBOOM - FLARE STACK SIZING

The flareboom or stack (hereafter termed flare) length is determined by the
maximum allowable thermal radiation tolerable on the platform or surrounding area.
A detailed calculation of this value for vertical or inclined flares on or offshore
under a variety of wind conditions and temperatures can be performed using the
computer program SUPERFLARE. For feasibility and preprojects, however an
estimate of radiation level can be determined using the method as detailed in
AP 521. See Appendix 1.
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Recommended Radiation levels are given below :

l | |

i i Allowable l : "

| Condition | radiation , Exposure . '

l | Bru/h.f12 ! period i

i ! | i |
| | | | |
| Areas where personnel may be | 1000 t Infinite ]

| located and expected to per- | 1 1 |
{ form their duties continuously | | 0 |
l ' [ { i

| l I - | |

| Areas where personnel may be | 2000 | I minute { .

I located from which escape is | | i

{ possible and shelter is | i ]

l attainable I I |

I l i [ !
| | | 1

|  Areas where equipment is | 3000 | 5 seconds i

i located and personnei are not | . | | |
| normally present during ope~ | (Emergency ! i

|  ration, but if present im- | flaring only) I i

| mediate shelter is available | l { Ly
| I 1 | ‘

| { | |

{ Areas where personnel are not | 5000 j 0 [

| permitted during operation | I | I
| | l | ‘

| Helideck ] 1000 | | ] |
i | | !

The above figures are maximum allowable radiation intensities inclusive of solar!
radiation (250 BTU/hr ft2).

It should be noted that the following recommended values of F - Fraction of heat I oy

radiated and mach numbers at the tip.

a) Pipe flare

Low MW gas F = 0.2 '
Ethane F = 0.25 Velocities - max at designrelief = 0J5M '
Propane F= 03 - normal continuous =

0.2
M l ;

b) Indair/Coanda

All gases F = 0.l Mach | | :
c) Mardair F = 0.05 . Mach | l '

Having calculated the flare length based on radiation analysis and established both

the design flare rates and tip type the main header can now be sized. ‘
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HEADER SIZING

The major criteria governing the sizing of the header are backpressure and gas

velocity. Flare headers must be both large enough to prevent excessive backpressure

on the plant safety valves and to limit gas velocity and noise to acceptable levels.

Sizing procedure

1)

2)

3)

4)

5)

Identify “weak link" with respect to MABP on safety values. (this should have
been done when determining the levels of relief). This is the maximum upstream

pressure tolerable in the system.

Calculate the A P across the flare tip for the relief design flow. For sonic type
tips the backpressure will be 2.0 to 5.0 barg depending on load.

For pipeflare tips use.:  Flare tip 0.5-2.0 psi (0.034 - 0.14 bar)
Fluid seal '0.2-0.5 psi (0.014 - 0.034 bar)

Molecular seal 0.5-1.0 psi (0.034 - 0.07 bar)

Estimate the equivaient jength of piping from the tip to the flare KO drum.

(Allow generous margins, flare headers are complex and rarely straight).

Calculate the sonic velocity of the relief gas

KT K = CP/CV
Vsonic = 91.19 v m/s T=K

This will give a first estimate of required pipe id based on maximum relief flow.

The stack diameter should be one or two sizes less than the tip diameter. LIMIT
VELOCITY IN STACK TO 0.85 M; AT DESIGN FLOW.

1 A
Using the estimated D calculafe the AP from tip to flare KO drum. The Conison

equation is recommended for isothermal flow :

N fL -3
u
P2 = Pz + -2z <39.4 —d + 21n —£> x 10

1 2 Vs u|
Where = upstream conditions f = moody friction factor
= downstream L = equivalent length m

Qa
"

pressure  bar (a) pipe id inchs

c O N -
it

velocity m/s

specific vol m3/kg

<
"

This calculation requires a degree of trial and error as ul = f(PL)
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6) Examine the Pl (calc) at the relief drum and decide if the stack + header diameter
is adequate ie is Pl (calc) drum approaching the maximum upstream pressure
allowable at the plant ? if so increase the diameter and repeat the AP calc.

7)Once satisfied with the drum-tip line proceed back up the flare header and

calculate the next section of line diameter.

&) Continue along the headers, adjusting flowrates as necessary if sources disappear,

until the "weak link" criteria has been satisfied.

9) If the project requires sub headers and laterals can be estimated from the main line

static backpressures calculated above.

EXAMPLE :

®

P t-2 bqj‘

lew LOOm

v

Poat o L qu:)
MARE = -2 bare
P: {-oty
e 1S0m

@ PSvY

( | A

Flare design is based on vent flow from source (1)

Weak link in system is set by PSV at source (2)

System must be designed for a design flow from source (1) not giving a
backpressure at point (3) of more than 1.2 barg.

Size line from tip to drum (L = 150 m) to give P qrym 0,5 barg (say) size line
from drum to point (3) (L = 100 m) to give P| < 1.2 barg.

Check that source (1) can flow from (1) to (3) with pressure drop available.

e omamm e i

e e, - - . =
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5.

NOTE : 1) Laterals ---> sub headers ---)> headers must increase in diameter

as the system progresses to the tip.
2) Max velocity in a line is MACH 0.7 for short duration reliefs only.

. 3) When calculating A P for flare systems isothermal flow is
assumed for each section. For high source pressures with low MW
a AT vs AP profile will yield more accurate results, i.e. adjust
temp at sp;eciﬁc points in the system to account for A P

occured.

FLARE KO DRUM SIZING

A flare KO drum is provided to drop out and collect the liquid part of the flare vapours in

order to :

- prevent liquid accumulation at the base of the flare boom or tower

- to minimize the risk of burning liquid (golden rain) emerging from the tip and falling on

personnel

- torecover and reclaim valuable product materials.

5.1. DESIGN CONSIDERATIONS

separate knock out drums are generally required for each level of flare system
installed i.e. : an HP KO drum, LP KO drum, LLP drum

cold vapour lines (i.e. < 0°C) can be introduced immediately upstream of iniet
line to a "warm" drum providing the resultant temperature in the drum does not

call below design. This precludes the need for two independant drums.
FLARE KO DRUMS SHOULD BE HORIZONTAL AT ALL TIMES.

Mist eliminators are not to be installed. Min design pressure of drum is

3.5 bar (g)

Heating coils should be installed in flare KO drums to prevent freezing of

residual liquids. Typical is to maintaina T min = 4°C
LIQUID DROPLET SIZE (per API 521)

Recommended particle sizes are :

VERTICAL FLARE 150 (offshore)
INCLINED BOOM > 45° 150 ®
<45° 400 "

REMOTE FLARES 600
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5.2.  DRUM SIZING

Based on the above design considerations the flare KO drum can be sized using the
method outlined in section 2.0. VESSEL DESIGN.

For a flare KO drum, the normal liquid level should be kept in the lower part of the
drum i.e. : utilise as much space as possible for the vapor-liquid de-entrainment. If a
large diameter drum results consider using a split flow arrangement with the exist
nozzles mounted on the head. This will maximise the L/D ratio and give a smaller
highter drum. This is especially useful offshore where weight + space are a major
concern.

An LCHH will normally be installed in the flare drum to initiate a plant shutdown ’

wellhead shut in offshore).

6.0. RELIEF DEVICE SIZING (For more detail see AP 520, 521)

6.1. GENERAL

- Safety valves are either termed balanced or conventional depending upon the

backpressure {imitation

- Rupture discs are less robust than an equivalent safety valve and cannot be relied

on to function accurately. [t is recommended that rupture discs are avoided

6.2. BACKPRESSURE

- Backpressure exists in two forms :

flowing backpressure is the pressure on the discharge side of a PSV that is

blowing off to the relief system

superimposed backpressure, or static backpressure is the pressure on the
discharge side of a PSV caused by another relief source in the system venting to

flare

- For conventional valves the Maximum Allowable Backpressure (MABP) for either
superimposed or flowing is 10 %. For balanced relief valves up to 40 % can be

allowed for without a reduction in the valve capacity.

6.3. LIQUID RELIEF

The formula for sizing liquid.relief valves is :

gpm /| G _
A= ins
27.2 Kp. Kwr Ky Pd
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Where :
A = Effective discharge area, in52' .
gpm = Flowrate, u.s. gallons/min
G = Specific gravity at flowing temperature
Kp = Capacity correction factor (from figure 6.5)
Pq = Relieving pressure minus constant back pressure
Kw = Capacity correction factor (from figure 6.4)
Ky = Viscosity correction factor (from figure 6.3.)

6.4. VAPOR RELIEF

The formula for sizing vapor relief is :

W /Tz
A =
C K P Kp M

Relief flow, lbs/h z = Compressibility factor

Inlet vapor temperature, °R

Coefficient (from figure 6.1, 6.2)

Coefficient of discharge (0.975 unless vendor data available)

Upstream pressure, psia. Set pressure 1.1 for blocked outlet, CV failure
or 1.2 for fire plus 14.7 psia

Capacity correction factor (from figure 6.6)

= Molecular weight of the vapour

6.5. RELIEF FOR GAS EXPANSION DUE TO FIRE

AL A F e 0.1406 Ti.25
VA | I CK 10.65G6
= effective discharge area of valve ins? T =1560-T7

¢ = exposed surface area of vessel fr2 T = temp. at relief

pressure .°R

6.6. STEAM RELIEF

“I . LY
A = e e e nS
50 Py Kgn
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P, = Setpressure x 1.03. (ASME Power)
orl.l. (ASME Unfired vessels)

Ksh - superheat correction factor table 6.1.

6.7. STANDARD RELIEF VALVE ORIFICE SIZES

The following table may be used for estimating the relief-valve size based upon the '

effective discharge areas calculated as in paragraphs 6.3. through 6.6. :

Nozzle
Orifice letter Effective Area Norr-na.l size
' i Designation
sq. inches
D 0.110 | ID2
E 0.196 lE2
F 0.307 11/2 Fo*
G 0.503 2G3+
H 0.785 2H3
J 1.287 , 233 or 34~
K 1.838 3K4 or 3Ké
L 2.853 3L4 or 4L6
M 3.600 4Meé
N 4.340 UNé6
P 6.379 4P6
Q 11.045 6Q8
R 16.000 6R8 or 6R10
T 26.000 8T10 '

* Avoid using 2 1/2 inch outlet flanges (F and G orifices)

++  Avoid using 2 1/2 inch inlet flange (J orifice)
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7.0. RE.F%.RENCES + LITERATURE

7.1. DESIGN GUIDE Flares-Vents-Relief and Blowdown systems
CFP MAY 1984 - TEP/DP/EXP

a 7.2. AP] 520 AP] 14C
AP 521 AP} I4E
7.3. Det Norske Veritas : Technical Notes fixed offshore installations
' Norweigen Petroleum Directorate : Guidelines for safety evaluations of platform

conceptual designs.

TABLE 6‘*-50”"‘00' Correction Factores for Safery Vaives in Steam Service

Set Sarura- Correcrion Factor Aeu
Pressure voa
¢ Pounds Tempera- 0.99 09t 0.97 0.596 0.95 0.94 0.93 0.92 0.91 0.90 0.89 o1
e = Tow! Tempersiure
Spuare (Depea ’ (Degrees Fahrenheu)
Gage) hett)
10 240 269 303 338 363 00 4 40 a9 520 343 570 595
20 %9 286 33 i 25} 375 403 43} 46} 492 38 542 565 190
40 287 310 338 357 3n2 410 440 467 493 3ts sS40 361 b1}
60 308 130 3so 370 %0 422 430 4an 493 3518 37 360 330
80 324 343 365 383 403 432 460 478 497 313 535 356 380
100 b2l 360 375 39S 415 440 466 I‘lS 500 31 538 533, st0
120 350 370 s 403 4123 430 413 490 303 520 $37 ST
, 140 361 — 398 as a3 433 420 97 s10 523 340 360 518
160 370 -— 403 428 443 46) 487 302 3i6 330 345 363 3te
180 I -— 415 432 4350 470 492 308 52) 338 350 310 5%
200 1] — 430 440 456 473 97 3 27 540 353 573 M
20 396 - 430 s 46} 410 502 517 332 346 560 T 396
240 40) -— 433 452 470 485 307 pred 337 330 565 383 00
1 260 409 -_ 440 460 473 490 512 326 341 335 569 386 60)
280 416 —_ 47 463 430 493 Sto b1} 343 358 b)) $90 606
- 200  5d - 452 470 485 300 520 338 550 362 s 193 410
350 433 - 4635 480 496 512 330 345 333 572 34 602 618
400 3 -— 473 497 08 523 340 353 366 330 39s 610 626
’ 300 470 -_— 495 b1B) 326 343 537 368 582 b 24 630 625 L]
600 439 - 12 530 34} 356 370 83 396 610 623 (31] (33
300 $20 - 343 558 370 b1} 197 610 €25 €S es0 [ L} 0
£.000 346 -— 367 12 598 60t 620 €33 43 60 €73 638 703
1.250 574 - 9 603 620 630 40 [$3] 668 (1] 696 110 128
. 1.300 597 -_— -— 630 42 65) 664 676 (1] 702 ns 7 744
1.750 619 —_ —_ 7 660 €70 «80 2 704 17 730 743 139
2.000 637 -_— -_ o635 673 683 694 08 719 ”32 143 % m
2,500 670 - - 690 02 Hnr 12} 73) 742 733 166 730 793
3.00n 697 -_ - kXS] 7 73 J42 ™ 762 m 73 793 1
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Figure 63 -Capacity Correction Factor Due to Viscosity K.
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]
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Notve: The above curve represents a compromise of the values
recommended by a number of relief-valve manufacturers. This
curve may be used when the make ol the valve is not known.
When the make is known_ the manufacturer should be consulied
for the correction factor.

Figure {4 -Voriable or Constant Back-Pressure Sizing
) Factor K, for 25 Percent Overpressure on
Balonced Bellows Safety-Relief Vaives

{Liquids Only) ‘

[« S <] 15
PERCENT OVERPRESSURE

NOTE: The above curve shows that up to and including 25 per-
cent overpressure, capacity is affected by the change in lift, the
change in orifice discharge coefficient, and the change in over-
pressurc. Above 25 percent, capacity is affecied only by the
change in overpressure,

Vaives operating at low overpressures tend 1o “chatter™; there-
fore. overpressyres of less than 10 percent should be avoided.

Figure G5 -Capacity Correction Foctors Due to Over-
pressure for Relief and Safety-Relief
Volves ir Liquid Service
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K

NOTE: The above curves represent a compromise of the values recommended by a number of relie{ valve manufacturers and may
be used when the make of valve or the actual critical-flow pressure point for the vapor of gas is unknown. When the make is
known. the manufacturer should be consulted for the correction factor. o -

These curves are for set pressures of SO pounds per square inch gage and above. They are limited to back pressure below critical-
flow pressure for a given sel pressure. For subcritical-flow back pressures below 50 pounds per square inch gage, the manufacturer
must be consulted for the values of K. ‘

Figure 6-6,—Variable or Constant Back-Pressure Sizing Factor K. for Balanced Bellows Safety-Relief Valves (Vo-

pors and Gases)
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2 o | 1|
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Figure 6'6M.Constant Back Pressure Sizing Factor K., For Conventicnal Safety-Relief Valves (Vapors und Gases
Only)




ters pet hour {approximately 89 meiers pes second)}
e o ! From Figures 6A and 6D, the flame length, L, is 170

A.2.1 CALCULATION OF FLARE DIAMETER feet (52 meters) (see Figure A-1).

The Msch number is determined as follows (see
5431 hem ).

A.2.3 CALCULATION OF FLAME DISTORTION
CAUSED BY WIND VELOCITY (SIMPLE

Mach = {1.702)( w-')'-,'—:'“/ﬁ’, CALCULATION)

Figure A-1—Dimensional Relsrences lor Sizing & Flare Stack

é le) A . .
o oo w < | w oz ’
-
[ — = e T m
APPENDIX A 2
s O
SAMPLE CALCULATIONS FOR SIZING A FLARE STACK E 4
| . = - 3 D
. nera 12 4
A1 Gener 0.2~ (116100 lgi 37 e WIND —- a
This sppendin presents enumples of the iwo methods dt=0 269 : ' c F
fot mizing a Nare stack based on ihe eflects of 1adintion. d =046 " ide di o
The two methods are the “timple”* approach presenied 46 meter {Inside dismeter)
in Seciion 4 and the more specific appsoach using For Mach = 0.5, the flare dismeter is calculsted as fol-
Braustowski and Sommer's method. Height snd lo- lows:
cation should alwo be considesed, based on gas dis- 4= 0897 A
pession if the Name is entinguished (sce 4.4.1.4). d =093 foot (in-:ide dismeter) 1 8
A.2 Example 1: Sizing a Flare Stack In metric units, this transiates to: | e=> R
Using the Simple Approach d' = 0.0813 i +— 8;
In this example, the basic duis s1e a3 follows: The d = 0.29 meter (inside dismeler) | m
matenial Nowing 18 hydrocarbon vapars The flow rate, n' 0
W, 1 100,000 pounds per hour (12.6 kilograms per sec- A.2.2 CALCULATION OF FLAME LENGTH ! L] " g
ond). The average moleculsr waight of the vapors, M, The heat libeeated, Q. In Beitish therma! units per " 1 >
it 46.1. The Nowing temperature, T, 11 760 degrees hour (kilowsits), is catculated as follows {see Figures l . %
Rankine (300 F) [422 kelvins (149 C)). The heat of 6A and 6B): ' m
wmbuu(i)?n _is ?I.S(D British thermal units pet px'm:d Q-(l(!l,(!!’))(n.j()o) | s 2
(s - 10’ hilvjoules per l,lo;nm). The tatio of the = 2,15 x 10° British thesmal units per hour I . 2
specific heats in the gas, k. is 1.1. The flowing pressure L , o
st the Nare 1ip is 147 podnds per square inch absolute In metric units, this translates to: ’ I ig
(101.3 kilopascals absolute). The design wind velocity is Q= {12.6)(50 % 10°) . i i H f?j
20 miles per hour (29.3 fect per second) [32.2 kilome- a3 x 10 kilowans S t';; )
)
2
2
h -]
Z
c
>
-

The vapor fiow rate is determined as follows:

In metric umity, this transiates to:

W
Mach = (11.61)(10"' 15 \/;—g

For Mach = 0 2, the Nlate diameter s culculated »s fol-

100,000\ (379.1) (160
Flow = ( 3600 )(w,l)(s“z'(')
= 333.9 actual cubic [cet pet second

In metric units, this translates to:

lows: A
22.4) (42
02= (1 r0n0-iRe [ 160 Pow = 02 6(357) (553
( N ' 14247 V(1 1)(46.1) = 9.46 acival eubic meters per second
d'= 124 X

Nott: la the cakulsnons sbove, the volume of o perfecy gas per
pound-motc wndet Enghih siandard condinons (60 F end 14.7 paunds
pet square inch steolute) s 379 § cubic feer. The volume of & perfect

d = )3 leet (inside duameter)

In metric units, this transiaes to:

ot pet Rilogram-mole wnde
’ol,rn.io;m::l': -bno:vl-cl ;':ﬁ".:&l’.“.‘.?:f..‘"""’" ©C U= 2.9
' oa()S
24

The Name distortion caused by wind velocity Is cateu-
Inted as follows (see Figure 7);

U, _ _Wind veloch
U, ~ Fare tip velocity

® 189 feet per second

In metric units, this translates to:

b o348
1] z i'
The Nare tip exit velocity, U, may be determined as "'L‘“;
follows (sce A 3.2 { ) ;
U'):" (s¢ ot another method of ealculating - = 56.9 meters per second
J haQ
U~ Flow sch =05,
Y ad U w3039
i ' 310537
4

For Mach = 0.2, = 471 feer per second

Q

8 a

o <.
.
=]
2

3

o (@]

w

— e

o

0 o

& @

o 2
(o]




D'= R4+ 7 R'=45.7-W(31.4) -
metric units, ibs translates to: zg ~0.12 1600 = 78"+ H*! = 27.0 meters m 4
946 L 11 = 25,600 - 6084 D'=R 4 N Ry
(¥ Lay = @m0 -19.516 B9 - 2000 1 S o
1 = 22.6 metens ' = 140 feet N =2391.2- 729 3
= 14.2 meters per second Tax = (0.72) (52) M = 140 - w(60) = 1662.2 Q 4
At Mach = 0 2, =37.4 mcten = 110 feet /1" = 40.8 metens 3 D
U 293,000 I emeleic units, this teanstates to: N '_‘;’_i'm'c:(':"-él (é
Uy 189 A.24 CALCULATION OF REQUIRED FLARE H' = H + vay ) I
);—Z =033 STACK HEIGHT R'= R - %A ‘
w
) For the basis of the calculations in this section, refer Zdy = 18.2 meters
}:— =085 to 4.4.1.3. Refer 10 Figute A-1 for dimensional seler- Y ar = 44.2 metens s B
. . ences, i — -4 P
Yay = (035)(170) The design basis is as follows: The lraction of heat (See A23) § » (o]
- 59.5 feet radiated, F, is 0.3. The heat libersted (sce A.2.2), Q, is R* = 45.7 - H(44.0) i 1 Q
¥ ax = (0 83)(170 2.15 % 10' British thermal units pec hour (6.3 x 10° = 23.7 meters x { 11U A '
ar=f ) ) kilowatts). The mazimum allowabie radiation, X, at 150 D'e R4 HY i ] b w0 .
a 1445 lect feet (45.7 meters) trom the Mare stack Is 2000 British AP =234 4 ? ) m
meteic units, this transtates to: thermal units per hour per square (oot (6.3 kilowatts per H“' 23912 - 5617 s : .‘:::::.:‘:::‘,,‘., m 2
squate meter). g : H a inu 11 AEPOMUEIA - METYCL S 0
U, 89 4156 In equation (3) trom Section 4, assume 1= 1.0. The - 18293 g e ‘ml";-e- saca "z‘
U 569 distance from the flame cenler 10 the grade-level H* = 42.8 meten Rl e M v e e m
):__ - 038 boundary (that is, the object being considered), D, is H=428-¥)182) ! w o 84=roacatastion et m
: thea calculated as {ollows: = 33.7 meters o 100N (3t wiCH R14CHY ; D
] 198 1eCH §1ACHY U -
PEETTY 0=k At Mach = 0.5, H is calculated as follows: . . L — 3 = %
‘mf AT AILEASE PRTrBi FrlAuay wield PIR eOUR
)_Ay = (0.35)(52) - ,Mﬁ i:]m‘ ":. - R,::::: Frm Boiiply [roas skt u oty shnoremtoum 3 SRyt s o ho mowa S f?‘
« 18.2 metees {4)(3.14)(2000) Tay =911 Fine 0A—Flame Longth Versus Hool Roless Indusiel $i20s and Retes sy (€ ngien Unie) q 7,
T ac = (085)(32) =160.2 feet }:A: e 4:::. . S O
= 44.2 metens In metric units, this translates to: it 2
(See A2.3) } " 2
Al Mach=05, ]
93 D=V&k R =150-n(122) H P
v, 93 0.062 . = 89 feet ] 4
v m  JEIMEINIT) D'= R4 q 1}~ % .
¥ -0n @0.1463) 160" = 89 + 1" 5 " k al - |
= 48.9 meien H' = 25,600 - 7921 § RT3 :
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1 INTRODUCTION

The Welton Gathering Centre process plant is provided with
an incinerator for disposal of excess associated gases and
relief gases. During upsets on the incinerator e.g. fan
failure or a plant initiated trip, the incinerator is
isolated and the gases are disposed of through a cold wvent
via a bursting disc arrangement (see Fig 1).

The gases routed to the cold vent contain high levels of H2S
and adequate dilution of this component with air is
therefore required during dispersion for safe disposal. The
option of replacing the existing incinerator with a new and
larger one, means that the cold vent would still be
required. Dispersion calculations were therefore carried
out by Group Environmental Services (GES), London to confirm
that safe disposal of the vented gases could be achieved.

Details of the atmospheric dispersion study and results are
presented below. The following areas are covered :-

- basis of the study

- results of the dispersion modelling

- discussions of results

- operating experience with the cold vent
- conclusions and recommendations
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J 2 BASIS OF THE STUDY

, The dispersion calculations were performed by Group

1; Environmental Services (GES) in London. The basis of these
} calculations ! is given in the sections following.
i

4

l_? : 2.1 GAS COMPOSITIONS
The composition of the gases that could be vented to the
] , atmosphere can be wide ranging because :-
- the Welton G.C. receives crude from a number of wells

l‘ : at varying flows and varying H2S content. Hence the

Do amount and composition of the gases normally produced

| varies;
); - the relief gas composition which could superimpose on

normal flows vary depending on the relief scenario.
Accurate prediction of the relief flow and composition is

]‘ not always possible.

Therefore for the dispersion calculations reported here, a
I‘ number of vented gas data compositions were prepared from
‘ two sources (Table 1) :-

i 1) The Original Design composition - these were extracted
lf from the Incinerator Work Pack 18, Vol. 1. They were

based on the design wellfluid (C-site) and still
: represent the sourest gases that could be obtained from
']‘i Gathering Plant HP/relief header. Calculations for the
following cases were carried out -

“ a) Case 1 - Highest gas and H2S flows, Gas I;
| b) Case 2 - Lowest H2S concentration, Gas 4;
c) Case 3 - Lowest H2S flows, Gas E and

d) Case 4 - Lowest total flow, Gas B.

II) The preliminarv revised design cases - these are based
o on the Welton Upgrading design material balance and
‘S, represent conditions in the plant when production from
t C site is diluted by production from the less sour
wells (A and B sites). The combined ‘HP, LP and acid
N gas stream compositions were used for the dispersion
; calculations. The following cases were considered :-

a) Case 1 - based on the total of normal flows in the

gas headers;

b) Case 2 - startup flow based on 300 BOPD;

c) Case 3 - similar to Case 2 but with twice the H2S
concentration. This can be considered as starting up



with production from C-site.
d) Case 4 - based on normal flows superimposed with
fire relief flow in the gas headers.

2.2 COLD VENT | El

The cold vent is a 16 inch pipe erected vertically with a
6 inch top section acting as a nozzle. Detail dimensions f
of the cold vent as used in this dispersion study are Jl
shown in Fig 2. ‘ y

Process gas is normally isolated from the cold vent by q
means of four bursting discs - two in use in series and

two spare, as shown in Fig 1. Should these rupture, a

common alarm signal is produced in the control room and 1
the incinerator is tripped which in turn causes a general ]
plant shutdown. Thus the duration and quantities of the |
emissions is minimised. -l

2.3 H2S CONCENTRATION MONITORING
The following locations were selected for monitoring the
H2S concentration during dispersion of gases from the cold

vent - i

a) At positions in the plant above grade which could be
manned, of which the following were selected :-

Crude stripper tower - 14.9 m
Amine contactor - 13.6 m
Crude tanks - 9.0m
Incinerator - 12.5 m
b) At grade level at various locations within the Welton -

Gathering Centre perimeter fence, car park and workshop
areas.

c) At farm houses in the near vicinity and in particular,
the Barfields farm.

The co-ordinates for these receptors are shown in Table 1.
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3 RESULTS

Details of the results are given in a GES memo, Ref. 2 ; an
extract of the results is given in this section. The
results of H2S concentrations at various locations are
quoted in mg/m3. To convert these figures to ppmv then the
quoted figures should be multiplied by a factor of 0.7121.

Tables 2 - 9 show the maximum ground level concentrations
for a range of weather conditions and the cases specified.
The wind has been arbitrarily set to SW, so the location of
the point of the maximum ground level concentration is of no
significance, but the distance from source is of use.

Table 10 - 17 shows concentration at the seven sites
specified for the same range of weather conditions and the
same eight cases. However, in these tables, the wind
direction has been deliberately chosen to place the
specified site directly downwind of the vent. Thus each
concentration represents the worst possible condition at

each site.

The result presented in the Tables 2 - 17 are the 3 minute
average concentrations at the receptors. To extrapolate the
3 minute average concentration to longer time average

concentrations, the following can be applied :-

’

Cx = Cp ¥ ( 3 / Tx ) *x0.2

where Cx is concentration average for time Tx
Cp is the 3 minute average concentration
Tx is the new time for average concentrations.

Thus, for a 15 minute average concentrations, the 3 minute
average concentrations have to be multiplied by a factor o:
0.72. Similarly, for an 8 hour average concentration, the

factor is 0.36.

For time average concentrations of less than 3 minute, the
above correlation does not apply. However as a guide, a
similar approximation to that made for odour nuisance
investigations (where the 5 second average concentrations
are relevant) can be used. Thus, to convert the 3 minute
averages to 5 second averages, the results in weather
category A should be multiplied by 10, and the remaining
weather categories should be multiplied by 5.

R ey
RSt s S



4 DISCUSSIONS

This section discusses the interpretation of the results
given in the above section. It must be stressed that the
interpretation of the results and inferences made here
concerning the H2S level with respect to safety,
occupational health and nuisances are mainly those of the
author. Advice from Group Safety and Occupational Health
was obtained verbally and is incorporated.

The following observations are made on the results :-

a) The odour threshold for H2S is 0.00066 mg/m3 for 5 sec.
average time. Tables 2 - 9 shows that the 3 minute average
ground level concentrations (1/5th of 5 second averages for
most weather categories) exceed the odour threshold. The
use of the cold vent would thus result in odorous emission
which would be perceived at fairly remote locations e.g. the
Barfields farm, when the wind is blowing in that direction.

It is noted that there are no evidence that odorous
emissions due to H2S at low level are a health hazard, but
complaints relating the two may still be received.

b) The cold vent facility is provided with two bursting disc
installed back to back in the duty line with a parallel
spare set provided. Should these rupture, an alarm signal
is produced and the incinerator. is shutdown. The latter
also causes a general plant shutdown thereby minimising the
amounts of emissions. The release of H2S containing gases
through the cold vent is therefore restricted to the
HP/Relief header depressuring or the depressuring of the
separators in the HP gas blowthrough scenario. It is not
possible to quantify these periods. .

c) Tables 10 - 17 show the 3 min average concentrations at
the seven particular receptors specified; in all cases the
odour threshold is exceeded.

If the concentrations are adjusted to give 8 hr. time
interval averages by multiplying by a factor of 0.36 then in
some cases the Long Term Exposure Limit of 14 mg/m3 is
exceeded. This occurs mainly at elevated receptors and in
particular the crude stripper and the amine
contactor/regenerator.

If the 3 min average concentration is converted to give the
15 min average value by multiplying by 0.72, then the Short
Term Exposure Limit of 21 mg/m3 is also exceeded at the same
receptors.




It is concluded that if cold venting were proposed as a
normal operation then it would not be acceptable to BP or to
environmental authorities. However, it is noted that the
original design intentions were that the discharge would be
of limited duration and of low probability.

d) In assessing the safety implications of the discharge,
the instantaneous level of H2S perceived is relevant. It is
noted that the closest approximation of this is the 3 min
average concentrations which shows that at elevated levels,
and in particular the top of the amine contactor/regenerator
towers, concentrations in excess of 42 mg/m3 are predicted.
At these levels, the H2S5 would cause eye and respiratory
tract irritation. This is unpleasant and would be a signal
for evacuating the area. ’ : :

It is noted that if the 5 sec. ayverage concentration (5
times the 3 min average concentrations in most cases) are
considered, then levels in excess of 140 mg/m3 are
predicted. These could cause a loss of the sense of smell
and result in a loss of signal for evacuating from the
affected areas. However, the levels are below 700 mg/m3
which would cause a loss of consciousness within 15 mins of
exposure. It should also be noted that such duration for
exposures are unlikely as explained in b) above.

It must be noted that the effects of H2S depends on a number
of variables and above limits are only for guidance. It is

noted that people who are regularly exposed to even very low
concentrations eventually become unable to detect the gas by

smell.

e) The models used for the dispersion calculations lose
their validity at distances less than 10 metres of the
source. In this area, it is also noted that the mechanisn
for dispersion is different and low flow emissions have
greater impact on the resultant ground level concentrations
especially if the gaseous emissions are denser than air as
in this particular case. Within this 10 meter area of the
Gathering Centre is the location of the pig receivers and
wax traps which may well be manned in event of the cold vent

operating.

f) Analysis of the results given in Tables 2 - 10 shows that
the dilutions resulting from cold vent dispersion increase
as the flow of the emission decrease (see Fig 3) but is
generally less affected by the concentration of the
pollutant in the emissions. Low flows would result during
plant startup when plant upsets generally arise and



reduction of H2S content in the-gas header by starting up
using less sour wells would reduce the impact of cold

venting during this period.

g) The concentrations of the hydrocarbons at the various
receptors after dispersion has not been calculated; this can
be roughly estimated from the dilutions imparted on the
pollutant during dispersion. Estimated hydrocarbon
concentration for two receptors has been calculated for
Original Design Case 1 and shown below.

i) Amine contactor, maximum H2S concentration is 50.7 mg/m3
which corresponds to a dilution of 249. Therefore, max
concentration of hydrocarbon is 0.40 %.

ii) Incinerator, maximum H2S concentration is 1.9 mg/m3
which corresponds to a dilution of 6636. Therefore, max
concentration of hydrocarbon is 0.02 %.

It will be seen that in both cases the conéentrations
predicted are below the Lower Flammability Level assumed 2 %

(methane) for this purpose.
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5 OPERATING EXPERIENCE

L]

During commissioning of the Welton Gathering Centre plant,
problems were experienced with the use of graphite burstlng
discs which ruptured at low bursting pressure. These may
have been due to fatigue caused by pulsation of gases in the
HP/relief header. This was resolved by reducing pulsation
from the burner and the installation of a bursting disc of
composite material which has proved reliable.

After commissioning, the cold vent has operated several
times mainly as a result of instrument failure on the
incinerator. However the production through the plant was
below 50 % of the full capacity. With the recent
modifications to the incinerator, it has been possible to
increase the flow through the Gathering Centre. This
increase has resulted in the header pressures being close to
the bursting disc pressure. This could increase the
frequency of operation of the cold vent resultlng from

surges through the plant.

If the existing incinerator is replaced by a new incinerator
in the next Phase of the Welton Upgrading then the design of
the incinerator and the setting of the bursting disc should
be such that frequency of rupture due to surges is -
eliminated.



6 CONCLUSIONS AND RECOMMENDATIONS

a) The study has concentrated on the dispersion of H2S based
on a number of the Original Design and the Welton Upgrading
gas compositions. It has been predicted that emissions
would be odorous at ground level at short and long distances
from the cold vent.

b) At elevated areas, for example, the top of the amine
contactor/regenerator towers, the predicted levels of H2S
are higher than the Short Term Exposure limit. It is
therefore recommended that access to the elevated areas
close to the cold vent be restricted. Adequate warnings
should be displayed at access points of the elevated areas
and BA sets must be immediately available.

c) The cold vent is located close to the incinerator and the
pig receiving areas. These areas are likely to be manned
during operation of the cold vent. An audible alarm which
is activated from a bursting disc failure has therefore been
installed to provide warning to personnel. Regular testing
should establish that this alarm, located near incinerator
control panel, provides adequate alarm near the pig
receiving area.

d) The plant licence was based on utilising the cold vent on
failure of incinerator. The results of this study show that
the emissions would be odorous and high concentrations of
H2S are predicted at elevated areas near the cold vent. It
is therefore important that if operations are changed such
that the design intention of utilising the cold vent is
changed, then appropriate BP authorities should be
consulted. .

e) Due to the higher GOR"s and plant surges, it is possible
that increased pressures close to the bursting disc
pressures are experienced as a result of the higher gas
flows. This would increase the frequency of operation of
the cold vent and represents a further constraint to the
maximum allowable plant throughput.

f) For the Welton Upgrading work, a number of options for
provision of additional gas disposal capacity are being
investigated. Due to the potential hazardous nature of the
cold vent emissions, it is recommended that preference
should be given to solutions which remove the need to use a
cold vent. Such a route is provided if a ground flare is
selected to burn:gases on incinerator failure.

Y

. U
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g) In view of the complex nature of the safety and health
hazard of H2S, it is recommended that an interpretation of
the GES dispersion results reported here should be obtained
from HTH, Dyce. Any changes perceived from the original
intentions of the using the cold vent should be similarly
addressed.

<

c.t. J. Caven-Atack
A.A. Croll
M. Broadribdb
J.A. Lewis
E.A. Mullin/R.W. Bridger
1058/97
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1. APPLICABILITY

For a feasibility study a quick estimate of the line size will be required. |

<

For a pre-project study a better estimate of the line size will be required.
The purpose of this guide is to size only the lines in the process unit. |

For the both the feésibility and pre-project studies abaques AFTP can be used :

"Pour le calcul des pertes de charges des liquides dans les conduites"

"Pour le calcul des pertes de charges des gaz dans les conduites"

The line sizing depends on the service :

Flare lines, pipeline and riser sizing are not included on this chaprer. . :
2. LIQUID LINES SIZING CRITERIA
See Table 1.

3. VAPOR AND STEAM LINES SIZING CRITERIA

See Table 2.

4. TWO PHASE FLOW LINE SIZING CRITERIA

'l'he/oV2 criteria as stated for vapor lines to be followed with :

/o=/om: ﬂ:”!! in kg/m3
rrop

W = Wl+ Wv = total flow rate in kg/hr Pl = liquid density in kg/m3

W1 = liquid flow rate in kg/hr LV = vapor density in kg/m?3

Wv = vapor flow rate in kg/hr
andV = Vm = W; m/s

[om.T .9:3600
&

9i = internal diameter of the line in m.

om and Vm are respectively the apparent density and velocity of the fluid.
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The flow regime to be checked on the tigure 1 for horizontal lines and on the figure 2

for vertical lines.
.

For horizontal lines slug and plug flow regimes should be avoided.
.

For vertical lines slug flow regime should be avoided.

Remark : Flow chart Fig. | and 2 are based on author's experimental results.

5. PRESSURE DROP CALCULATIONS

5.1. MONOQPHASIS FLUID (GAS OR LIQUID)

S.1.1. "ABAQUES AFTP" could be used with the correction of the line diameter
such as indicated on these ABAQUES.

5.1.2. Method using MOODY or "regular" Fanning friction factors.

a. Calculate Reynolds number

Re:M:
/“e

line internal diameter in mm /ue = fluid dynamic viscosity in Cpo
fluid density in kg/m3 Re is a dimensionless number

f

gi
P
\Y

velocity in m/s

b. Determine the relative roughness : See Figure 3— € =

c. Determine { = friction factor : See Figure 4 —> f =~

2 2
d. ..P=1x10Cx oV = fPV_barllOOm
“Pi  2gx10.2 201

5.2.  TWO PHASE FLUID

Many correlations exist to calculate the pressure drop for two phases flow,
depending of the vertical or horizontal line, ratio of vapor/liquid and pressure and

temperature conditions. That is out of scope of this guide and we mention only some

authors : POETTMAN/CARPENTER FLANIGAN
EATON BEGGS/BRILL
LOCKH}_\RT/MARTINELLE TAITEL/DUCKLER

quick methods for an estimation are as follows :
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5.2.1. "ABAQUE AFTP" for gas could be used with the correction of the ling

diameter. Takin as defined in § 4 and the liquid viscosity as the fluid viscosity.

5.2.2. Method using MOODY or "regular" fanning friction factors. *

It is the same method as on § 5.1.2. with/o = pm and V = Vm as defined on § {
and the fluid viscosity taken as the liquid viscosity.

5.2.3. A more detailed method using the Lockhart Martinelli method is given in
section 11.0 PIPELINES.

6. NOTES

Tubes dimensions are standard and an example is given on Table 3.

With "ABAQUE AFTP" the correction for the internal diamet2r must be done and an
estimation of the line thickness could be done with the following formula used mainly for

high pressure.

=_Ple .c
(SE + PY)
e = thickness mm Y = coefficient having values for ferritic steels
P = Design pressure bar g fe = external diameter inch
S = allowable stress bar C = corrosion allowance mm
E = longitudial weld joint factor

S, E and Y are not always available so the following formular could be used for an

estimation.
e= P ge +C ‘

K :
e = thickness in mm ¢ = corrosion allowance in mm {
P = design pressure in bar g K = 43 for carbon steel and low témperature '
carbon steel ‘ |
fe = external diameter in inch 54 for 3.5 % Ni and stainless steel ‘ l
For small diameters upto about 10" use the thickness given by the schedule on Table 3. ‘

For A P do not forget to take into account the change in elevation for liquid and two
phase flow.
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TABLE 2 S (@]
by
: o
S
}— { MAXIMUM I MAXIMUM ! A P bar/km ’
VAPOR AND STEAM LINES ' = gas denstl/kg/m3 | VELOCITY I |
| . V gas velocity m/s m/s NORMAL MAXI >
| L | l | 2
l | I I | o
| VAPOR LINES . P <20barg [ 6 000 I | ) [ 'é‘
| . 20<P<50barg ] 7 500 i 1 ) AP must be considered | -
| . S0<P<80barg | 10 000 l | ) l 2 2
| . P>80barg | 15 000 | | ) and be compatible with | a (2}
| N | I ) | R
| - Discontinuous operation eg: compressor | I | ) the corresponding service | 5 m
| anti-surge: . P <50barg | 10 000 | | ) | s 2 ‘
[ . 50<P<80barg | 15 000 | l) | “ s 5
| . P>80barg | 25 000 l | ) | 'ﬁrgo‘
[ | | | ) I § LM
I . compressor suction | ) To be compatible with | | - 0,25 | 0.7 | d 5
| . compressor discharge . ) above | ‘I 0.5 | 1.2 I 2.
I { ! | I I 2
| STEAM LINES : | I | | >
| I l I c .
| - P<I0Obarg . ShortlineL <200m | | I 0.5 | 1.0 : ,x.’. ~
| . Long lineL > 200 m } | | 0.15 | 0.25 ) "
I | | .
| - 10<P <30barg . Short line L <200 m | | 42 | 1.2 { 2.3 : 9 2
: . Long line L » 200 m ! l 42 | 0.25 | 1.0 | s =
. I | g
| -P>30barg . ShortlinelL <200m | | 30 | 1.2 : 2.3 : . 2
| Long lineL > 200 m | I 30 | 0.35 I 1.0 | ] o
I ' | | l l ! &
3
o %
2
)

L
d3L
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Flow of fluids CRANE

"Gas liquid flow in pipelines I Research results" by A.E. DUKLER May 1969
Pupl by A.G.A., API and Union of HOUSTON

"Gas liquid flow in pipeline II - Design manual" by O. BAKER, H.W.
BRAINERD, C.0. COLDREN, FLANIGAN and J.K. WELCHEN, October 1970,
published by A.G.A. and API

"Proposed correlation of data for isothermal two phase, two component flow in
pipelines" LOCKHART, R.W. and R.C. MARTINELLI (1949)

BEGGS , H.D., and BRILL, J.P. Manual for "Two phase flow in pipes" 1975 university of
TULSA ’

ABAQUES AFTP: . "Pour le calcul des pertes de charges des liquides dans les
conduites"
. "Pour le calcul des pertes de charges des gaz dans les

conduites"

PEPITE PROGRAM

"CHEMICAL PROCESS DESIGN ON A PROGRAMMABLE CALCULATOR"
W. WAYNE BLACKWEIL, B.S. Page 22

"Two phase pressure drop computed” - Mafik Soliman, Hyd. Processing April 84
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TABLE M*}
( TUBE DIMENSIONS IN
NORMAL THICKNESS WITH TOLERANCE -2 % A.P.]1. NORMALISATION
DIAM ' *SCHEDIR £ NUMBER™ i STANDARD = EXTRA DOUBLE
DIAM ] sTRonc ExTRA
1 . ' I | —l SERIS |, SERIES STRONG
INS SCH ! SCH SCH SCH SCNI SCH | SCH  SCH  SCHM | SCM BOUS | 00UV SERIES
10 7 P “0 @ ! 20} w | e | o | i 160 OU 100
& lem foae HIFE) RN . N R3] Poam
R ) B3] s.0] | J e Lo
e e PR T N ' b ! 231 [ 3.0
3 2o fau 2,77 1ony f | ol 77 3. e
). . : . i :
> jwer |3 .87 3.9 i 3. 237 PRI Y
1= |08 |27 | 1 05 R 6! 3. o33 | v09
| e a2, 06 2,77 3,58 .23 l 6,33 3.5 1,3) ?,70
ol
1ur | e f2.77 3.68 3.0 1 1.0 348 3,08 10,10
1
r | .02 |27 3.9t 3.5 1.7t 297 3,98 11.07
24 | 73,02 |3.0¢ 3,06 7,01 v,32 3,16 7.01 1,,02
3 33,90 13,06 3,80 7,412 1,10 3,0 7,02 13,2¢
34° | 101,60 |3,06 IR 5.0 376 3.0 11,13
« {1e,0 {306 , 6,02 3.3 T 13, 607 3,30 .12
s | 1et.30 |3.00 .33 2.9 lu.ro 15,87 TR 1,52 19.03
| 163,27 3,00 AT 10,97 J 1,27 18,26 | 741 10,97 .93
= | an.07 (3,28 68| 7.0 | 2.8 10,3} 1270 | 1s.08) wa2ef 20.c2] 23,00 1 20ainas 12,70 7.2
- H }
10 | 273,00 |e.18 | 633 7.30| 9.27] 12,70 13,0t fus.ae| 2101 ] 25,00 a7 urluo'ur 12,70
o
v | (a7 ] 63| saas| reum| se27) irias [ 200 23,00 1,57 23,02 RTEE XT 12,70
!
100 { 333,99 {c.35 | 7,99 e.32] 1150 13,06] 19,05 [ 23.30) 36,97 31,23 33,71 292 12,70
16~00 | 206, 6,35 | 7,95 9.52| 12,70{ 16,66] 20,00 |26, 09] 20,90 | 3,50} 37,67 237 12,70
1eoo | o37,10 {¢.33 | 7930 1t.00] 10,27 15,20 f 23,00 {27,385} . 11| 39,07 e 0 .52 12,70
20700 | 307,99 {6,335 | 9.32] 12,20 13.09( 20\32] 26,19 |31.73] 58,10 | e 03] 00,20 1,32 12,70
e
200 | 6003 6.3 | v.32fan.27] ir,03] 23,80 30,9 [aai10 00,05 32,07 38,72 LRY 12,70
i
300 | 761,99 |7,93 | 12,70} 13,97 |
Notes : 1} For schedule 10 @ < 14" are not used normally

2) The following diameters are not Common : 1/8%, 3/8°, 1 1/4~, 2 1/2%, 3 i72-, 8"
3) For OD > 30" line diameters increase in 2" increments
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1.

2.

APPLICABILITY

.
The purpose of this chapter is to determine the piping class used as shown on a PID line

when the piping material class document does not exist. This is generally the case for .

feasibility and pre-project studies.

CLASS NUMBERING PRINCIPLES (From DD-SP-TCS-112 "PIPING MATERIALS CLASSES") ’

2.1.

2.2,

2.3.

NUMBERS representing the main material of the class

GENERATION OF NUMBER

two-digit number representing the main material entering into the composition of . l

material used for the valve bodies, tubes, fittings and flanges of the network in

The class number shall consist of a capital letter representing the ANSI series and a

question.

Example :

Series 1 50....... ceer eeecessanes Carbon steel

The tables below give the letters and numbers to be used for numbering piping
classes.

LETTERS representing the series of the :lass

Series 125

| 1501 2501 3001 400 6001 9001500 2500 Tracing
] ! ! | ! ! 1 ! 1

| ] 1 i | | } [ |

Il Bi CI DI EiFI GI HI!I I Y

|
|
|
Symbol | A

0l to 20 : Carbon steels (ordinary, galvanized, normalized, etc...)

21 to 45 : Alloy steels

46 to 70 : Stainless steels

71 to 85 : Special alloys (Monel, Hastelloy, etc...)

86 t0 99 : Other materials (Cast-iron, copper, copper alloy, etc...)
Glass

Plastic, cement-asbestos fiber, etc...

{
[}

‘'
i

593

649
704

76C
851
NOTES
{a}
(d)

i9) -
(h
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3. PRESSURE TEMPERATURE RATINGS

The following ANNEX G is extracted from ANSI B 16-5 1977 (AMERICAN NATIONAL
STANDARD STEEL PIPE FLANGES AND FLANGED FITTINGS).

For pressure temperature ratings higher than series 2500 the following is used 5000 PS],
10000 PSl, ... (used mainly for well tubing and wellhead).

AG. q
Pressure-temperature ratings for steel flanges and fianged fittings from ANSI B16.5-1977
CLASS 150 300 a0 600 900 1500 2500 See Notes
ALOS, AJSI-tl, A2)6-WCB, AS1S-70 (al(h)
Norm. Cardoa steet AS516-70 (a) \u
Temo °C Temp, °f ) 2J50-LF2. AS37-Cl.1 [{]
Prassures are w pounds per square wch. gage (93ig)
28910378  -201tc 100 285 740 990 1480 2220 3705 6170
93.3 200 260 675 900 1350 2025 3375 5625
1415 300 230 655 875 1315 1970 ’ 3280 5470
204 400 200 635 845 1270 1900 3170 5280
260 S00 170 600 800 1200 1795 2995 4990
316 600 140 550 730 1095 1640 2735 4560
343 650 125 535 715 1075 1610 2685 4475
371 700 110 535 710 1065 1600 2665 4440
750 95 505 670 1010 1510 2520 4200
427 80O 80 410 $50 825 1235 2060 3430
850 65 270 355 535 805 1340 2230
a82 900 50 170 230 345 515 860 1430
950 35 105 140 205 310 51% 860
538 1000 20 50 70 105 155 260 430
A182-F304. A1B2-F304H
Type 304 A240-304. A351-CF8
AJS1-CF) 0t t0 be wisd over B00°F
28910 378 -20to0 100 275 720 960 1440 2160 3600 6000
93.3 200 235 600 800 1200 1800 3000 5000
1415 300 205 530 705 1055 1585 2640 4400
204 400 180 470 €30 540 1410 2350 3920
260 500 170 435 585 87% 1310 2185 3640
316 600 140 415 955 830 1245 2075 3460
343 650 125 410 545 815 1225 2040 3400
371 700 110 405 540 805 1210 2015 3360
750 95 400 530 795 1195 1990 3320
427 800 80 395 525 790 1180 1970 3280
850 65 3%0 520 780 1165 1945 3240
482 900 S0 385 510 770 1150 1920 3200
950 35 375 500 750 1125 1870 3120
538 1000 20 325 430 645 965 1610 2685
1050 310 410 620 925 1545 2570
- 593 1100 260 345 515 770 1285 2145
1150 195 260 390 585 980 1630
649 1200 155 205 310 465 770 1285
1250 110 14% 220 330 550 915
704 1300 8S 110 165 245 410 685
1350 60 85 125 185 310 515
760 1400 50 65 90 145 240 400
1450 35 a5 70 105 170 285
851 1500 25 30 S0 70 120 200
NOTES:
(o) permuuble but not recommended lor prolonged use obove 800°F Conversion: kPo (go) = 6.895 » pyg
(d) not 1o be used over 450°F
(9) not to be used over BSO*F
(h) notto be vied over | 000" SI
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1. APPLICABILITY . |

The purpose of this chapter is to determine the types of valves used for designation on the
PID. ' . !
valves are used for two mains functions, isolation and control.
I
The following is only a guide line for selection of types of valves which must follow the

piping material class document when it exists. |
2. BLOCK VALVES

The main types are : . ball © . gate
. plug . butterfly

2.1. BALL VALVE
Ball valves can be full bore or reduced bore.
2.1.1. Full bore uses t

. flare system : upstream and downstream of PSV, rupture disc, flare line if

|
required.

. downstream pig launcher and upstream pig receiver.

- vents and drains on hydrocarbon equipments.

. piping valves on in;truments for hydrocarbon.

. for block valves an hydrocarbon lines if the pressure drop is critical.

utility except water for diameter larger than 2".

2.1.2. Reduced bore uses

. Block on hydrocarbon service without solid particles. |

2.2. PLUG VALVE USES
. !

Plug valves have the same use as reduced bore ball valves when used for high pressur:

(600 ¥#), Plug valves can be assimilated to reduced ball valves, generally, plug va.lvesI

are smaller and lighter of the two.
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2.3. GATE VALVE USES

«

Gate valves can be used as ball valves except for downstream of pig launcher and
. .
upstream of pig receivers. The vertical physical space required by a gate valve is

greater than a ball valve.
Tight shut off for ball or plug valves is superior to that of a gate.

For hydrocarbon service with solid particles presentor as wing vaives on well

heads.
. For quick closure purposes.

On utility lines for low diameters < 2"

2.4. BUTTERFLY VALVE USES

On water lines for service, utility or sea water, generally for diameters larger
than 2".

3. CONTROL VALVES

The main types are :. globe
. butterfly
special

3.1. GLOBE VALVE USED

. Control valve used in most of cases except at very high P as defined by

instrument group, or on water networks, and compressor suction lines for

throttling purposes.

3.2. BUTTERFLY VALVE USED

On water networks

Throttling at compressor suction

3.3, SPECIAL VALVES USED

Special valves are defined by instrument group :

. for very high AP the angle valve could be used

for compressor ariti-surge cage valves could be used.
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I. APPLICABILITY ‘ 3
The purpose of this chapter is to calculate precisely the pressure drop in a piping network! ' E
This may be required for either study phase for situations where A P s a crirjca_l . ‘
consideration. For most projects however calculation of process line™ A Ps wil not bd _
required.
The pressure drop calculations are based on a summation K method. l
2. AP THROUGH VALVES o l
2.1. VALVES OPEN I -
{ TYPE { GATE : GLOBE { PLUG COCK : CHECK { I <.
] l VALVE | VALVE ' NALINE l VALVE l | v
I | | I I | . ; |
| K | 0.15 | 5 | 0.1 | 2.4 l l -
| | | | | |
AP = K_#oYZ2
1.962x107
AP in kg/cm?2 1 bar = 1.02 Kg/cm2 l
L + {luid density in kg/m3 V : fluid velocity in m/s
2.2. BALL VALVE
A P through ball valve with reduced bore : This A P depends on the valve vendor. Af -
extract of CAMERON BALL VALVE PRODUCTS is given as an example.
3. A P THROUGH FITTINGS

The example below gives some values of the pressure drop coefficient K for fir...ig3
encountered in cylindrical conduits. For further information, refer to "MEMENTO DES
PERTES DE CHARGE by L.E. IDEL'CIK, EYROLLES édition, PARIS".

A P in kg/cm?2 2 {
p ¢ fluiddensityinkg/m3 Ap=k _poV )
. o 1.962x105 >
V : fluid velocity in m/s ‘
3.1. ELBOWS
K values for elbows. \
| i | | |
| R/D | 1.5 | 3 | 5 |
: 90 ° : 0.17 + 2.36 £ : 0.12+4.72 £ : 0.09 + 7.87 £ ‘l !
: 45 ° : 0.11 + 1.18 ¢ : 0.08 + 2.36 : 0.06 + 3.94 f§ :

f = friction factor see chapter PROCESS/UTILITY -LINE SIZING § 5
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Resistance Coefficient, K

The resistance coefficient is calculated by the formula:

K=t L __
o}
Vaives of the friction factor. f, for various pipe sizes are
listed in tabie 1-17.

Values for L/D and C for fully opened valves were
calculated from theoretical consigerations. Valves of C for
partially open valves were extrapolated from test results
for representative sizes of bail vaives. .

Chart 1 -18 provides graphic representation of valve
position versus the percent of full open area.

Tcble 1-17
Friction Factor (f)

Normmal Fricvon Norunal Fracuon

Poe Sure facror (N Aoe Size factor ()
r 019 24° ons
k o 0128 26° 0113
. 01865 28" 0112
'3 0150 3 0110
s 0140 e .- " 0107
10" - 013§ 35" - 0108
2 0130 40" 0104
14 0125 ar 0103
16° 0123 48" 0102
18 .. 0120 — -_—
200 . .02 - -
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Reduced Opening Cameron Ball Valves
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Calculated Values of L/D for

in Full Open Position
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1.

2.

4.

FORMULAE

APPLICABILITY

The purpose of this chapter is to give some formulae to estimate the size and the number o~*

control valves installed for one given service, and to estimate the capability of the contro

valves in case of revamping. The final sizing should be done by instrument people.

CONTROL VALVES CHARACTERISTICS

These are determined principally by the design of the valve trim. The three fundamental i |

characteristics available are quick opening, linear, and equal percentage.

2.1. QUICK OPENING '

As the name implies, this type provides a large opening as the plug is first lifted from |

the seat with lesser flow increase as the stem opens further. The most common

application if for simple on-off control with no throttling of flow required.

2.2. LINEAR |

)

N

?

1

:
|
Hl

|
|
|

2

Linear trim provides equal increases in stem travel. Thus the flow rate js linear with

plug position throughout its travel. : l B

2.3. EQUAL PERCENTAGE

Provides equal percentage increases in rate of flow for equal increments of steml

travel. The characteristics provide a very small opening for plug travel near the seat

and very large increase toward the fully open position. As a result, a widj
rangeability of flow rate is achieved.

CONTROL VALVE RANGEABILITY

For an estimation only it is common practice to select a valve in which the valve opening

at maximum flow is smaller than or'equal to 95 per cent.
For normal flow the valve opening should be at least 60 per cent while for minimum
flow, if applicable, the opening should be larger than 10 per cent. If the minimum fl is
close to or smaller than 10 per cent, a smaller valve should be installed in paralle]l with
the main valve.
For a flow rate the valve opening depends on the valve characteristics and it is given byj

vendor in their catalogue.

The valve area is characterized by the coefficient Cv (except for FISHER which use Cg for]
the gas (see hereafter).

The Cv coefficient is the number of U.S. gallons of water flowing during one minute!"

through a restriction and the pressure drop through this restriction equal 1 PSI.

The following formulae are simplified and to be used only for an estimation of the Cv. Some
corrections may be necessary for the installation of reducers around the controf vaive. If so,
the formulae given by manufacturers in their ca:-logues will be used for a better Cv

calculation.

i

e —
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4.1, LIQUID
ar o~
nre A - Sub critical flow B - Critical flow

:ntal, i Cv=1.16Q [ __sg Cv = l1.16Q / SE.
Pl -P2 Cs A Ps

{
|
|
Pv<P2andPl-P2<CfZAPs | Pl1-P2>Ct3A Ps
|
|
I
!
|

rom . | Cf = critical flow coefficient (given by manufacturers and depends on the
mon - : type of valve and the action of valve by increase of variable) cf < }
- Pv = fluid vapor pressure in bar
} ' Pl = upstream pressure in bar
b P2 = downstream pressure in bar

APs

Pl-(0.96 - 0.28 /2L )py
Pc

or to simplify, if Pv< 0.5P), APs =Pl - Pv

RS
-
—~
-7

teml _ : Pc = fluid critical pressure in bar
jeat ' Q = flow rate in m3/hr at upstream conditions
/idey s = specific gravity at flowing temp. (water = | at 15°C)
el g P g 8
. 4.2. GAS AND STEAM
i
|
ing I
A - Sub critical flow | B - Critical flow
., |
wmi -y Pl-P2<0.5Ci2Pl i P1-P2)0.5Cf2P]
is o I
{
dth GAS
|
'bn?'l cve2S G.T.z | _Q/GT.2
S 295 J (PL-P2)(PL+P2) | 257 Cf P|
I
.\‘ | V
forl ‘
ute ‘} !
nd |
SO,
Cv f
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SATURATED STEAM
I
72.4 W Tl oy 83T W

J(P1 - P2) (P1 + P2) : Ct Pl

[ .

SUPER HEATED STEAM

|
72.4 (1 + 0.00126 Tos) W

83.7 (1 + 0.00126 Tos) W

Cv = { Cv=
I

(Pl - P2) (P1 ~ P2) Cf Pl

Cg, P1, P2, Q same definition and unit as § 4.1.

G = relative density (air = 1.0)

T = upstream gas temperature OK = 273 + °C
pa = upstream compressibility factor

W = steam weightin t/hr

Tos = steam superheatin °C

4.3. TWO PHASE FLOW

For sizing, maximum AP =Pl - P2 = 0.5 Cf2 P1

A - Without liquid vaporization

B - With liquid vaporization

I
I
I
I
l

Cy = 51.8 W cv - 36.6 W
~/ P (dl + d2) J/ apdl

Cg, P1, P2 same definition and unit as § 4.1.
W = total fluid flow in t/hr

dl = upstream mixture density in kg/m3

g —Wx103

Wi Wiy,

dif div

W1l = upstream liquid flow in kg/hr
dll = upstream liquid density in kg/m3
Wlv = upstream vapor flow in kg/hr
dlv = upstream vapor density in kg/m3
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4.4,

d2 = downstream mixture density in kg/m3
W x 103
d2l d2v

d2 =

w2l
d2l = downstream liquid density in kg/m3

downstream liquid flow in kg/hr

W2v = downstream vapor flow in kg/hr

d2v = downstream vapor density in kg/m?>

FISHER FORMULAE

For gas "FISHER" use Cg instead of Cv

CV:EE—
Cl

C1 = valve coefficient (given by cafalogue)

W
0.4583 dPlsin [3417 /Pl-P2
L Cl Pl

W = gas flow rate in kg/hr

d = gas density at upstream conditions in kg/m?
Pl = upstream pressure in bar also

P2 = downstream pressure in bar also

5.0. REFERENCES AND USEFUL LITERATURE

Yendors documentations
GPSA chapter 2

deg.
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1. APPLICABILITY

For both feasibility and preproject studies, long pipeline AP and AT calculations will |
normally be performed using PETITE or RESEAU. It may be necessary however to make an

estimate by hand. Details are given below on how to proceed on this.

2. PIPELINE PRESSURE DROP FORMULAE

T!

TEP

2.1. GAS TRANSMISSION
There exist many methods of calculating AP for gas transmission lines. Some of these
are : American Gas Association Formula Weymouth
Panhandle 'A' and '8! Darcy
Colebrook
Below is given the Panhandle 'A' for use :
1.8539
2 2 0.4604
Pl -p2 |9 x G x L x I x 03018
(IE) 1.07881 g 2.6182 EE
Ps X x 1
Where Pj = Upstream pressure bar (a)
Py = Downstream pressure bar (a)

G = Specific gravity of gas

T, = Base temperature K (273 K or 298 K)

Py = Base pressure bara(1.01325 bar)

T = Gas flowing temp K

‘Lm = Pipeline length km

q = Flowrate at Ts, Ps base m3/d (at Ts, Ps)

d = PIPELINE DIAMETER cm

z = Average gas compressibility

E = Efficiency (0.92 for a clean line)
The formula does not take into account the pipeline profile which, if
significant, can be added to the A P calculated if required.

2.2. LIQUID FLOW IN PIPELINES

Use Darcy equation :

cm

P = 625 _F M’ bar/km
f o
M = Mass flow kg/h F = Moody {riction factor
f = Density kg/m?3 E = Absolute roughness
D = line id cm (see page 10.8 and 10.9)
AP = pressure drop bf“r/km = viscosity cp
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Re = 35.368 x M F = 6%/Re for Re < 2000 .
x D F =[(S/Re)12 + 1/(A+B) 3/2] 11z for Re > 2000
16
with: A =[2.457 Ln 1 I

(7/Re)? « (0.27 E/D)
B = (37530/Re)lé

+ BE CAREFUL when using f{riction factor charts as confusion arises
between MOODY F and FANNINGF'- : F' = /4 F

2.3. TWwWO PHASE HORIZONTAL

Estimating 2-phase flow A P by hand for long pipelines is not recommended, as
the flow characteristics and equilibrium will alter along its length. However an

estimate of AP can be hand calculated providing the phase regime is fairly

stable.

Given below is a calculation method based on LOCKHEART-MARTINELLI-
BAKER method. This method can be used for both longpipelines (stable regime)

or process lines.
METHOD

p - Ap . Ap
2 PHASE HORIZ VERT

1. Evaluate flow regime and adjust Pipeline ¢ if required
2. Calculate APG

3. Calculate AP
A 1/2
4. Calculate (APL/APG)

5. Calculate & factor..... P.y

p
2 PHASE

6. Calculate APyqr¢ factor (vertical section of pipe)

For convenience pipe ids are incm
viscosity is in cp.

S




OPERATING DATA

APG - 6.254 x fx Wg2 ..

Dg x D”

A PG =0.5i(bar/km

3. CALCULATE APy g

Re = 35.368 x W]
Vix D

AP =6.256 x f x WI2

T

o.0l§

f
A P =-%fbar/km

GAS LIQUID
FLOWRATE Wg kg/h =100009  FLOWRATE Wl kg/h = Sooco
DENSITY Dg kg/m3 = 1§ DENSITY DI kg/m3= Aaco
VISCOSITY Vg cp  =o0.0n4 VISCOSITY VI cp = A

SURF TEN St dynes/cm = (.o
FLOWING TEMP °Cc = 34
PIPELINE DIAMETER D cm  =42.€4 PIPELINE LENGTH L m = 1000
INTERNAL AREA A m2 = Sad Vertical change Ah m =,00
STEP I ’ NOTES
- ! !
1. DETERMINE FLOW REGIME | |
Bx - 210.3 Wl x VDixDgx vil/3 l = 39.63 |
wg DI12/3 st | |
| |
BY= 7.087 x W = 4CN§ |
AxlDlngE% I
|
REGIME FROM BAKER CHART DiSATIED : see peye 0.3
|
2. CALCULATE AP, .. |
e [
Re = 35.368 x Wg Re = 1.02 10" !
|
: | ‘
Fricuion factor (Moody) F = 0.011 | see pase 0.7
|
I
|
|
[
!
|
|
I
I
I
|
|
I

!
l
|
l
|
|
!
|
|
|
|
I
|
|
|
I| vgx D
l
|
|
|
l
I
|
l
l
|
|
l
|
|
!

|
[
I
|
l
|
!
l
l
I
I
|
[
|
l
I
I
l
}
I
I
I
I
|
|
I
I
|
I

DIxD
-
- WA PROCESS CALCULATION SHEET Sheet I of 2 l
TOTAL Tem !
TWO PHASE PI’ELINES €M
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7. CALCULATE PH FACTOR FOR HORIZONTAL FLOW

TYPE OF FLOV PH

fexp }1.4659 + 0.49138)n X « o.oun(m x)7 - 0.0003%%{in x)’_])

| ~ H| [
| . & AVERAGE VELOCITY : |
| , _ [ .
' Vo= 3.537 Wg + _Vﬂ) | Vg = 12.22 infs | Vg = average velocity
| D2 \ Dg DI | |
[ ] |
| ! .
[ 5. CALCULATE X RATIO I I
[ L | |
[ X =(APL)‘ | X = C-u§ |
| APG | |
| | '
!
| 6. CALCULATE LOADING FACTOR WS | |
| I . !
| wS= WIx0.205 | ws=1377Z0 ,
I A ! l
I 1 [
!

FLOW TYPE = iedicsio

PH

= |.Y7¢

i
5
I
| DISPERSED :
| ANNULAR | axP) a = e3-043¢
| t b s 0.4) -s.037) ¢ use d 225 max.
{ . ! 0.75 ~o-eofy
I UBBLE : (e2)
wsT
| |
STRATIFIED | 13800 X
| l ws
I ! 013
SLUG I 1120 §_ —
: { vso*
PLUG 1 0,333
| ,'zz‘lﬁlr%—“ .
| ~—— = = = = = = = = - — — - -- FLOWTYPE = WAVE
| VAVE :u.-v_L.'LL : In FH = 0.2111 InHx - 3993
| i VG mGC , P =
| I8P, »<.254 FH vc? /fco’ bar/ fim 4 P2y
{ ‘ bar/km
)
|
| 8. CALCULATE PH FACTOR FOR VERTICAL SECTION
: VERTICAL : FRN » 1€.2 v3/D Yinm/, Din Cm
[ secTion [ X 0.19 (x) RN 143 ApH, = 1.510
{ | e X = XD'mDisptrsed flow equ. to get PH vert.
]
|
|
| 9. CALCULATE TOTAL TWO PHASE AP
| : .
| Horizontal : PH = \.§ g8 A P2y =APg x PHZ = |.340 bar/km
ll . Vertical : PHy= 1.51\O A P2y =0Pg x PH = 0.253 bar/km
| TOTAL AP = (APyH x L +AP2y x h)/1000 = 1-51) bar
| . :
y A 4 PROCESS CALCULATION SHEET Sheet 2 of 2
TOTAL
N7 TWO PHASE PIPELINES ITEM
TEP/DOP:DIP/EXP SUR P CALCULATION . No.
av] 1 CHK L oate l IIOBTIYU UkAv @ O 1108 No I REV 1
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3. TEMPERATURE PROFILE ' <
DAT/
For detailed and accurate AT and AP calculations in 2 phase lines buried, subsea or in ait |
the program PEPITE should be used. The hand calculation method presented on pages 11.6,
Lo . . L
11.7 is accurate to within 10 % for both gas and liquid lines. The procedure is easily adapted Ay
to a small programmable calculator and increases in reliability the greater the number of "D
segments used. ‘ n
o pl
The following should be remembered when designing pipelines, p2
b . AP
o § . . I §
. For long pipelines assuming isothermal flow can result in overdesign in pipeline siz -
AP. l k
. If the pipeline is constant with regard to material, insulation and burial depth along its ll
route a fixed thermal conductivity (k) can be assumed. , |
|
. e - : : ' oL
. For gas pipelines the internal film resistivity is negligible - ignore it. l |
l
I
. For all steel pipelines the resistivity of the metal is also negligible. !
| |
l
. Small pipelines (< 20") have a large heat flow compared to the specific heat of the |
flowing medium. Consequently the gas will reach ground/sea temp in a relatively short \ { 5
length. For large pipelines the converse is true and a long distance is required to reach [ -
ambient ! :
- For oil and small gas pipelines the asymptotic temperature Ta is that of the surrounding . { e
medium. For large diameter gas lines, Ta depends largely on the Joule-Thompson effect. | =
I
, l
- The attached calculation sheet can be used for hot lines in cold surroundings or vice . |
versa. ‘l_____
! | 4.
. For subsea pipelines, epoxy wrapped, concrete coated resting on the bed an overall heat }
transfer coeff of U = 10 - 15 kcal/hm2°C is a good estimate for calculation purposes. \ |
' |
| Re
| Se:
|

Hanl |

TEP/DOP/C
l By |
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11.6
W Covering Medium :
Ao g g'?n Tg Temperature °C = 10
AT v k Therm. cond. kcal/bm°C = 1./}
e w T ?,_
< - o -,
DATA LIQUID FLOW
Total pipeline length m = ¥eeo  vyolymetric flown3/h =
No of segments = ¢ Density (av) kg/m3 « =
L Length per segment m =zteoe M Mass flow kg/h =
. Ay Total elevation change +m =4109 Cp Specific heat kcal/kg °C =
D Pipeline diameter ins = 3o
Pipeline diameter m = o0.6L
h Burial depth to centre m = 1.1} GAS FLOW
Pl Inlet pressure bara = Ao Volumetric flow m3/d (std)= 20000
P2 Exit pressure bara =30 Molecular mass =q
. AP Total pipeline bar =10 M Mass flowrate kg/h =1 3~S
Ti Initial Temperature °C = A% Cp Specific heat kcal/kg®C= ©-¢
1 FLUID JOULE THOMSON COEFFICIENT = € °F/1000 psi (  x 0.00805) =0-L{*C/bar
(see fig. 1, page 11.3)
| i { |
I STEP J VALUE | NOTES ! (&'(
| — | B | I )
l | I L'
| 1. Calculate heat transfer factor s | [ Covering Kk xof§lt
l [ | kcal/hmC |
! x = 2h/D . I x =3.33 | Soil 1.49 |
| s= 2k /in[x + («2 - 1] | s =5 kcal/hm*C | Air 0.022 |
| I | water 0.508 |
| | | Sanddry 0.30 |
| | | Sand wet 1.49 |
i I ! !
I i [ I
| 2. Calculate heat flow ratio per unit | | ]
| length “a | I I
! X l 4 | l
- a = s/MCp (liquid or gas) [ a =¥t m-1 | |
! I 1 I
| 3. Calculate Asymptotic temperatureTa | | |
| - | | l
I Ta=Tg-(J4P + Ay/jCp)/aL | Ta =-2\°C | L is segment length |
| | | j=4265 kg.m l
! | ! kcal |
I | I |
| B i |
| 4. Calculate downstream temp T2 | I i
| I | |
l T2 =(T1 - Ta)e-al + Ta | T2 =4t4°C I {
| ) I | |
I B 1 [
| Repeat steps 3 + 4 for each segment | I |
| See sheet 2 for stepwise spreadsheet | | |
| l l |
PROCESS CALCULATION SHEET Sheet | of 2
TOTAL
I ] BURIED PIPELINE AT CALCULATION | !Ttm
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4.1. LUDWIG VOL I chapter 2

4.2. CAMPBEL VOL | chapter 12

4. LITERATURE AND USEFUL INFORMATIONS

4,3. KATZ, HANDBOOK OF GAS ENGINEERING chapter 7

- 4.4, CRANE MANUAL

4,5. “"Equations predict buried pipeline temperatures” G.King 04] March 16, 1981

4.6. "Two phase AP computed"

R. Soliman

Hydrocarbon Processing April 1984

k kcal/h.m. °C

X 070 > Selple ‘f

| %)
Soil 1.19 concrete 0.65 - 1.19
Wet soil 1.49 sand (dry) 0.30
Ground —> air 2.98 sand (wet) 1.49
_ Ground —> water 29.8  Air 0.022
Steel 38.7 (29 Water 0.510
Epoxy coating 0.67 (0.4$)
Coal tar 0.22
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1.

2.

APPLICABILITY

For many studies undertaken there will be a reguirement for a gas or liquid dehydration ur |

p— e -
.

in order to reduce the water content of the export phase to acceptable limits for pipelir-
transportation. Generally this design will be undertaken by a specialist vendor. However tt
engineer should be aware of some of the options available for dehydration schemes, some of‘
the dos and donts of design and also now to undertake the basis sizing of the most commc
unit (TEG). The majority of this section is concerned with gas dehydration using tri-ethylenc

glycol contact, this being the most widely used.

GENERAL DEHYDRATION NOTES .

(English units are used throughout this section for convenience)

Gas is normally dehydrated to 6 to 10 |b of H2O per MMSCF in order to prevent hydrat
formation in gas transmission lines, and reduce corrosion. Unless the gas is dehydrate

liquid water may accumulate at low points and reduce the flow capacity of the line.
. Methods of dehydration in usage are :

l. Adsorption (Alumina, silica gel, mole sieve)
2. Absorption (di- or tri-ethylene glycol)

3. Direct cooling

4. Compression followed by cooling

5. Chemical reaction (for method injection see 4.0)

The last three methods have minor usage and are discussed elsewhere in literature.

. A ;.ummary of the advantages and disadvantages of various absorption liquids is giv.n i
Table [.

Tri-ethylene glycol is the preferred (most widely used) absorption liquid. Example .
flowsheets of di- and tri-ethylene glycol are given in Fig. 1 & 2.
In order to limit the overhead glycol losses a max practical operating temp of 38 °C (10(

°F) is used. A maximum of 50 °C (50 °F) is recommended to prevent problems due to the

glycol viscosity.

Glycol losses are usually in the order to 0.012 gal/MMCF (0.0016 m3/MMm3) due to -
vapourisation and in the overheads. Total losses due to leakage, vapourisation, solubility
run around 0.025 gal/MMCF (0.0033 m3/MMm3).

i

Concentrations of TEG upto 99.1 % can be acheived without the use of stripping gas. For

higher purities gas will be required.

Tl

TEP
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3.

Glycol foams in the presence of light hydrocarbons, this can be minimised by good feec

prescrubbing and addition of anti-foam agents.

Actual gas exit dew points are usually 10-15 °F (5.5 - 8 :C) above the theoretical

equilibrum dew point. Take this into account when setting the specification.

The number of trays (or packing height) is usually small (4 trays) an excess of either is
always provided in the design. Recommended efficiencies are 25 % for bubble caps 33

1/3 % for value trays. Use 24" tray spacing.

Regenerator temperatures should not be above 400 °F (204 °C) at atmospheric pressure
in order to prevent glycol degredation. Limit heat flux to 5000 - 7000 BTU/hrf12, aim
tor 6000. Provide at least 2000 BTU/gall pump capacity.

To prevent hydrocarbon condensation in the glycol feed maintain the inlet temperature

at 10-15 °F (5.5 - 8 °C) above the gas exit.

Regenerator still column should run at 220 °F (104 °C) at top to prevent loss of giycol

but maximise water rejection.

Glycol circulation rates should be between 2-4 gall/lb H20 removed 3 is a good number.

PRELIMINARY SIZING CALCULATIONS

An exact sizing of a TEG unit will normally be performed by the vendor on request. The

CFP inhouse program "GLYCOL" also exists for estimating vessel sizes, circulation rates

and utility consumptions. These are based on data from the BS+B design guide. The

following hand method can be used however to estimate the required size :

1.

Determine water content of injet gas to contactor at required temp and pressure Fig. 7
Ibs/MMSCF, kg/MMm3.

Calculate total water mass in feed gas to contactor

Repeat calculation for exit gas using required exit dew point (add 10 °F) contingency).

Calculate dew point depression °F, °C.
Calculate amount of water to be removed in contactor.
Use 3 galls TEG/1b H20 evaluate glycol circulation rate.

Use Fig. 3 to determine required TEG concentration. %

Use Fig. & 1o determine required stripping gas rate

Use 2000 BTU/gall TEG circulated to determine reboiler capacity.
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8. Use Fig. 6 to determine number of trays required in contactor

and Fig. 5 to determine contactor diamerter.
' ’ L

9. Evaluate contactor height (see section 2 vessels) include integral KO pot in base ¢

tower, Hence estimate weight of contacror.

A more detailed sizing method can be found in CAMPBELL VOL 1.

4. METHANOL.INJECTION (HYDRATE INHIBITION)

In order to prevent hydrate formation is gas transmission lines the product is normallv

dehydrated in a TEG or mole sieve unit as defined in previous sections. On some oc  ior

however (wellhead to plant) this is not possible due to the location of the source. If the.

minimum pipeline temperature is below to hydrate point the inhibition of water is requirec

This 1s acheived by injection of inhibitors to depress the hydrate and freezing points.

Common inhibitors are methanol, DEG, TEG. Recovery of inhibitors at the receivin
plant is normal, the liquid being then recycled. Economics of methanol recovery are no

favourable.

. Methanol is adequate for any temperature. DEG not good below - 10 °C due to viscosity

limitations. Above - 10 °C better as lower vapourisation losses.

. Predict injection rate for hydrate depression as follows :

W = d M 100 W = weight % inhibitor
Ki+dM
d = °C hydrate depression
M = Mol wt of inhibitor

Ki = 1297 for Me OH
2220 for DEG, TEG

To use above equation : 1. Predict hydrate formation temp at max. press in line Tl
2. Estimate min flowing temperature in line T2
3.d = T1-T2

The amount of inhibitor injected must be sufficient to depress the hydrate point as
calculated above and also provide for vapour and liquid phase losses due to vapourisatio-
+ dissolving. Adjust injection rate accordingly. For glycol use 0.0035 m3/Mm3 (0.2.
Ib/MMSCF), vapourisation. For methanol use vapour pressure charts (CAMPBELL po
159).

'

!
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; 5. SOLID BED DEHYDRATION

Solid bed dehydration is used when lower residual water concentrations are required than

can be acheived by glycol units. This is generally around the - 40 °C mark or | ppm residual

&
water. Solid bed dehydration can be used for less stringent design requirements providing

the cost is competative when compared to TEG.

NOTES :

LNG {facilities always used molecular sieve dehydration to acheive | ppm H20 or less.

Available dessicant medium :
KgH20/100 Kg bed

Bauxite 4-6
Alumina 4-7
Gels 7-9
Molecu.ar Sieve 9-12

cheapest

most expensive

Beds can be severely degredated by heavy oils, amines, glyc;ols corrosion inhibitors,

salts and liquids. It is essential to have a good feed {ilter or scrubber prior to entering

the dessicant bed.

Bed life is usually 2-4 years depending on contamination.

Gas flow through the bed is generally downwards. Regeneration gas flows upwards. This

ensures the water is stripped from the media without having to pass all the way through

the bed.
"Figures 8 and 9 show a typical molecular sieve arrangement.

Regeneration temperature is usually 175 °C - 230 °C. Too high temp destroys the

media, too low results in poor regeneration.

Table | gives a summary of operating and regeneration practices.

6. USEFUL REFERENCES AND LITERATURE

6.1. CAMPBELL VOL Il CHAPTERS 17 AND 18

6.2. HANDBOOK OF NATURAL GAS ENGINEERING

6.3. PERRY

6.4. GAS DEHYDRATION "Fire tuning existing field installations”

D. CRAMER - World Oil - Jan 1981

.6.5. "Curtting glycol costs I" C. SIMMONS O + GJ  Sept 2] 1981
"Cutting glycol costs II" . Sept 28 1981

6.6. "Correlation eases absorber-equilibrum line cales for

dehydration"W. BEHR 0 + 9INOV 7 1983

KATZ et al. Chapter 16

TEG natural

gas
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TABLZ 1

SUMMARY OF ADVANTACES AND DISADVANTACES - ABSORPTION LIQUIDS

LIND

ADVANTACES

DISADVANTACES

Calcium Chloride

Chaap
“akeup small

tmulsifies vich otl.

Corrodes eleccrolycically

low dev point depression

Rydrogen sulfide foras pracipizates

lichium Chloride

Righ capaclity for vacer

Lov corrosion rate

Nat hydrolysted eaatly °
Dev poinc depression 212-)6 C

txpeneive
Inpyrities Lo commercial grades cause
corTosion.

10=30 percant MIA
60-85 Percenc OEC
5-10 Percent Wacer

Removes COy, H2S and watar
simultanecusly.

Clycol reduces foaming Cendencies
of amige.

Dehydraces and purifies gas in
one operacioa.

Creater carry over thsas vith triethylene
giycol.

Limiced Cor praccical purpasese to sour
gas dehydratiocan.

At high regeaaraction tempearatures needed
corrosion 18 a problas.

Dev point depression 1s limited and lese
thas wvith triathylene glycel.

Diechylene Clycel

Scadle

Dows vot 80lidify in coocencrated
solution.

Scable 1n presence of eulfuc,
oxygen aad COy at oormal
OPCZ!(LD‘ tempearacures.

dighly bydroscopic

Carry over (g samall

Carvy ovef grester thia vith Criechylene
glycol.

Not ovar a 95 perceat s3olutiom may be
obtained essily.

Dev poinc depression less chan wich
triethylene glycol

Righ initial cosc

Triechyleoe Clycol

Does oot solidify 1o coocentrated
solucioa.

Stable in presescs of sulfur,
oxygen aocd COp at cormal
aperacing Cempefatures.

Highly hygroscoplc

Easily regeneraced to 99 per-
ceac solucios.

Carry over small

digh dev poigt deprereton

High lattial coec
Exhidics some [oaming temdency in presence
of light hydrocarbon liquids. De~-

foaming agent wust sometimes be sdded.
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1. APPLICABILITY

Generally natural gas, or associated gas contain acid components,

(CO37) hydrogen sulfide (COS), carbon disulfide (CS2) and mercaptans.

mainly carbon dioxide

To obtain a commercial product, gaseous or liquefied, the gas needs to be treated to

eliminate these sour components for safety or process reasons. An other aspect of gas

sweetening is linked with the development of the CO} injection to improve oil recovery. In

this case CO7 is extracted by a selective process. This section details different methods

available for gas sweetening and lists their advantages and disadvantages. Guidelines are

given on which system to select for specific services.

A detailed sizing method is beyond the scope of this section, but can be found in the

referenced literature is required.

2. UNIT

The specification of treated gas can be given in grains/ 100 SCF for H

1 grain/100 SCF = 16 ppm volume

3. GAS SWEETENING PROCESSES
Various processes are available :

- chemical absorption - solid bed adsorption

25 or sulfur content

- physical absorption - Ccryogenic fractionation

- chemical conversion using catalyst

the absorption process is the most utilised

3.1. CHEMICAL ABSORPTION

In this type of process, the chemical solvent absorbe the acid

components present in

the feed gas by chemical reaction and releases them by heating at low pressure.

The main chemical solvents are :

- The Alkanolamines

MEA (Monoethanolamine)

DGCA (R) (Diglycolamine), (FLUOR ECONAMINE)
MDEA (Methyldiethanolamx}we)

DIPA (Diisopropanoclamine), (ADIP)

- or alkaline salt solutions as potassium carbonate K2CO

Aqueous % normally

used (wt)

15-20
up to 65
15-30
30-40

3 25-40




TOTAL

TEP/DP/EXP/SUR

PROCESS ENGINEERING DESIGN MANUAL | Revision: O | pageno

GAS SWEETENING
Date  :2/85 1211

Alkanolamines cannot be used undiluted because : |

close

10 solid state at ambient conditions . 3

. low stability at high temperature (heating is needed to extract the absorbed ac

gases) with generation of highly corrosive products by decomposition.

Table |

3.1.1.

3.1.2.

shows the advzntages and disadvantages of these processes.

MEA PROCESS (see figure 1)

MEA solution was the first solvent used and is still widely used. Generally a .

15 % weight solution is utilized.
a) Advantages
- high reactivity - low solvent cost
- good chemical stability - pubicly available (no licensing fees)

b) Disadvantages

irreversible degradation into corrosion products by sulfur components
such as COS, CS?

- irreversible degradation for the solvent by oxygen (Direct contact with

[}

air must be avoided) ) l

- ineffectiveness for removing mercaptans

- high utility requirements - high vaporisation losses I

- need of reclaimer to purify the circulating solution

- no selectivity for absorption between H3S and CO;

c) Fields of utilization

- general use : MEA can be utilized for gases containing from 60 ppm to !
15 % volume acid gases without COS, CSp, mercaptans and with acid .
gas partial pressure up to 100 PSIA currently maximum capacity for a |
MEA unit is around 250 X106 SCFD.

DEA PROCESS l

The second most widely used gas treating process with a tendancy to replacel

the MEA process and some improved processes exist.

Flow diagram very similar to MEA process without reclaimer. l

TE
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a) Advantages

no degradation by COS and CS3 (hydrolyséd into C02/H23)

a significant amount of the light mercaptans present on the feed gas
is absorbed

a good chemical stability - no need for a reclaimer
a very low absorption of hydrocarbons - reduced vaporisation

publicly available losses

b) Disadvantages

lower reactivity compared to MEA and thus higher circulation rates
for the conventional system (Not applicable to SNEA-DEA process)
an irreversible degradation of the solvent by oxygen

higher utilities requirements

no selectivity for absorption between H3S and CO5

c) Fields of utilization

The DEA process is used to treat gases containing H;S, CO; and also

COS, CS2, RSH (up 1o a total acid gas content of 20 % volume)

H,S content of the treated gas lower than the normal specification

requirements (4 ppm volume} can be acheived. The CO3 content of the

treated gas can be as low as to 100 ppm volume. Performance of the

process depends on the CO2/H3S ratio in the feed gas.

d) Improved processes

1.

Split flow (see figure 2)

For sour gases with high acid gas content (above 25 % mole), DEA
flow rate can be reduced. Investment cost increases significantly

(more equipment, complex columns, increased regenerator height).

SNEA - DEA process

SNEA company has developed a process using a higher concentration
of DEA (above 30 % weight).

The process licensor claim to give in one step, for gases containing

"0 1035 % of HyS and 0 to 35 % of COp, a treated gas matching the

most stringent H>S specification (4 ppm by volume).
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3.1.3.DIGLYCOLAMINE (DGA) PROCESS (FLUOR ECONAMINE)
L
The DGA process has a limited number of units compared with MEA an

DEA.

Although in the public domaine, the process was developed by FLUOR and i
refered to as the FLUOR ECONAMINE process advantages and disadvantage:

1o compare with MEA are :
a) Advantages

- low solution circulation rate due to the concentration (same abs tio
capacity as MEA)

- low utilities consumption

b) Disadvantages

- needs cooling of the solution during the absarption phase
- high solubility hydrocarbons and aromatics are dissolved

~ high solvent cost.

¢) Criteria of sejiection

Like MEA, DGA reacts both with CO2 and CS2 and a reclaimer is
required. The process is applicable to gases with acid gas content from '
I.5to 30 % volume and CO32/H25 ratios between 300/1 and 0.1/l at
operating pressures above 15 PSIG. |

3.1.4.DIPA PROCESS

This process has been developed by SHELL under the ADIP trademark name.

[t is characterized by the selecti_vc absorption of Hy in presence of COs. l

3.1.5.MDEA PROCESS

As with DIPA, MDEA is characterized by its selectivity for H2S in presence
of CO3.

e |

MDEA processes are proposed by process licensors : :

- SNEA (D)
- UNION CARBIDE : UCARSOL
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3.1.6.HOT POTASSIUM CARBONATE PROCESS (see figure 3)

.

An activator specific to each process licensor is addec to Increase the

reactivity of the solution *

. BENFIELD (amine and other activators)
- CATACARB {amine and other activators)
- GIAMMARCO-VETROCOKE (arsenic and others activators)

The main characteristic of the process is that the absorber and the

regenerator operate at the same temperature (110/115°C)

a) Advantages

no degradation by COS and C57 which are hydrolysed

- good-chemical stability - no need for a reclaimer

no reaction with air - low heat requirements (isothermal)

fow hydrocarbon absorption - selective CO2 absorption

(GIAMMARCO)
b) Disadvantages _
- licensing {ees required - high water content of treated gas
- low reactivity with H2S - no mercaptan absorption

c) Fields of utilization

Applicable mainly on gas with high CO7 content. Low H3S absorption

makes it difficult to achieve specification of 4 ppm volume.

Generally a two stage process will be used

- K2CO3 for CO3 removal .- amine for H5S removal

This dual system (amine / K2CO3) can be in some instances more

attractive cost wise than an amine process.

3.1.7.CONSTRUCTION MATERIALS

Carbon steel generally utilized in the chemical absorption units.
Regenerator can have a strainless steel cladding and trays. Reboiler tubes
can be stainiess, but still subject to corrosion. Mone! is an alternative by

costl/, copper alloys shall be avoided.
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3.2.

Generally solutions treating gas with high COp/H3S ratio will be more

corrosive.
L3 l"
When the CO2/H32S ratio is high, stainless steel will be preferred for the -
following equipment: amine/amine exchanger tubes, expansion value

i

internals, regenerator trays and ceboiler tubes.

PHYSICAL ABSORPTION : I

In this type of process, the solvent extracts the acid components by simple physical |
[

contact and releases them by simple expansion at fow pressure.

High pressure and low temperature favour the physical absorption. Table 2 lists the ,~:
advantages and disadvantages of physical solvents. These processes are applicable

especially in the case of high acid gas partial pressure (above 5 bars also).
1

Not suitable for sweetening at low or medium pressure (10 bars abs) gases containing

large amount of heavy hydrocarbons. Can be considered for a selective absorption.

The main processes are :

3.2.1. WATER WASH

Can be used as primary treatment. For absorbers water wash can be realized!

by addition of trays in the top section.

Because of its low efficiency, water wash should be used mainly on gases .sh'
. With
a large amount of HS. Corrosion preblems for this process should bel

considered carefully. 1

3.2.2. SELEXOL PROCESS (see figure 4)

~ developed by NORTON CHEMICAL PROCESS can be applied to gases)

with large acid gas content.

- has been applied for sweetening of gases containing up t0 65 % of COy
and 9 % of H3S at pressure ranging from 25 to 100 bars abs.

- treated gas specification can reach 0,02 % CO; and | ppm H2S. When

used to absorb selectively H2S or CO3 it can also dehydrate.

- other sulfur compounds (COS, mercaptans) are also elirninated.

TN
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s

3.2.3.

3.2.4.

3.2.5.

3.2.6.

FLUOR SOLVENT .

- developed by FLUOR, propylene carbonarte is used as the solvent

- primarly intended for the removal of CO2 from gas containing up to 50 %

volume residual CO7 content around | % volume in treated gas.

- CO7 solubility is higher than that obtained with MEA or potassium

carbonate.

- can be used to treat gas containing H25 and CO2. H3S content would
require a finishing treatment douwstream to obtain 6 ppm of H25. COS and

mercaptans also absorbed.

- requires an extensive use frotating equipment.

PURISOL PROCESS

- proposed by LURGI! uses n-methyl-2-pyr-rolidone as solvent

- as the solubility of H2S is higher than CO» can be considered as a selective

process to remove H72S even in case of low H3S/CO37 ratio.

RECTISOL PROCESS

- developed by LURGI, uses a refrigerated solution of methanol as solvent.
High selectivity for COp2, primarly used on synthesis gas or on precooled

gas (cooling by an external refrigerant cycle for example).

- major disadvantage of the process, when not integrated in a plant already
equipped with refrigeration cycles, needs refrigeration and methanol

injection.

ESTASOLVAN

Developed by F. UHDE GMBH uses tri-n-butylphosphate as solvent. Selective
process for HS extraction. If COp specifications on the treated gas are

stringent, additional unit downstream will be required.

3.3. PHYSICO - CHEMICAL PROCESSES

3.3.1.

SULFINOL

- this process has been developed by SHELL
- irvolves a physical solvent (sulfolane) and a chemically reactive agent

(DIPA alkanolamine) in aqueous solution.
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Sulfolane permits deep absocption of CO3 and HS. Amine facilitates the
extraction of the acid gases from solvent during regenerartion
performances for selective and non selective H3S absorption depenas or

operating conditions

process also permits extraction of mercaptans and other sulfur compounds |

(COS). As for physical absorption, absorption of heavy hydrocarbon:

occurs (mainly aromatics). Does not dehydrate the treated gas. Compareq -

to amine processes, SULFINOL shows a low foaming tendency
SULFINOL solution freezes at about -2°C.

3.4, SOLID BED PROCESS

3.4.1. MOLECULAR SIEVES

not widely used for gas sweerening

can be used as a finishing treatment to remove mercaptans

absorption in molecular sieves is particularly well adapted for LPG as

finishing treatment to obtain the sulfur content specifications of propane
and butane

good absorption capacity for H2S low for CO3. They remove water
preferentially

sieve lite is reduced for gases with high CO3 and H3S content !

3.4.2. [IRON SPONGE PROCESS

could be also classified as absorption process or as a conversion process
(H2S is converted to sulfur) )
mainly applied to gas with low H3S content .
discontinuous process, iron oxide has to be regenerated or replaced.'

Spontaneous combustion of the fouled product occurs with air.

4. CRITERJA FOR SELECTION OF ABSORPTION PROCESSES 1

- there is no multipurpose process for gas sweetening, each case is specific and shall be

studied accordingly

- final selection is done on the basis of economical criterial from short list of processes

which seem appropriate to satisfy the treated gas specifications {

T

TEP/
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chemical processes are characterized by their ability to absorb acid gases with a low
influence of the gas pressure. They require a large heat quantity for regeneration
physical processes performances are more dependant on gas pressure. At high

pressure with high acid gas partial pressure, the absorption is better than for

chemical processes
selection criteria listed herebelow can be used for preselection of sweetening

processes but shall not be considered as definitive.

COy ABSORPTION (NO H2S IN THE GAS) (see figure 5)

SIMULTANEOUS ABSORPTION OF CO2 AND H3S (see figure 6)

HS ABSORPTION (NO CO3 IN THE GAS) (see figure 7)

This is not a frequent situation with natural gases.

HS SELECTIVE ABSORPTION (H2S AND CO» IN THE GAS) (see figure 8)
Physical solvents are particularly well adapted in this case.

Among the chemical processes, only MDEA and DIPA seem to be adapted for this

service.

REFERENCES AND USEFUL LITERATURE

(1)

Natural gas production transmission and processing
F.W. COLE, D.L. KATZ, L.S. REID, C.H. HINTON

Gas conditioning and processing (volume 4) gas and liquid sweetening by

ROBERT N. MADDOX edited by JOHN M. CAMPBELL.
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_ TABLE 4
ADVANTACES AND DISANVANTACES OF ABSORPTION PROCESSES BY CHEMICAL SOLVENT
. DISADVANTACES

ADVANTACES

Exothermal chemical reaction requiring nigh energy Quantity lor

Lora sensitivity 10 acid gas partial pressure
regeneration (10 extract acid gases [rom the wiut:on)

Risk ol loaming when the soiution 1s ppliuted (hycrocardons,

SLENt (nCInENCE of the anerating pressure on Ine
suspenced solids)

tre3lest ¢as Duritly

Verv slight apsorpuon of heavy hydrocarbons possibly Corrosion problems fesul"h‘ from soilution osxidation (Contact with

sresent in the leed gas air) or from solution superheating during regeneration.

“loat of the procCesses avariable in the pudlic comain Pure water required 10 dilute the solvent
{n0 heensing fees)

10 gas/soivent equilibrium cata availadle in the High water content of the treated gas
hiterature

Reasonable cost ol solvents Heatng required for soivent storage.

TABLE 2
PHYSICAL SOLVENTS
ADVANTACES DISADVANTACES

Low energy requirements for High sensidbility to acid gas paruial

; YCSEHEFJHOH pressure
|
Reduced corrosion compared with . Not suited {or gas at medium
chemical processes (amines) pressure (associated gas)
|
’ Low water content of the . Absorption of heavy hycrocarpons
' treated gas from the feed gas
!
: No need for pure water {or . Licensing ‘ees
dilution

No heating required for soivent High £33t of the solventy

i storage
§ Selective processes. ACID
GAS
SWEET
cas
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1.

3.

APPLICABILITY

For both feasibility and pre-project studies, the engineer will be required to select a
process scheme (i.e. : choice between cold frac and refrigeration system) to estumate the

L3
power, utilities, weight of this package.

DESCRIPTION

The description is based on simple cycle. A refrigeration cycle is based on the exchange
between a hot source and a cold source. The cold source is the air or the water, the hot

source is the gas to refrigerated. (see figs 1, 1A)

Figure 1 shows such a cycle where :

1} : is refrigerated stream temperature

193 : is condensed refrigerated stream temperature

P : is vapor pressure of the refrigerated stream art t|
P> : is vapor pressure of the refrigerated stream at 13
P4 : compressor discharge pressure ’
td : compressor discharge temperature

T,/T2 : initial and final temperature of the hot source

TB}/TRo : initial and final temperature of the cold source

On the figure 1A, it is easy to explain the cycle on a pressure enthalpy diagram :

4 Q) : is the duty of the process to be refrigerated
AQr : is the duty of the condenser
A Q, : B8 Qp + HP

HP is the power of the compressor
MODIFICATIONS - ECONOMISER

During the discharge of the cryogenic refrigerant, a mixed phase is generated {vapor and
liquid). Only the liquid phase participates in the cooling duty. The vapor phase being
compressed from low pressure to the high pressure without participation at the

refrigerated duty.

It is possible to remove a part of this vapor phase by addition of an intermediate pressure
stage removing the vapor from the low pressure stage compressor which is called

economiser (see figures 2 and 2A). An economiser is widely used in the industry.
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REFRIGERATION

4. SELECTION OF THE REFRIGERANT -

Depends on the required final temperature of the hot source and the disponibility of ¢t

couniry where the units are installed.
Tables | shows the performances of different refrigerants in various conditions.

It is recommended that the compressor suction pressure be maintained 2bove atmospher

pressure.

5. CHOICE OF DIFFERENT PARAMETERS

5.1.

5.2,

5.3.

REFRIGERATED STREAM TEMPERATURE T} AND COMPRESSOR SUCTION

PRESSURE Py : |

| to be 3 to 6°C lower than the final temperature of the hot source Tao. )

With the selected refrigerant and t)] read on the‘ MOLLIER diagram of the selectec |

CONDENSED REFRIGERATED STREAM TEMPERATURE 12 AND COMPRESSOR
DISCHARGE PRESSURE P4

I

refrigerant the vapor pressure, [‘
J

|

|

!

In first, estimation take t2 = TR (initial temperature of cold source) + 5 or 20° |
t2 to be checked later if it is compatible with the cold source flowrate and the pinck

I
i
i
of the condenser (pinch are shell and tube § 3 note 2) which should be 3°c minim ., ,
With tp determine P which is the vapor pressure of the refrigerant at t2 (read r

!

MOLLIER diagram). Compressor discharge pressure = Pg =Py + p through th

condenser,

PRESSURE IN THE ECONOMISER Pe

This pressure will be finalized with the compressor manufacture byt for an estimatio |
take :
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6. CALCULATION WITH ECONOMISER (see figure 2A)
Step | Determine refrigerant circulation through the economiser = m>
of tu -
AQ
mo_ e—
Hp - H5
spher Hs - H3
% vapor at evaporator inlet = = ————— x 100
Hz - H3
! o . Hp - Hs
% liquid at evaporator inlet =  ——— x 100
H2 - H3
Step 2 Determine vapor refrigerant circulation rate through the econo-
miser = mj
% iser inl Hy - A 100
vapor at economiser inlet = ———m—m—m—— X
leCtE(‘ p HQ - H5
o o Hy - H)
R . % liquid at economiser injet = —— x 100
= Hy - Hs
|
{ % vapor at economiser inlet H; - Hs
° " mj= m?p — - - = mz X —
20°%¢ % liquid at economiser inlet Hy - Hj
pinch
L Step 3 Determine refrigerant circulation through the condenser = m
; m = ml + m2
(read :
sh th l Step 4 Duty of condenser
A Q2 = m (Hg - Hy)
Step 5 Calculate the compressor discharge temperature and power ({see
atio compressor chapter).
: Step 6 Check the pinch in the condenser and the cold source flowrate (if not
acceptable select a new 1t and Pq and repeat the calculation).
| :
Step 7 Size drums evaporator and condenser (see vessels and shell and tube
! exchanger chapter 5).
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7.

SELECTION OF MATERJAL

L -
The marerial selection to be made carefully. We recommend 1o take tne temperatyr
corresponding 2t the vapor pressure at the atmosphere pressure (i.e.: <or propane it j

recommended to select the low temperature killed carbon steel).
MULTISTAGE CYCLE

If we look at the enthalpic curves of the exchanger (process refrigerant) with or withoy
economiser, it is obvious to see that the area berween the process stream ai._ the
refrigerant stream is proportional to the compressor work (in a first approximation).

[t is possible to reduce this area by addition of several pressure levels between the discharg:
and the suction of the compressor. However, there is more equipment (drums, exchangers, |
regulation) and the compressor is more complicated.

The number of pressure levels is an economical problem but the m‘aximum is 3 or 4

selections of these pressures: the pressure ratio between each pressure is for a firs |

estimation.
T PL
‘ = n = number of compresser suction
P2 P) = first compressor suction pressure
Py condenser pressure

REFERENCES AND USEFUL LITERATURE

9.1.  Gas conditionning and processing volume 2 by Dr. John M. CAMPBELL

9.2. Applied process design for chemical and petrochemical plants volume 3 by Ernest E. -
LUDWIG

9.3.  Chemical Engineers Handbook by Robert H. PERRY/CECIL M. CHILTON
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l. APPLICABILITY

For both feasibility and pre-project studies the engineer will be reguired to make ar

estimate of utility requirements both in consumptions and equipment r&quired.

This section details a few guidelines and notes on the following utilities :

WATER TREATMENT

UTILITY AND INSTRUMENT AIR
INERT GAS GENERATORS
WATER SYSTEMS

FUELS

2. WATER TREATMENT

The following details the common used effluent water treatment equipment given in order

of effluent quality : ' |

API gravity settler

Usually the first line of clean up. Simply a settling tank with a top skimmer to remove

any floating oil or debris and a bottom skimmer to remove sludge.
Effluent quality around 150 microns giobules and 150 ppm oil.
Large bulky itemns, cannot be used offshore, Either circular or rectangﬁlar in design.
. Simple, cheap very common in onshore use. .

Tilted Plate Separator (TPS), Corrugated Plate Interceptor (CPI)

Widely used both offshore and onshore.

Uses plate packs, usually at 45° mounted in a tank and relies on gravity settling between,

oil + water within the spaces between the plates.

Effluent quality down to 60 micron oil globules and 50-200 ppm.

Can have problems with high solids content if upstream settling tank is not installed. ,
TPS units are usually used as the first treatment stage offshore.

Flotation units

Uses induced or dissolved air flotation to remove any residual solids/oil in the effluent.
Works in reverse to a gravity settler (small air bubbles trap debris and float to top of

ank).
|
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Effluent quality better than 40 ppm. Vendors usually guarantee < 30 ppm.

Can be used both offshore and onshore. Usually installed downstream of a TPS unit or

APl separator. -

Filtration (Use for Water injection systems only)

Filtration units either uses media beds (sand, anthracite, garnet, wainut shells) to

achieve water quality or filters (fibre socks, mesh, stainless steel cage).

Usually not required for effluent water treatment uniess very low residual solids

content enforced by local effluent standards.

More commonly used for water re-injection where high quality, low solids level is

required. Can achieve 1-2 ppm in certain beds, 10-15 ppm is more common.
Units are generally compact but heavy due to media bed weight.

Good pre-~filtration is required to prevent fouling up of main bed units.

Effluent standards

Listed below are maximum residual oil content in effluent water for dumping to sea:

NORTH SEA 40 ppm
INDONESIA « MIDDLE EAST 30 ppm
CHINA 20 ppm

LOCAL ESTUARY (river) 5 ppm (European standard)

Process drains, produced water, deck (site) drains (see figure 1)

Produced water may need degassing before treatment. If the amount of dissolved gas is

small it may be possible to handle it in the TPS unit.
Deck or site drains normally flow to a separate sump tank before de-oiling. If the deck
drainage is small or produced water flow is small can combine both streams through one

TPS unit.

Process drains are normally manually initiated and pass directly to the return oil stop
tank. These drains are gererally water free.

Always try to use gravity feed between units. Pumping can cause emulsions and make
oil-water separation harder. Similarly avoid fast flowing lines and turbulent pipe

arrangements.
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3. UTILITY AND INSTRUMENT AIR (see-figure 2)

Compressed air is used on plants ior instrument control, turbine and engine start-up an

utility services eg : pneumatic tools, cleaning, etc. : ®
For turbine/engine start-up 17-25 bar supply will be required.
For general instrument and utility air, compressor discharge around 9 bar is adequare.

Consumption : use 0.6 scfm (0.017 m3/min) for each air pilot (= valve)
(instrument air) 0.8 scfm (0.022 m3/min) for valve positioner
generally 1 m3/h per valve unit will do as first estimate.

Add 25% to compressor capacity for design.

Utility air : consumption is intermittent and difficult to estimate at early project stage-

Add 75-100 scim (130-170 m3/h) to compressor capacity for initial estimate.

All plants should have 100% instrument air standby capacity.

Utility and instrument air can be supplied from same compressor or separate one:

depending on capacity requirement.

. Instrument air must be dried before use. Dew point of air Is dependant on minimum air

temperature in location of unit. Generally dessicant bed driers are used giving dew point

as low as -60°C.

Size air receivers to give 10-15 minutes of instrument air assuming the compressor goe

down. Pressure in the instrument air receiver should not fall below 80 psig (5.5 bar g)

during this period.

For long air transmission headers in cold climates intermediate KO puts may be required. .

An estimate of compressor and dryer weights and power are given in figure 3.

4. INERT GAS GENERATORS (N3, CO5)

Inert gas is required in all plants for purging and inerting of equipment. For smal'’

requirements N bottles can be used in racks, this however is not feasible for large units anc

sO gas generators must be supplied. The main types of generator in use are :

- cryogenic distillation of air
- oxygen absorbtion on sieve

- gas combustion

For purging purposes estimate capacity based on 3 times the volume of the largest vesse®
15 be purged in one hour.

l

n
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Cryogenic distillation is used only for large volume requirements, specifically LNG

plants. Not used offshore. .

Gas combustion produces a Np, CO7 mixture for inerting and purging purposes. Not used

much these days except for onshore large volumes. >

Pressure swing absorbtion is the must common used method for N generation. Skid
mounted units are sometimes supplied with dedicated air compressor, or can use
existing plant air compressor for supply. Air consumption is 4-5 times inert gas

production rate, residual Oz in gas is 1-2%-3%.

Details and weights of common units are given in figures 4 and 5.

5. WATER SYSTEMS

Seawater

Used for cooling purposes both onshore and offshore. Can also be used as wash water,

sanitation water and feed to potable water units.

Seawater is also used for fire water systems but is usually a separate system. The
seawater cooling circuit is normally connected to the fire water ring for emergency

supply only.

Always coarse filter the seawater before circulating to the plant. This removes any

debris or marine life.

Treat with chlorine at 1-2 ppm concentration - maintain a residual Cl- level in the

water exit at 0.3-0.5 ppm.

Seawater exit temperatures to outfall canals or drain caissons should not be above 40°C

to prevent corrosion.

Once through water systems are preferred for small cooling duties with only 3-4
exchangers. For large duties and number of units where the cost of corrosion proofing is
prohibitive consider using a closed loop cooling medium system. Common used is
25% TEG in water.

For cooling medium/seawater exchangers consider using titanium or similar plate
exchangers. These are especially ideal  offshore due to reduced weight and space

requirements.
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Waste water and sewage

Potable water

Depending on location of plant potable water can be made in sifu or supplied by tanker

for storage, or taken direct from a mains supply.

For onshore plants most common method of water supply is evaporative distillation.
Problem with these units is size and weight are high and residual TDS (Total Dissolved

Solids) is 5-10 ppm. This results is a bland distilled water which is not pleasant to drink.

Increasingly popular now are Reverse Osmosis units (RO) which are lighter and need less
maintenance than evaporative units. Water quality is 400-500 TDS (World Health
Organization TDS for drinking water is 500-1000) operating costs of RO un’ is

1.5 times that of evaporative distillation. '
Power consumptions : for a 100 gph (0.38 m3/h) unit.

Evaporative Distillation unit  (EQ) 3.5 kw
Reverse Osmosis (RO). 5 «kw
Vapor Compression unit (VC) 15  kw

Most common unit offshoce at present is the VC unit which is very reliable and easy to .

operate. Unit operates at 100°C and is more susceptible to corrosion.

RO units are relatively new, operate at ambient temperature and has few mechanical "

parts for servicing. Average membrane life is 3 years.

Consumption : estimate on 50-60 gallons per day per man (0.2 m3)
Storage : allow 10-15 days for offshore units

10 days for onshore remote areas ' :

Potable water can be dosed with hypochlorite at 0.4-0.5 ppm to inhibit bacterial growth. ' '

Before discharging to river, sea, or underground sewage + waste water must be treatedl

to meet local health regulations prevalant to the area of siting.

Limits are imposed on BOD (Biological Oxygen Demand), COD (Chemical Oxygenl .

Demand), coliform bacteria count and TDS. S

Example limits are : bacteria < 200 per 100 m}
TDS < 150 ppm )
BOD < 100 mg/l

CI- residual > 0.5 mg/l < 1.0 mg/l
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Sewage is treated by physical arttrition, airation and chlorine dosing to 30-40 ppm raw

sewage.

Provide 15-20 hr retention time for enzymic action to reducé BOD.

Allow 30-50 gall/day per person (0.15 m?3) for sewage, shower, laundry and kitchen

wastes. Use upper limit for hot unsociable climates.

6. FUELS

Diesel

Used for emergency generators, pumps motors and air compressors, cranes, and

alternative fuel for turbines.

For emergency equipment provide individual day tanks sized on providing fuel for 24 hr

operation.

Main diesel tank (for feed to day tanks) should hold 10-12 days supply. This is dependant

on location of plant and normal supply periods.

Diesel should be filtered to ~ 5 Microns. Can be centrifuged to remove residual water
and smaller particles. This is especially recommended offshore where longer storage
times, supply boat debris, seawater contact and pdor supply quality can lead to

operation problems.

For storage use atmospheric venting tanks with vacuum-PSV vent. Use crane

pedestrals, platform legs or inter-deck space for offshore storage.

Gas

Fuel gas is supplied as normal fuel to generators, turbines and any gas driven motors.

Always pass FG through a scrubber before use. Filter gas supply to turbines to
10 microns (generally turbine manufacturer will state quality required and may include

his own filters) - do not rely on this and provide separate treatment anyway.

Maintain FG temperature at least 15°C above dew point. Minimum temperature of gas
to be 5°C.

Common supply pressures are 15-20 bar (some jet engines need 35 bar).

Size fuel gas supply on maximum desién duty of all users operating. Allow + 10%
margin.

FG used for flare purge and pilots, etc., does not need to be filtered to 10 microns - use

gas straight off scrubber overheads.
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- . Values of the gas constant Rin PV = n RT

Bows ot vain luted betom 11 22.41 40 liters 01 Q°C and 10t 1250 kPa far 1ne vaiuma ol | male * All ather valyes caiculated from conesrian (actar hated in 1obley.
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‘b moi b oy m? {1 10.732
B mat ®” o, f? LY 15453
ib moi 4 orten L2 I Jlaa
b mol X mm Hg 2 998 97
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“in Sl 1 mole 1 eQuivaient ta the gm mole: the molecular mass et carban- 12, tor esample. i 12 g/ mol

The relation of Degrees Baumeé or A.PL to Specific
Gravity is expressed by the following formulas:

For liguids lighter than water:

Degrees Baume = -l—éq - 130,
G= 140
130 + Degrees Baume
Degrees A.PL = 1—4,}—5 - 131.5.
G
G= 141.5

131.5 + Degrees A PI.
For liquids heauier than water:

Degrees Baume = 145 — RLL] .

G

145

G= 145 — Degrees Baumeé

G = Specific Gravity = ratio of the weight of a given
volume of oil at 60° Fahrenheit to the weight of the same
volume of water at 60° Fahrenheit.

To determine the resulting gravity by mixing oils of dif-
ferent gravities:

md + nd2
m<+n

D=

~
D = Denasity or Specific Gravity of mixture
m = Volume proportion of oil of d: density
n = Volume proportion of oil of d2 density
di = Specific Gravity or density of m oil
& = Specific Gravity or density of n oil

USEFUL NOTES ]'

SOLAR VOLUME

P = 135636 psia, | ata, 1(.0329% bara
lb aole o*C 159.43 RJ
(60°F) 15.5°C 379.49 P‘tJ
Kg mole g*C 22.414 .)
t60°r1 15.5°C 231.696 a’

°C =5/8(°F - 32)
*F=9/5(°C) + 32

=°C+27315=5/9R
°R=°F +459.67- 18K

S1 Prefixes and Muitiplication Factors:

1012
10°*
10¢
10®
108
10¢
10~
10-2
10~
10-¢
10-*
to=12
{Q-19

10-

Prefx Symbol
ten
s82
megR
kilo
hecto
deca
deci
ceny
miili

micro
nano

pico
fermto
atto

.—\'un':anchg.:r;vzc)_'

R, ! Individual gas constant = R/mol. « t of gas
|

Na LAvogadro constasnt

= 6.02252 x 1013 molecules/mol

g Acceiaration of gravity = 9.81 m/s?
32.17 fe/s?
!
Ve Velocity of sound in dry aic at
0°C and | atm z | 089 ft/s « IVv-AL /e

v uME

10 budT

- | —

atee cube

N

gyl

c lest

[ —
aence (U S}
e

A U3, bgued)

vl galisa

. hqued)

ol {orl)

MASSE

Jgramme

mme

ae meétnqu

ind {avorr)

——

e {avour)

Mion {US
00 1bm)

gton (G B
'40 Ibm)
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DATA SECTION
TEP/DP/EXP/SUR R Date :2/85 [ 15 - 3
) i
(R
‘ VOLUME *
-
voLume 1 b 1 b
m em’ | (LY t floz (US] qal (U.S) gal (UK ) ool
’ m3
i""’" [} Vemmnemmif cdm, f bomBriduti k00 [ 6 1023264 A 1 ISV 4668 0 } ) wei @il b ast [ Laead 2l -0 |2 VP20 b it ay
watre cube Totounn € w it VLI E 0.4 (61023261 U2 {ISIM1468E ta |I My a2t G fruat 2208 04 |2 ves6u2€ 4 oMl E un
j' tOUONOOE N LOMONE-A3 | C102376€ 1 [ 1SV eBEF ¢/ [IMIMVE-OI (2641 7L OV [200r00u2E OV {1 E W
s_..,.-‘n 16 /OGE tH | 16 /B E- M 1AM E (] SIASE e [S%a1 126t 0 |4 I2HMONIE Q3 (2604 6aNE U3 [V0IV/ISE Oa
I P
i ¢ lent 2831 0A5 €02 2u31 RS E-om oS E et LI g -t |y 9575068 ¢ -U? | 1480S20E 0N JEIMKIIE 0D {1 TV IEE M
swnce (U S PR YIS T IS ALY S ERYTTR WAL YA % RE VA R (LK SRR TR N L LI PN S TR N FRI?HMNE D (G5 Xa € G [t Kb 1t E O
AUS meuel I a2 M| I Mea 2 3] INBARE-MN{II0NNE- D] 1IIEBSF 0 |1 IMOU0QE 02 | 8326 739€ 01 |72 MWOYS2E Uy
wul gihae .
€346 7€ 0)| 0906092 €- 13| 4%t PP EOU |2 778 1k N2 ) 1605437 E U1 {15372V €02 1200950 E°00 |1 28% 406 € O
bqued) 3 .
o lont} TSa R E=ut | oI BIYE- A LSRRI E P (U070 E QD] SEVASEIESIN JL /0 AN E ) 14200000 €01 | IS4 20600 |1
MASS
MASSE &g [ 1 [ oz ton (short) ton (longl
kg
gremme ) 1.000 OO0 E+03 | 1.000 000 E~03 2,204 622 E+00 13,527 397 €401 |1,10211 €-03 | 9,842 064 E~04
mme 1.000000€E-Q3 |1 1.000 000 E-06 12,204 622 E-03 {3,527 397 E-02 |1,102311 £-06 [9.842 064 £-07
T
' ne metnique 1. 000 000 € +03 | 1,000 000 € +06 |1 2,204 622 €403 |3.527 397 E+04 {1,102 311 € +00 { 9.B42 064 E -0V

¢ ind {avorr)

4 535924 E-0y

4,535 924 € +Q2

4575924 E-04

-

1,600 000 € +01

$.000 000 € -04

4 464 286 E~04

¢ ace (avair)

2,834 952 €-02

2.834 952 € +01

2.834 952 E-05

6.250 000 € -02

J.125 000 € -05

2.790 178 E-05

fMlon (US)
00 ibm)

9.07Y 847 E +02

9.071 847 E+O5

9.071847€ -

2.000 000 € +03

3.200 000 € +04

8928S70E -0

ivgton (G.B)
'40 Ibm)

1,016 047 £ 403

1,016 047 € +06

1,016 047 E+00

2,240 000 E +03

31.584 000 E +04

1,120 000 E +00
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DATA SECTION . ,
TEP/DP/EXP/SUR TA SECTI Date :2/85 |15 -4
AREA
JiRE e m cm’” i ’ acre - ‘ n:
- . '
metre carre 1 1.000 000 E =G4 ! 1,000 000 £ -02 2471 054 E-04 1,550 00%-€ -03 ‘, 1.076 39! € -O1
| 5 ! -
centimetre carre 1.000 000 € -04 ' ‘ 1.000 000 € -06 2471053 € -08 I 1550003 E-01 | ' 076391 €-03 '\
] l :
are 1,000 000 E +02 1.000 000 E +Co 1 2471 0S4 E~02 | 1.S50003 €05 ' 1,076 33! € ~03 1

acre

4,046 856 £ +03

4 046 856 E+07

4.046 856 E +Q01 1

6,272639E+06

4.356 000 € +04

squace wach

6.451 600 € —04

6.451 600 E+00

6.451 600 E—06

1,594 225 E-07 1

]

\

6.944 444 E -03

square foat

9.290 304 £-02

9.290 304 E+Q2

9.290 304 € 04

2,295 684 E-05

1,440 000 E +02

i

'

]r_ LENGTH -
° .
LONGUEUR m cm u A e () te {4} mile ‘l |
- |
i
metre 1 1.000 000 E+02 | 1,000 000 E+06 | 1,000000 E+10 {3,937 008 E+01 | 3.2B0840E+00[6.213 712E—04 - |
i
‘centimetre 1,000 000 E-0Q2 |1 1.000 000 E+04 [ 1,000 000 E+08 |3.937 008 E~01 | 3.280 840 £-02 |6.213 712 £ 06 .
H .
!m-aon 1,000 Q00 E~06 {1,000 000 E~04 |1 1,000 00Q E+04 {3,937008 E~05 {3.2B0840€-06 |6.213 712 €E~10 ‘
ang@trom 1.000 000 E~10 {1,000 000 E-08 | 1,000 000 E~04 |1 3.937008B E—-09 {3,280 B40E~-10

6.213712€-14 I '

|inch {pauce)

2,540 000 E-02

2.540 000 E 400

2,540 000 E+04

2.540 000 E+08

8,333 333 £E-02

1,578 283 £-05

foat (pied)

3.048 000 E-01

3.048 000 E+01

3.048 000 E+05

3.048 000 £ +09

1.200 000 E +01

1.893 939 E—~04

mie (U.S. statute}

1.609 344 E+QO3

1.609 344 E+05

1.609 344 E+09

1.60934¢ E+13]

6,336 000 € +04

$.280 Q00 E +03

A par wcond

2.540 000 £ -02

9.144 000 € -02

83133 €~02

5681 818 €-02

o0l par wcong

3.048 00Q € -01

1.09? 780 € «Q0

1,200 000 € +O¢

6818 182€-00

i
VELOCITY l
T
VITESSE LinealnE mis L) wiy (74N L1y
- ,
! i
mRITY pas wwConge 4 3.600 000 € +00 3.937 008 € +0% 1.780 840 € +0Q 2.236 936 € +00 '
—I .
tiemetre pos hours 2117778 E -0 ' 1,099 61] € +03 9.11) 44% € -01 6,213 712€ -0 , l i
!
—

| S

; |

S

mele por howr (U S. statutel

4420400 € -01

1,609 )44 € +00

1.760 000 € +01

1,466 667 € VO

—

TE

oEB!

-ty

-trd oo

Wire pa

matre o

piioa &

{US. he

g to

{ cmmnc)

b o

barrvi p

z

kilog

m

pour

pour

paut
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DATA SECTION
TEP!/DP/EXP/SUR Date  :2/85 |15 - §
VOLUMETRIC FLOW
.
DEBIT VOLUME
m3/1 m’lh \s N\’/Mh sem 'lah hllr\ ool/d
)} -1
mo s
i Y Pt sacmAde 1 3600000 €E+Q) 1 000 000 € *Q) s.oon-oooe‘m 1585032 €204 IS aGEE-O 1213206~ S 4342396 £+05
watrs cutm pac heure 2.777 778 €04 ] 2117118 E-01 1666 667 € -02 4400 868 E-OD 9.809 629 £-03 J.521 465 E+01 1,509 554 E+02
tre par socande 1,000 000 £ -Q3 J.600 000 E 00 1 $.000 000 £ -02 153502 E+0 3531 &66 E -2 1221 I EOQ % 434 396 E+02
matry Orke par Mty 1,666 667 € -2 $.000 000 € +01 1,666 667 E+O1 1 2641 721 Ee2 $585778 E-0 218880 €+ 9.057 378 €+03
pilea pat mweie
§.308 020 €05 2271 247 €01 €.308 020 €~02 1785 411 £-0] 1 2.726 009 €~-Q1 8.020 £32 €+00 J A28 571 €+01
US boud!
owing (oat por maand
2831 688 £~ | 1019407 €402 | 2831 685 E+01 19011 E+00 | €emEI12E%02 | 1 3600000 €403 | 1.538 850 E+04
{ommnc)
ambng {ont guv bow T804 797 £ -8 2831 485 £E-2 2265 702 E-0 4719474 E-~O4 1246 753 £ -0 2.777 778 €-0¢ 1 4274 S&3 E+00
barvet par Goy 1.840 131 £-08 CA24 4 E-T3 1840 N E-T 1,104 078 €-04 2,916 667 € -2 : 6,498 X6 €05 2.339 410 €0} 1
DENSITY
MASSE VOLUMIQUE ka/m’ vem® tofin’ tos1e® Ih/gat (US.}
m° . kg
kilogrammae par metre cube 1 1,000 000 € ~3 3.612 730 E—05 6,242 7197 £-02 B.345 406 €03
gamme par cantimitrs cube | 1,000 000 £ +03 1 3612730 €02 6.242 797 E+01 '8.345 406 E 400

pound per cubic inch

2,767 990 E+04

2.767 990 E+01

1,728 000 E+03

2.310 000 E+02

pound per cubic fcot

1,601 846 E+01

1,601 846 £-02

5,787 037 €~04

1,336 806 £ -0V

pound per gatlan (US.)

1,198 264 £ +02

1,198 264 €01

4,329 004 €03

7.480 S19 E+0Q




TOTA! PROCESS ENGINEERING DESIGN MANUAL | Revision : 0
DATA SECTION '
TEP/DP/EXP/SUR - Date :2/85| 15 - & TEP
)
B
. i R
PRESSURE TOTAL
.
: MISCOST
PRESSION/ . “ [ :
CONTRAINTE P bar dynicm*® atm wgt/em” mmrg itoer) mmrt 0 pu . pst OIFF:
- - |
m.kg .3 i ' e
! [ o métre &
paxcat 1 1000000 E 05 |1D000N0E-D 190692338 o 1 D19 1IEE 29 1750081SE D J NI E-I1 ) %0327 D4 r DG S43E Q3
‘ i —
| caatistol
LU 1.000 CO0 E=-0% {1 1000 UOC E+06 {9869 213€-01 (1019716 E°00 (7500615 €-02 [+ Q19236 E-04 |1 450327 €-01 2088543¢-03 .
e
avne squars
1000000 E-0t | YODOOOO E-G6 {1 9869213 €07 (1019716 € 06 |7S0061SE-04 (1019 716E-02 14502377 €-0% 2088541 €03
B Cantwmglle Catre D
: square fu
L atmewshiry aermaks t0132%E-05)1.013250€-00 [1013250€E-06 {¢ 1033222 €-00 |2.60C 000 €+92 [ 1.OII 227 €-04 | 1469 S9S E+01 |2 11¢ 103
* Wlog emmedarce”
i 9.806 650 €04 ] 9806 650 € -01 {FBO6 ESO €+05 (9678 411 E-01 |1 7.755 591 €+02 [V 000000 E+O04 |1 472 T34 €+01 | 2.048 161 € +02
sar Cantimemre carrt
miliratre mercure ' l
. 11333224 €407 | 1,333224 £€-03 | 1,3233224 €°03 | 1.315 790 € -0 | 1,359 510 €-03 |1 . 1359510 €+01 | 1931678 €-02 12784 €96 €00
; 4 0°C Lueend ) .
muilimatry we 8 4°C 9806 650 £+00 | 9806650 €-05 | 9805 650 €~01 |[9678 411 £-05 1000000 E -04 | 7,355 591 £-.02 |1 1422134 €-03 | 2,048 161 €0t &
. |
sowad-teren por . .
e ore wmch 6.894 757 €403 | 6894 757 E~Q2 | 6.894 IS E~0« | 6,804 596 E-02 |7.030 695 €-02 {5,121 492 €+01 | 7.030695 €402 | 1 1.440 000 E+02 | ‘N:f:‘:
. Cma
revndlorce pur
wnors (o0t 4788026 E+01 | 4788 026 €-04 |4 788026 €°02 {4 725414 €- 04 4 B8242B E~04 |1.591 N4 E-01 {4 887 ¢28 €400 [ 6,944 “4SE-Q3 | T
] [ jouie (at
|
! ' erg
VISCOSITY (Dynamique) C
VISCQOSITE OYNAMIQUE [y wartt
Ps .3 c? hgim h ety
gt
calore
i thet mMoC
pevcal wecange 1 1.000 NOO E +02 3.600 00Q £ +03 6.7119649E -0t
contipaie 1,000 000 £ -~ 1 2.600 000 € +00 6.7196R9 € -0« taione |
Lilggramme por : oo !
2,777 77 € -0s 1177 118 € -0t ' 1 866 S81 € —04 R N
. Wocaio
MeTYY havury
l’ou-d por {eot4acond )1 488 164 € ~00 1488 164 €+03 5.)57 190 € +Q3 1 " therme
»
too voo:
A
British v
{(ryvy
—
horiepc
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VISCOSITY (Kinematic)
MISCOSITE CINEMATIQUE/ . < .
mII: ¢St /s /N
DIFFUSIVITE
m I_l b
matre carre par saconde 1 1,000 000 E +~06 1,076 391 € +O01 3.875 008 £ +0¢
cantistokes 1.000 000 E =06 1 1.076 391 E~05 3.B75 008 € -02

square foot per second

9,290 304 £-02 9,290 304 E+04 1

3.600 000 E +03

squars fo0t per hour 2.580 640 E-05 2.580 640 € +01 2777778 E~-04 1
3
ENERGY/WORK/HEAT .
INERCIE  TRAVAIL " h ftbt noh
OQuawltete 0¢ erg 1. [
Cmactun Jubs KWheos | e el T keahr | - Buw
m? oegs™?

jouie lsbsoiul ‘

1.000 000 €+07[2.777 778 £-07/2390 057 € -01{2.388 ¢59 £-01/2.388 459 €-04{2.389 70V £-07{7 3756 £-O1 94TR 170 E-04]1.725 06! € -0

erg 1 000000 £ -07

1 2177 778 §-14]2.790 057 €-0812.388 459 € ~08(2.388 459 £~ 11]2.389 201 E-14[7.375 621 E-CB9.4T8 170 E-11P 225061 E-14

wattheure (abs)) 600000 E +06

3600000 €+ 131

8,604 207 £405/8.598 452 €+ 05{8.598 452 E+QIP 601 ITI E-01{2.655 224 E*06{3 417 141 €031 361 022 £+ 00

cslone
therrmochimique

--uocnbooj

4 84 000 € +07 11622 722 € 06|}

19.993 212 €-0119.993 312 t-o-r),nsuc €~07]1.085 960 €+ 00]3.965 665 € ~03{1.958 565 € -06

cslorwe 1.7,

}4 186 800 E 00

4 186 800 € -07{) 163 000 € -06(1 0OC 662 € + 00!t

1.000 000 € -Qs}1,000 311 € -06]1.088 029 € + 0013.968 320 £ ~0J|) 559 608 € -06

kiocatore 1.T.

M 186 800 € + 0]

4 186 800 € ~10[1 161 000 £ --23]1.000 669 € ~G3{1.000 OO0 € +QI|}

1,000 31% €-03]3.088 025 € + 433 964 320 €+ 00|1 559 608 € -03

thermie tAFNOR) {4 185 500€ - 06

« 183500 € 13 11 162 §39 € - 00} 1 000 359 € ~06|9.996 895 € ~05(9 996 895 E~021)

3.087 066 £ ~06[) 967 088 £ ~0I|' 959 124 £-00

v 355 BV8 €073 66 161 L =37|3 240482 € -21[3.238 316 €-01{3 228 216 £ -04]3 239 371 € -07

1285067 € -QI 050 504 € -07

toovroound lorce |1 355 nid § - 00
Beritish thermal vemiy -
1095 0% € +Q3]1 059 0% £+ 10]2 330 711 € -04[252) 644 €-02]2519 958 £-02] 2319 930 €~ 01 [2.520 241 € - Oal 7 781 69 € - 22 |3 930 148 € -0
(T} ’
horsepower hout 6na $20 € - OR

76R 820 €+13(2497N000¢ D1[6 4161576056411 BE6 E-05]6 411 066 €<02)6 413857 € J1]11 SA0 ONO € * 06{2 Hae -JGQ'OJL




TOTAL PROCESS ENGINEERING DESIGN MANUAL | Revision: 0 Page No :
‘DAT z .
TEP/DP/EXP/SUR ATA SECTION Date  :2/85 |15 - Q
SPECIFIC HEAT CAPACITY
; CAPACITE THEAMIOUE !
; cn‘.:\:assﬁ‘éewlucue ey & waing.’C s ’e

, joure gar bilagremme-huaivin

1.290057 € -0

[N S |

21388 459 € -0a

hrigcaiorw par kilogramme -

. eegee Celuut

€ 184 000 E -]

9991312€-01

Bettith thermal unit per pound-

; dvgrve Fahrenhent

4 136 800 € ~03

' 000 669 € ~C0

THERMAL CONDUCTIVITY

CONQUCTIVITE THEAMIQUE

m. xg |-’ "

wiem X

Resiln M.‘C.-

-

Bruin e ’E

i
wart par meTe-keivna

8.604 208 € -01

$.717 1926201

kilecalorme par Pevremiue
.

degre Cotuus -

1,162 222 € 00

6.71S 193 E -0

Srtrsh thee mal umit per howr-

(et degrae Frhreahest

1.730 735 € «00

1,489 160 € +00

HEAT TRANSFER COEFFICIENT

COEFFICIENT DE
TRANSMISSION THEARMIQUE

s g

wim? K

seavnm’ ¢

3

Swne’ s

wetl par miae cacrd-hebven

$.60¢ 208 £ -0

1,763 102 E-Ov

Rilacaiuin por heure-metre carvé
doged Colunt

1162 222 £ 400

2.046 791 E-0

: Brotish thermal wmt
i Pov Aeur-iquare teot.
| segrew Fanrunnnt

$678 263 € +00

4.885 696 € «00

2204 622 € «00

FORCE
——
FOACE
N dva et ut P
~ ng !
rowten 1 1.000 000 € +«05 1,019 716 €-01 2.248 089 £~01 1.233 011 € v00
dyne 1 000 0O € -0% 1 1019 716 € -06 1248089 €06 17330V E -05
|
Wlegremme larce 9 805 650 € 00 9 806 650 € ~0%

709 61t € +00

pound lerce

44482726 ¢QQ

4 4ag 277 E 05

443159324 £-Q1

3 217 404 € +OV

Pouneal

1,382 3% €E-01

1,387 $50 € +04

1,409 809 €-07

3,108 096 € -02

. joule

kiloca

Britsh

per de:

ryLS
FLUKX EN

w1 {povie

1g pac

. e

Miacaiore

chrvai vape
Serseqowe

———

loet povas

| oot wecond
——
Y.
!

9o Aot
——

s lretiigeren
—_—
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DATA SECTION .
TEP/DP/EXP/SUR Date :2s85 |15 - Q
-
— i
" 1
HEAT CAPACITY/ENTROPY
ENTROPIE/ !
CAPACITE THERMIQUE WK neal/K oy Bru/ F
‘ - i
mtowgs T K |
i
. joule par kelvin A 2,390 057 E~0a i 1,706 071 £~03
'
]
kilocalorie par degré kehvin 4.184 000 E +03 | l 7,138 200 € =00
'; H
British themal unit !
trrsh theemal umi 5.861 422 E+02 1,400 913 E-01 ' '
per degree Fahrenhen '
POWER/HEAT FLOW RATE .
FUISSANCE. .
LUK ENEAGETIOUE w erg/s calls xCai/n ch he tc.iot/s Bru/h t of refrig.
-~ hq’-J
-t {ravie par wxondel |0 1OOCO00E -0/ [2390057€ 01 {BROA20RE OV {1 IS9621 € CI[ 1341022 € 03 (7375621 E-0F |I417 141 €-00 | 7843 451 €-04
oy oot wcande 1 000 000 € <07 | X007 € OB {BLU4 20N DR | 15821 € 10 [1341022€ tO{?I79621 € 08 | D412 var £-0) [2843 451 E-N
. par wcande €184 000 €-00] 4 184 000F « 07 |1 JGOUOUD L -0 {S6umos9 € 0)|5610MISE NI |30 960€ 00 ] 1 427640 -0 |1 189 700E-0)
Nilacaiorie gor hewre 1162222€-00 | 1162222€07 jJ2 777128 E-ON | TSRO 1R2 € U | 199N 565E 0I{8572109€ Ot | 1965666 €00 |3.304 722 €04
Chrvai vapeur metrigwe | 2356990 €:02 | 1354990 £-09 {1 757 HBS €02 |6 378 JBu E -0 | 9BRI027E 01 |5424 767 €-02 (2509627 €03 12091 356 E-01
N e o (UK] 7497000€-02 | 7457 000€-00 |V IR 266 £ 07 {6416 1SR E -2 11 OIINEYE N | 1 $500000€ + 02 | 2944 434 €:01 | 2120362 € -0»
il“l”ﬁ.‘ ry-J
VIS5 818 E-00) 1355818 €407 3240483 € Ut {1166 574€-00 | 1841 299¢ 03 |1 83AtE2€E Q3 |1 4626 243 £°00 | 3895 202 € 04
| P acong
L Bretnh (hae e mart i
¢ 2930711 €-0V | 2930211 £+06 | 7004567 € -0/ | 2921 546 E- D] IMEGSTE-D | 3930148 € D3| 2161 583 €-01 |1 8333334 €09,
Pt Rour \ .
- lem .
. IS16MSI €0 | IS16MSTIE - 10 |8 405480 €02 [ I025 V24 E -3 |« 181 SBYE -0 |4 216171 €00 | 2993wy €03 |1 2000 000 €+ 04
{ reliqeranen)

- touie aDsoOlu

— Calorie ou kiloCalorie thermochimigue

-8t T
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PSEUDO-CRITICALS AND OIL PROPERTIES

Definitions :

True vapour pressure : - actual vapour pressure of a crude oil at the actual

temperature of the fluid.

Reid vapour pressure : - reference vapour pressure of an oil at a controlled

temperature of 100 °F (used as a basis for product specification).

Molal average boiling point : - equal to the sum of the mole fraction of each
component x its atmospheric boifing point °R. '

Volume average boiling point : VABP : - average temperature at which the ASTM
10 %, 30 %, 50 %, 70 % and 90 % volumes boil. -

VABRP = 110 % + T30 % + T50 % + T70 % + T90 %
5

Mean average boiling point : MABP : - the slope of the ASTM distillation curve is used
to correct the VABP to give MABP. See Fig. 7

Cubic average boiling point : CABP : - another corrected form of VABP.

UOP K or WATSON CHARACTERISATION FACTOR
l/s
K = CABP sg at 60/60
°8 CABP in °R
This issued as a characterisation factor when defining crude oils. It is required for

various other data evaluations.
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PHYSICAL CONSTANTS OF HYDROCARBONS{27)

TOTAL PROCESS ENGINEERING DESIGN MANUAL | Revision : 0 Page No :
TEP/DP/EXP/SUR DATA SECTION Date  :2/85 [ I5 - ||

See Note No. — 1 2. 3
= . Critical constants
2
=
3 < 3 -
L = “ o~ i z
- °.m s £ . 2 * <
No. Compound 2 % 2 3 < Py 2 =
- g o T g g - 2 £
= 2 0 A > o = 3
E z z8 . £ 5 Z £
Z 2 £ 3.° s = 2 s 3
o F) 53 © © 2 o Y = =
u? 2 3 - ; w - a - >=
1 | Metnane CH, 16.043 | -161.52(28} ¥35000.) -182.479 & 604 190.55 0.006 17
2| Emnane CyH, 30.070 -88.58 {6000} -182.80¢ 4 880. 305.43 0.004 92
3| Propane CayHg 44,097 —42.07 1341, ~187.689 4249, 369.82 0.004 60
4| n-Butane CeHyo 58.124 ~0.49 377. -138.36 3797. 425.16 0.004 39
5 | 1sooutane CaHio | 58124 ~11.81 528. ~159.60 3648. 408.13 0.004 52
6 | nPentane CeHyq 72.151 36.06 11566 | ~120.73 3 360. 469.6 0.004 21
7 ] 1sopentane CeHgq 72.15% 2784 1513 ~158.90 3381 460.39 0.004 24
" lecpentane CsHyy 72.151 9.50 263. —-16.55 3199, 433.75 0.004 20
.1-Hexane CeHya 86.178 68.74 3728 -9532 - 3012 507 4 0.004 29
| 2Metnyicentane CeHia 86.178 60.26 S0.68 | -153.66 3o010. 497.45 0.004 26
11 | 3-Metnhyipentane CeHia 86.178 63.27 45.73 -_— 3124, 504.4 0.004 26
12 | Neohexane CeHia 86.178 49.73 7341 -99870 | 3081, 488.73 0.004 17
13| 2.3-Dimetnyibutane CeHya 86.178 57.98 §5.34 -128.54 3127 49993 0.004 15
14 | n-Heotane CaHy e 100.205 98.42 1234 ~90.582 2736 540.2 0.004 3}
1§ | 2Metnyinexane CoHie 100.205 90.05 1722 ~-NBe2? 2734, §30.31 0.004 20
16 | 3-Metnyinexane CyHyq 100.205 91.85 16.16 _ 2814, 535.19 0.004 03
17 | 3-Ethyipentane CaMye 100.205 931.48 15.27 ~118.60 2891, 540.57 0.004 15
18 | 2.2-Dimethyipentane CoMHyq 100.205 79.19 26.32 ~123.81 2773, 520.44 0.004 15
19 | 2 4.Dimetnyipentane CaHy ¢ 100.205 80.49 2484 | 11924 2732, 519.73 0.004 17
20 | 3.3-Dimetnyipentane CaHy¢ 100.205 86.06 2083 ~134 .46 2945. $36.34 0.004 13
21 { Teiprane CoHy ¢ 100.205 80.88 25.40 —2a91 2954, 53111 0.00397
22 | nOctane CeHyq 114232 125.67 4143 -56.76 2 a86. 568.76 0.004 31
23| Diisooutyi CeHyg 114232 108.11 8.417 -91.200 2 486. $49.99 0.004 22
24| twooctane CeHys 114232 99.24 1296 -107.38 2568. 543.89 0.004 10
25 | n-Nonane CoHio 128.259 150.82 1.40 ~53.49 2288. 594.56 0.004 27
26 | n-Decane CioHz3 | 142286 174.16 0.4732] -29.62 2099. 617.4 0.004 24
27 | Cyciopentane CeHyp 70.13% 48.25 ‘7397 | - -93.866 € S02. 511.6 0.003 7
28 | Methyicyciopentane CeHiz 84.162 7181 3385 -142.46 3 785. 532.73 0.003 79
29| Cycionexane CeHya 84.162 80.73 2463 6.554 4074, $53.5 0.003 68
30 | Metnvicycionexane CqHya 98.189 100.93 12.213 | -126.59 3472 572.12 0.003 75
31 | Ethene (Etnyiene) CaHq 28.054 | —103.77(29) — -169.15¢ 5041, 282.35 0.004 67
32 | Procene (Propytene) CyH, 42.08% —47.72 1596. -185259 4 600. 364 .85 0.004 30
33| 1-Butene {Butyiene! CaHy $6.108 ~623 4519 -185.359 | 4023. 41953 0.004 28
‘34| eis-2-Butene CaHy 56.108 3.72 3376 -138.0 4220, 43558 0.004 17
Y  rns.2-Butene CeHg 56.108 0.88 3658 -105.55 4047, 428.63 0.004 24
sobutene CaHy 56.108 -6.91 a52.3 -140.35 3999. 417.90 0.004 26
1 Pentene CsHyo 70.13%5 29.96 141.65 —165.22 3529. 464.78 0.004 22
38| 1.2-Butagiene CaHg 54.092 10.85 269. -136.19 (4 502.) {444 10.004 05)
39| 1.3-Butadiene CaHg 54.092 —4.41 434, -108.91 4330, 425. 0.004 09
40 | 1s0prene CgHg 68.119 34.07 123.77 —14595 {3850.) (484.) {0.004 06}
a1 | acetviene CaH, 26038 | -84.88° - -80.8¢ 6139, 308.33 0.004 34
a2 | Benzene CeM¢ 78.114 80.09 2438 §533 4898, S62.16 0.003 28
43| Toivene CoHg $2.141 110.63 7895 -94.991 4106, $93.80 0.003 43
aa | Etnylbenzene CeHio 106.168 136.20 287 -34.975 3609. 617.20 0.003 53
4as{ o-Xylene CsHyo 106.168 184,43 2.05 -25.18 3734, 630.33 0.003 48
46| m-Xyiene CsMio 106.168 139.12 253 -47.87 3536. 617.05 0.003 54
47| b-Xyiene CaHjo 106.168 138.36 2.65 13.26 3511, 616.23 0.003 56
48 { Styrene CaMg 104.152 145,14 185 -30.61 3999. 647.6 0.003 38
49 | tsooroovibenzene CoMy3 120.19% 152.41 1.47 -96.035 3209. 631.1 0.003 57
50 | Methyi aiconol CHLO 32.042 64.54 3543 —57.68 8 096. 512.64 0.003 68
St | Einvi siconol CqaH,0O 46.069 78.29 12.70 -1181 6 383. 51392 0.003 62
52| Carpon monoxige co 28.010 | —191 49 —_— -205.0¢ 3499.(33) . | 132.92(33| 0.003 32(33
53| Carbon dioxwe co, 44.010 -185%¢ - -56.57¢ 7 382133 304 19133)]  0.002 14133)
$4 | Hvorogen sultiae H,yS 34.076 -60.31 2881, -85.52¢ 9 005. 3735 0.002 87
55| Sultyur diomice s0, 64.059 -10.02 630.8 ~75.489 7 894, 4308 0.001 90
56| Ammonia NH, 17 031 —33.33(30}] 1813 -77.7¢¢ | 11 280. 4056 0.004 25
57| A Ny + 0, 28.964 | —194.2(2) — — 377142 132 4(2) 0.003 23(3)
58] Hvorogen "y 2016 | -252.87¢ — -259.2° 1297 332 0.032 24
59| Oxvgen 0, 31999 | -182.962* —_ -21889 508). 154 7(33) 0.002 29
60| Nitrogen Ny 28.013 | -195.80(31) S -210.0¢ 3399. 126.1 0.003 22
61 Criorine ch 70906 | -3403 1134 -101.0¢ 77 a7 0.001 75 (
62| Water 4,0 18.015 100.00" 73717 0.00 22 118, 6473 0.003 18
63| Hetium He 4.003 | -268.93(32) - —_— 227 51321 §.21321 Q014 361321 |
64 ] Hvdrogen cniorice ~CI 36 461 -85.00 6304 -1 14A|s"_L B8309. _ _LJ?A ?__1 000222
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PHYSICAL CONSTANTS OF HYDROCARBONSI(27)

e 5. H 3 3 .
Density of 1ausad . ?-> - o ‘ceal 323 * SOeC:tic neat “a0ac 1y A
101 3250 «Pa taos). 15 °C 3, s s 2 101 3250 «Ps 1acs)®:5 °C | 101 3250 21 japs) '
2t g s |
> g a 3°U 2 ; =2 > v N
R : 2 S e | F = E 5 < c h
’Ea-_” ) é ? é . _;3 7: § f’é té % '§ g TE- - :J/lk‘é oes '
550 | mes |me3s| | REU G | RS | BT |4z i
2a § 2 g, 2 e - z é n 2 330 2 ; e —; 3 2 ‘geai gas|  Liguwa
z = 4= = - = g - < (S22 = @< > =3 .
TN E T (300" [10.08I" — 0.0126 | 0.9981 05539 | 1478 | teczn | 2720n T — j
0 358 ;h 35780 356.6" | 0.084 0a” — . ]00978 | 09915 10382 | 07863 ) 2913"| 1706 | 3807 :
0.508 N sS07 8™ S06.7 0.086 84" 0.002 74h 0.1541 | Q9810 15225 | 05362 | 2723%| 1625 | 2476 !
058477 s8a.2* 583.17 | 0.099 ;g 0.002 111 ) 0.2015 | 09643 2.0068 | 04068 | 23757 | 1652 |2368tatr| &
0.5637 563.2" 562.1"} 0.103 0.002 14" | 0.1840 | 0.9665 20068 | 0.4068 | 22917 1’616 | 2366411 ] <4
0.6316 631.0 6299 0.114 3 0.001 57 0.2524 0.9427 2.4911 0.3277 ) 1 .
06250 6240 6233 | 01156, | 000162, | 02286 | 0.94ar Jag11 | 03277 | 2oes | 52 |2232ten
0.5972" 596.7 595.6" | 0.1209" | 0.00187*) 01967 |- 0.9538 2.4911 | 03277 | 1955"| 1624 {2,317 el
0.6644 663.8 662.7 | 0.1298 0.00135 | 0.2998 | 09107 79753 | 02742 | ez | T &1 '
0.6583 657.7 656.6 | 0.1310 0.00140 | 027841 — 29753 | 02744 | 1805 | 1803 | 3508 1”
0.6694 668 .8 667.7 | 0.1289 0.00135 | 0.2741 — 29753 | 02744 { 1835 1578 | 2170 '
0.6545 653.9 652.8 | 0.1218 0.00140 | 0.2333 -_— 29753 ]| 02744} 1794 1503 | 2,148 1
06668 5662 665.1 | 01234 | 000135 | 02475| —— | 29753 02744 | 1828 | 1566 |2.146 |13
0.6386 688.0 6869 | 0.1456 | 000124 | 03494 | 0852 34596 | 0.2060| 1624 | 1 i
g.sags 682.8 6817 | 0.1a68 - | 000122 | g303| — 3.4596 | 0.2360 l6$:l 11232 %’fg:gz v
0983] 6315 690.4 0.1449 0.001 24 0.323% —— 34596 | 02380 ‘63}2 1582 | 2137 1
7032 702.6 701.S | 0.1426 000126 { 03107 — 345961 02360} 1658 | 1.613 | 2.150 !
o7 &g 6769 | 01478 | 0.001 30 | 02876 : 34596 | 02360 | 1600 | 1613 |2.161 18
>e 677.1 676.0 | 0.1480 0.00130 | 0.303 3.4596 | 02360 1598 | 1651 |2.193 19 |
6980 697 .4 696.3 0.1437 0.001 17 Q.2681 — 3.4596 | 02360 164 6 1603 | 27089 2
0.6950 694.4 693.3 | 0.1443 0.0012¢ { 02509 | — 3.4596 | 02360) 1539 | 1578 | 2.088 2.
0.7073 708.7 7056 | 0.1616 0.001 12 | 0.3981 { 0.783°7 39439 | 0.2070 | 146 T 601 !
0.6984 6377 §96.6 | 0.1637 000117 | 03s6a| — 35439 | 02070 | 122 | 1903 13154 z:
0.6866 6%6.0 694.9 0.164 1 0.001 17 0.3041 —— 39439 0.2070 1441 1503 | 27049 2 ]
0.7224 721.7 7206 | 0.1777 0.001 13 | 0.aa52| — 44282 | 01843 1330 | 1508 |2 184 %
0358 | 1e3 7328 | 0.1939) | 500093 | Q4%0e) — 49125 | 01662 | 1220 | 1595 (2479 |2
0.7508 750.2 7a9.1 | 009349 | 0.00126 | 0.1945 | 0.9497 24215 03371 2529 | 113 | 1763 3!
0783 a3t 7523 1 01117 | 000128 | 02%08) — 290571 02809 | 2117 | 1258 | 1843 |28 -
0.7744 773'7 7820 g:g’g g%: g 0.2098 - 25057 | 02809 2200 1.211 | 181y 20
' : 7726 | 0.126 ' 0.2384{ . — 33900 | 02408 { 1863 [ 1324 |1838 |3
. - —_ — 0.0869 | 0.9938 09686 [ 08428 | —0 — .
8_23?;. 522.60-% s215") o.080 %“ 0.00340"| 0.1443 | 0.9844 1.4529 | 05619 2936" :iég 2.443 ga
g eor, 601 a7 3'{ 00930 | 0002097} 0.1949 | 09703 19372 | 0.a21a| 353a7| 1483 | 3237 =
8277, 527&. 626.01| 0089477 | 000t 767| 0.2033 | 09660 19372 | 0424 | 268.3*| 1365 | 22311 3
080 | S0 608.5" | 009198 | 0001931} 02126 | 09661 19372 | 04218 | 257314 1528 | 2238 3
e 802 599.4"| 0093447 | 0002167 0.2026 { 09688 19372 | 04214 2534%| 13547 {2296 |3
oesver | ess® 4P | Q088 | 200180, [ 22334 | 09487 242151 03371) 2177 1 1519 | 2241043 37
. g,, es7” 656. 0.082. 0.001 767 | 10.2540)] 10.969) 18676 | 0.4371| 287,27 1446 | 2.262 38
©.628 6274 626.3"| 0.08622" | 0.00203"| 0.1971 | (0.965) 18676 | 04371 274 27| 128 | 2324 e
0.6866 686.0 6849 | 00990 | 0.00155 | (01567 0949t 23519 ] 03471 | 3381 | 1 e | 310 b
0615 — — — — | 0.1893| 08925 08990 | 0.9081 : - - ,
2 y y - : — | 1659 ]
ggggg 8842 8831 | 0023834 | 000119 | 0.2035| 09297 26960 | 03027{ 2676 | 1012 | 1.715 | a2
8716 8705 | 0.1057 0.00108 | 0.2633| 0503 3.1812 | 025661 2237 ] to08s | 1877 a1
087N 871.3 8705 | 0.1219 0.00097 | 0.3031 —_ 36655
08850 3 —_ . 022271 1940 | 1168 | 1.721 4
0.885¢ 8842 8831 | 01201 0.00099 { 03113 — 36655 | 02227] 1969 ' 1218 | 1741 4
869 868.3 8672 | 012253 0.00097 | 0.3257 36655 { 0.2227] 193¢ | 1163 | 1.696 a4
0.8661 865.3 864.2 | 01227 0.00097 | 03214 —_ 36655 | 02227] 1927 | 1197 | 1508 ps
09115 9106 9095 { 01144 0.003 03 | 01997 —_ 359%8 | 02270] e | 113|138 @
0.8667 866.0 8649 | 0.1390 0.00097 | 0.3260 - 4.1498 | 0.1967] 1704 1219 | 17132 &
07967 796.0 794.9 0.040 25 0.001 17 0.5648 — 1.1 737
SIE | ooy | 700 | 0%E.| 0007 |osme| | rame| @) D) 3356 |
) . - - — 0.04421 09995 09671 | 08aa1| —— toan | - g2
g §§§5: gg; KA }%’ , ezo.a: g.osg ?g: —_ 0.2667| 0.9943 15195 | 05373 as416" 08330 3.
- 71 L1361 7879 043 197 —_ 0.0920| 09903 11765 | 0698 | 5475 09950l 208036 | 5
= 1395771361 | 1395.7 | 0.94589 T [ 02548 088017 | 22117 03691 | 5153 o6062| 1.359(36 5
PL ® p— : : : 1
0 g;g'?:as) gl m 1300 61667 0077 51 0.2576 [ 0.9899(30) | 05880 [ 1388 | 8574 | 2079 | 48330301 5v
0.856™ 13 57,1.00'“(37’ 8’833 :9’9 - —— | 09996 10000 | 08163 — | Yoos | — 57
1ia207es) a1 miae | —— | 002804m| — | ouze0| osseaaw | Soeas el | | s |
2809T™26f 8086™(31)| — | 0.03464m 0. ' 10481 0.7389] — | 09166 — 5
| 426 1424, 0.034 — 0.0372 0.9997' 09672 | 0Baal — 1 040 —_— 6
1 000 R 14235 | 0.049 78 —— | 007371 109879'C6)| 24481 { 03335| a750]| care0] — | 6.
oa2sim | 12s0mam | 20 | Oomagm| O | 93 \ 06220 1.312 | 1311 1862 | 4.191 62
08538 goyor B o, | 9932027 — a 1.000 5(40%) 01382 ] 5507 — | si92| -— 63
. 8519 0.042 74 0.006 03 0.1232 —_— 12588 | 0.6485 $53.2 0.7991 —_— €
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e

PHYSICAL CONSTANTS OF HYDROCARBONS(27)

Ser Note No = 10 1L 12 13 Flammaoiay ASTM
. Heating value 1S ':’ -; hmats, vol % ocCtane
L Net Gross ¢ .= o 2 1 8 Muxture Aumper
. H = = C = 3 <
i l 3 3 - ) g 52 . 8
l. i K =2 H § =22 x 5.3
\ - - H =l S- -
i no. Compoouna ) S a 2 § g S g 2 3 2 -~ ,’E‘
f s2| £8 c :| 882 | 3 53 EE
\ ﬂ—ég n_g::‘, 222|722 8 2 o g3 3 ] P ¥ 3 »
, £3z|335]222| 3231353 | 2° o I 2 | £5) §%38
s22(F=22f332( 352 228 | g2 |&3¥E 3 2 | 3¢ Eco
vt [ Mernane 33936 | 37.694 -_ — 509 86 — 954 50 150 -_— —_
: 2 | Ethane 60395 | 66.032) 51.586"| 184587 | 48936 |[121a04" |1670 | 28 13.0 « 051 +1 .6
, 3 | Propane 86.456 | 93972 so.o08r| 253942 | 42573 |121905" }2386 | 2. 9.5 911 V-2
4 |n-Butane 112384 [121.779 ] 49.158% 28 7@ | 38526 | 1332982 [31.02 | 1.8 8.4 896 | 93¢
s { iscoutane 112.031 {121.426 | 49.048*| 27 621*| 366.40 —_— 3102 18 8.4 976 | <0104
' 6 | n-Pentane 138.380 |149654 | 48667 [ 30709 | 35722 | 136024 [38.18 14 8.3 626/ | 61.%
. 7 | 1sopentane 138.044 [149.319 | 48579 333 34220 J1.3s658 |38.8 1.4 83 | 903 | s2.3
; 8 | Neopentane 137.465 [148.739 | 484274 28896"| 31534 |1.345 3.8 1.4 83 | Bo.2 | 855
© ' -.Hexane 164.402 |177.556 | 48.344 | 32091 334 81 137746 J4a53a | 12 7.7 260 | 248
. Methylpentane 164.075 |177.229 | 48.273 | 31 749 32252 1374 17 4534 12 (7. 735 734
S-Methyipentane 164.188 |177.341 ] 48.300 { 32303 32582 |137918 }a534a | 012y 7.7 | 733 | a5
.2 | Neonexane 163.683 |176.836 | 48.191 | 31512 0524 |137157 |a534 ] 12 77 | g3z | 918
13 12.3-Dimetnylbutane 164.025 {177.179 | 48.268 | 32157 316.50 13717 % 4534 | (121 (7.7 94,3 w03
14 | n-Heptane 150.398 |205.431§ 48.104 | 33095 3633 |1.0017 |5250 1.0 70 00 00
15 { 2-Methyihexane 190.099 {205.132 | 48.051 | 32809 306.06 138743 (5250 1 (1.00 7.0 454 424
16 | 3-Methylhexane 190.243 |205.276 | 48.082 | 33249 30727 139118 5250 | (1.0} (7.0} 558 2.0
17 | 3-Ethyloentane 190.327 {205.359 | 48.101 | 33796 30894 | 1LW594 [5250 | (1.0 (700 | g3 | 650
18 | 2.2-Dimethylpentane | 189.630 [204.662 | 47964 | 32520 291.03 1.384 75 $250 { (1.01 (7.00 956 928
19 | 2. 4.Dimetnytpentane | 189.803 |204.836| 48.000 | 32 501 294 .41 138408 |S250 | (1.0) (700 | g3 | 831
20 | 3.3-Dimetnyipentane | 189.885 |204918 | 48.019 | 33488 23587 |13u342 (5250 | (1.0) 701 | g5 | 808
21 | Triptane 189.690 |204.722| 47982 | 33319 28890 [139196 [S250 | (1.0), 701 | «0.1 +1.87
22 [ nOctane 216.374 |233286) 47.919 | 33865 0126 |1.39981 [5965 | 096 -_— — —
23 { Disodutyl 215.797 |232.709] 47832 | 33372 285.69 1.394 88 $9.65 | (0.98) - 55.7 §5.2
24 | 1s00ctane 215,732 |232.644 | 47843 | 33299 27144 | 139392 |S5965 ) 10 — |oo. 100.
25 | n-Nonane 2242398 |261.189] 47.783 | 34485 | 28882 |140773 {6681 | 087 29- | — —_
26 ( n-Decane 268.396 | 289.066| 47.670 | 34985 27606 (141411 7397 | 0.78 26 -_— —
27 | Cvclopentane 131.114 | 140,509 | 46955 | 35225 38920 |140927 [|3579 | (1.4 — 8agi | <0/
28 | Metnyicyclopentane | 156.757 | 168.032| 46.825 | 35278 34551 141240 4295} (12} 835 | goo | 913
29 { Cvcionexane 156.034 | 167.308 | 46.606 | 36 497 35595 | 142892 {4295 1.3 7.8 772 | 830
30 | Methyicyciohexane 181.567 {194.720| 46.525 | 35997 317.03 1.425 66 50.11 12 - FAR 74 8
31 | Enene {Etnyiene) 55942 | 59.700| — —_ 482.77 —_ aR| 27 340 5.6 ’o.o?T
32 | Propene {Propylene) g1.482 | 87119} —— —_— 437.68 i 2148 20 10.0 gag | +02
33| 1-Butene (Butylenel 107.475 | 114991 | 48.0814] 289164 390.60 —_— 28.63 16 9.3 gBog | 974
34 | cis-2-Butene 107.191 | 114.707 | 47.927h 30055h] 416.10 S 28.63 § (1.6} _ BaS | 100.
35 | trans-2-Butene 106.957 | 114473 478435 29 184} 405.56 -_ 2863 | (1.6} — —_— -_—
36 | Isobutene 106755 | 114271 | 47.7694] 28 685K 394.18 _ 2863 | (1.6 —_— — —_
> Pentene 133.465 | 142860 47.788 | 30852 35825 | 137461 [3579} 14 8.7 77 90.9
..2-Butaciene 104.118 | 109.755 | 47.504A! 31 210r) (449.6) | — 26.25 | (2.00 (12.) — —_—
3] 1.3-Butagiene 101917 | 102.555] 46.608M| 29 242n] (418.7) e 2625 | 20 ns —_ —_
40 | tsoorene 127.330 | 134846} 46408 | 31836 | (385.2) 1.425 36 334 ) 1.5) -— 81.0 99
a1 | Acetyiene $3.098 54978 —_— _— —_— —_— 1193 25 80. —_— —_—
42 | Benzene 134,055 | 139.692 | 41.843 | 36998 13.32 1.504 32 35.79 1.3 797 28 —_
43| Toluene 159.534 |167.050] 42.450 | 37 000 360.14 1149973 |az295| 1. 708 | o3| 58/
aa | Etnyibenzene 185555 | 194950 | 43014 | 37478 33498 149856 | 50.11 0.99f 6.7 | g79 ~08’
4S [ o-xylene 185.092 }194.487| 42900 | 37935 34€80 | 150795 |S0.11 1.4 64f (0o, _—
46 | m-Xylene 185.020 | 194.415| 42.891 | 37245 34247 1149980 |[S0M 1.4 6af | ogf| a0
47 | p-xviene 185050 {194 445| 42901 | 37122 33892 | 149839 |S0.11 1. 668 | <120 <34
a8 | Stvrene 180.290 | 187.806| 42213 | 3843 | 135123 | 154069 |47.72] 11 6.1 +Q2" [ >3
49 | 1500rcovibenzene 211,328 | 222.603] 4a3.410 | 3759 31225 [1.49400 |S7.27 | oOB8f 65f | 893 | «2.0f
50 | Metnyl atconot 28.601 | 32.360] 22.685 | 18057 | 107597 | 1.33028 716 | 67215 [ 3650 | —
S1 | Etny! aicono! 54 062 $9.699| 29.707 | 23513 B840.54 1.363 45 14.32 3.28(5i1 18.95 —_— —
52 { Carbon monoxde 11.959 11959 — -— 215.70 1.000 36 238 | 1290151 | 74.20 e —_
53} Carbon aioxde 0 0 — —_— $73.27" | 1.000 49 — — — —_— —_—
54 | Myarogen sulfide 21912 23.791 — —_— 548.01 1.000 61 7.16 4.30(5) 45 50 —_— —_
eS| Sultur dioxiae —_— —_— —_ 38774 1.000 62 — —— _— — —_—
+ | 56| Ammonia 17301 | 2012%| — — | 1366. 1.000 36 358 | 1550150 | 2700 | — —
57| A _ — —_ —_ 214, —_ — — —_ _
58 | Hvarogen 10230 | 1209 — —_ 4504 1.000 13 2.39 400(S)| 7420 | — _—
55! Oxygen — ] — —_— J— 213. 100027 | — e —_ — S
60| Nitrogen — —_— —_— — 204 1.000 28 -_— _— —_— — —_—
H 61| Chiorine — — — —_— 2880 1387 87 — — — — —
62| water o 1.879 0 2] 2257, 1.333 47 — —_— —_— — —_—
63| Henum —_— ] — —_— — — 1.00003 | = —_ _ — S
64 | Rvarogen chionide —_— — — S 435 100042 | — — _— — _—
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NOTES
Aur secursced liquid.
Abeotute values from werghts 1n vacuum.
The apparent vaiues from weight 1n atr are showa (o users’ con-
vemence and comphiance with ASTM-IP Petroieum Measurement
Tabirs. {n the United States and Great Batain, all commeraal
weights are required by law to be waighws in air. All other mass
dats are on an abeolutr mass (weicht 1n vacuum? besis.
At ssturstion pressure (tnple point).
Sublimaton point
The + stzn and number following sirnufy the ASTM octane num-
ber corresponding to that of 2.2 4-tnmethylpentane wath the indi-
cated number of cmd of TEL sdded per gal.
Determined at 100°C.
Saturauon pressure and 1$°C.
Apparent value at 15°C.
Aversge value [rom octane numbers of more then aone vampie
Reisuive deneity (specific gravity). 48.3°C °15°C (sublimation
potnt; sohid Crtlsiquid H~OL
Denasities of liquid at the botiing point.
Hest of sublimativn.
See Note 10.
Extrapolated to mom temperature from higher wmperature.
Crose catonfic vaiues shown for 1deal goa volumes are not direct
convernions of esch other waing only the gas volume per liquid
volume value showa herein. ¢ valuew differ hy the hest of
veporizauon to 1denl gae at 2R8.15 K.
Fized points on the 1968 Internannngi Pracucal Temperature
Scele (1PTS-A8).
Value for normal hvdrogen (25% para, 75% arthol. The velue for
equilibnum mixture of para and arthn 1 —0.218: however :n mnet
correiatione. 0 56 veed.
Densities ot the baihing posnt 1n kgs/md for: Ethane, 546 ¢ prm
pane. 541.0. propene. 504 8. hydrogen aullide. 960, suifur dionrde.
1462 ammontae. 5d1.6_ hydrogen chionde. {192
Caicuiated values.
Fetimaied values
Values are estimated uning “nd vinal coefficienta.

. Mnlecular mass (M) e based un the (allowing atomic weights C =

12010 H 2 1L00A: O = 1S Y945, N = 1407 N = 3206, Cl = 1S 451

. Bading potnt —the tempernture at ruihihnum between the iquid

4nd vapor pheses ac 101 V20 aFa (nne

Freeting point—1ihe tempernture al rquilihum between the crys-
talline pheae and the air anturnted hiquid ot 101 JZ50 & Pe (abui
All values far the density and medar valume of hawids reler to the
arr saturated liquid at 101 1M RPacabel excett when the brdinyg

g

10.

. Prizer acentnc {sctor w

pnnt e ives 1aA (VU 1o auch caves ine denaity and molar
drven Dne tAe bguad (R cuuiihAum with e vagmer al

The retative Jeamty 15°C e detined as sdiquerd 23T

water 5

The aenaity nf water af 153°C i loten ae 2 10 ke m !

The «pDarent 4PARIY IR aIF Jeenannin 2if! ia refated [n the denaits
N AACUNM B {Mead (R sRraUmMS By -~ s hepmas

IIMARG 1A AP T tMans 1A vACNURAT - Lot e e
piheaent - Lian

“Masm 10 air 1w the raun of Lrasvitational furce ua the abjec:
the Turce ol 8 <tARUArt Dedna weidit, wilh 30Lh VOICCLS tMMereed
L 114
The density of aie 4t 153°C and 101 325 kPaianer in toiten au
L22ae -t and the denmty uf Brans ss XTI kg-m ¢
The mular volume 1» reiated th density by

Vimvimol! ® —ameee -
sy ml
The temperature coetficient of Sensity is ceinted L0 the expanminn

curilicient by I o ) Ly oav .
cm—) = ] inunusof -1.°C
sV aT i P VNLT I p
IR T -
-= lolm\—’:)-l aT, ¥ =97
P s calculnted at T (rom same va Preseure €Quation used tn
caiculate vapnr pressure ot 40°C in Fig. 16-1.
The cnmperesattuiity (actoe af the real gae. 2 8 z PV
2 ——
RT
The denaity of an ideal gas relative Lo sir is M(gas)/ Miair).

The molecuiar mass of air1a taken as 28
The speaific volume of an «deal gas 1e RT

The volume reuo is Y (sdeal gaa)/V(liquid in vacuum)

. The specific heat camt{ of the ideal gas was calculated from

the constant pressure maiar hest capaciy reporied in the refer.
ences Oted. eve were calculated from the moiecuiar paruition
1 This que 10 independent of pressure. The spearilic
hest ug_-cmu of liquids sre denved from expenmental messure
ments. For liquids boiling below |S°C, the vaiues niven sre Co/ M,
where Cq 18 the molar heat capacity of the liquid under ssturaced
vapor pressure conditsona.

The heating velue is the negatve of the enthalpy of combustion
(= 3HZ) of a gas or liquid in ws scandurd swste at 15°C w0 rive
combustion products n their standard states, all ot 101.1250
kPa (she). For & compound where the formula 16 CaHmOKS; Nk,
the combustion reacuon is

CaHmONS;Nis. Lor ) »(n *"é -;1 + 02Ky - nCOUR) +
k
;-'H':O(l orl) « s Nyg) « SO
For the fross heating value, the weter produced by the combus-
uon is in the liquid form, and (o the net heating vailue, the water
« in the T8 stste.
The enthalpies of combustion at 1S°C were calculsted from those at
25°C. aa reported in the references cited. by
MEUseCy = .w:m:&:: = 101G}, where
3G =nCS(CO2.0) + 3 G H10.g0rh « (N2 1 + iSO 11

=~ G CaHmOnS, Ny s, Laeg) = (n 0? —g =G (02 ) a 28°C

AH(MI/mdy & 3K (MI/RE) 2(kk/ mI, vacuum).

The above equstions spply to the bustion of an. tunitially}
'Nne-d‘z" gas. The heac of combusuon of 1| m3 of en ideal gas.
setura with water vapor. 18

AHZ (2. 3601 (MI/mI) = 0.9RX22 AN (k) (MJI/mI)
The vapor presaure of water at 15°C 13 1.70 kPa (abal. The gqroes
hest of combhustion of | m- of gas. saturated with water vapor (or
which all of ihe warer is condensed W liquid in the final producta_ s
A tx. sau (MI/mY) = 0.98322 AN (M (MJ/mdt = 0.03NS

Thc"l‘\:‘al of vapanzetion of water o an ideal yas a2 15°C ia 44 43

The heat uf vaponzatuon s the enthalpy of the saturated vapor
st the boiling posnt at 101.325%) kPs (h081 minus the enthalpy of

' the hauid at the same condition.

The refrscuve index reporied refers to the liquid or gas and is
measured (or lirht of wavelength cory d o the »odi
D-line 1589.26 nm1.

. Air required for combuation of idesl gas (or compounds of formula

CoHmgONS Ny Vi a=tim =tk =
Vigas) 0.209%
COMMENTS

Unita—aell dimensional values are re:oﬂed wn S unita, which are

dentved (rom the following bessc unita:

mass—kilogram, ky

leagth—meter. m

tempersiure~=internstiunal Practical Tem [t Scsi.
19RK ({PTSAA), where 0°CC = 77015 K pevature i

Other derntved unita ere.

volume=-cubic meter, m
pressure—Pascnl. Pa(l Pa = Nvmdy

Phveicel conscants (ar molar valume = TL311AT = 0 000 31

e conaant, K # 1304 41 J24¢K - mald
33448 < 10-Imd - kPa (K mal)
LIRT 1S eali (R - mouly
LS 9R Beu TV R - 1b-maly

Connvervion factiors

temt = 1% 31467 A3 = 264 1720 gl

the = 2N4A2T 1D

Tkgemt s 0N 427510/ = 0.0UL ¢ -emt

TAP8 =001 hae = IR 2L » () atem =3 0 145037 T threnl

Latm = (01 059 kPr 7 1489898 (B/ins = TR Ther

1hd 2 O2WONS T kealithermachemicell = N 21K M45 9 kealt (T
2 ORI Ml

aee Rnamae, ¥ 1) “Fundamental Messurew and Conetnnts lir Science

and Technology” CRC Prewa Cleveiand. Ohin, 1974

x|

b

Comprary
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Critical temperatures FIG. &
Normal boiling point, *C
-200 -100 ) 0 100 200
400 EE T T TN T :
o Doto Source
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VAPOUR DENSITY

Vapour densities or molar volumes can be calculated from the equation:

v = ZRT
P
, p |psia | bara
f,=MW.P T | °*R | °K
ZRT
R | 10.73 | 0.08314
| ibs/ft3 | Kg/m3
Specific gravity of a gas = ﬂg .
MWair MWair = 28.967

LIQUID DENSITY

-

The density of a multi component mixture can be calculated using the summation of the

‘=~=ponent densities :

2% s iy ~;_l Wi = mass component

/)i = density component

liquid densities for hydrocarbon mixtures can be estimated using. Figures 10, 11 in this section.
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F16. 11
§50 — Relative density of petroleum fractions .
3 > 105
300 _:: Example: |
3 At 300°C (. I
3 an oil with rel. den. at 15°C L 100
E and 101.325 kPa(abs) of 0.86. and i
4303 Kw 11.0(D: [
. has a rel. den. of 0.636’ : 1.00
7 at 7500 kPa(abs)(©.
400 -] i - 0.95
5 ((Mean avg. B.P.. °C = 273.15) X 1.8}
] Kw = il den. at 15°C and 101.325 kPa(abs)
0.9
350 0.5
j -
}’ 300 0.90 '”
5 > "” 0.85
° ~ "/
a ~ ” | -
5 250 0.85 "/ é
) ”‘i 3
”" osc 3
¥ ]
. =

8

Lverons o b wssn Lo bevn s i iaa ot ss leta s

0.75

@
a

Relotive demity
o1 15° C and
101.323 LPolobs)

o
o

0.65

0.60

W
o

0.55

o

0.50
0.45
0.40

S

Adopted 1o Sl by GPSA from Rirer,
Lenoir, and Schweppe. Petroleum Rehiner. 1958
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VISCOSITY

UNITS :

| centipose =

Dvnamic viscosity

0.61 dyne.sec/cm2 =

L
0.000672 Ibm/it sec

Kinematic viscosity : | centistoke = 6.0l cm2/s = Dynamic viscosity
density
Other quoted units for kinematic viscosity are :
Saybolt universal Redwood Engler -

Saybolt furol
YVAPOUR VISCOSITY

. Use figure 12 in this section or

- S mowi/ Ma
£ 9/ ma;

Calculate using : i) Pl

ii) pmm =z A exp (Bs)

-5
Ave {Bbs002mw) T

(204 - 1qmw » T) 10"

1.6 + 486 4 o0l MW

T
C= 24 —O28
‘e Mw.P 5/“\3
T AT
LIQUID VYISCOSITY
Use Figure 13 in this section or : - 3

l(.s
Calculate using : i) S = Ex‘ (/“ ) ]

conversion charts are sited in literature

, M= mixture viscosity

"/u: = component viscosity

' Mwi = component mol.wt
4 = component mol.frac

accuracy + 3 %

—r ia -&
w T L k6o °F.
i3 £ P £ oopo pyia

R s 669-18

Xi = component mol.frac

The viscosity of crude oils with an API > 30 ° (sg = 0.88) can be estimated using :

iog/u= a - (0.035XAPD

C ] a
!
where - 38 | 2.05
54 ! 1.83
71 | .55
88 | 1.30
104 | 1.08

centipoise

Correlations for liquid viscosity possess a general reliability of +15%

“igcosity, centipoise

o

(@]

cenlipoi.

Viscosily,
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SPECIFIC HEATS
(HEAT CAPACITY) v
UNITS: BTU/LB °F 1 BTU/Ib °F = 4.19 KJ/Kg °C
KJ/KG °C 1 BTU/Ib °F = 1 cal/g °C
YAPOUR MIXTURES .
Use figs 18, 19 in this section -
Cp° is a fuction of temperature and can be calculated using”:
, Cp® = A +BT +«CT2
where A, B, C are constants dependant on system composition
and T is in °R (K)
Values of A, B, C are cited in Kern, or Perry.
Cp® can be corrected for pressure if Pr and Tr are known using Figure
K = ratio of specific heats £P this should also be corrected for pressure if required.
A4

LIQUID MIXTURES
Use Figure Zi
Calculate using

Cpl =
Cpl =

in this section or :

2.96 - 1.34 G + T (0.00620 - 0.002349)
0.68 - 0.31 G + T (0.00082 - 0.000319)

G = liquid specific gravity

(accuracy + 5 %)

KI/KG °C (T in°QC)
BTU/LB °F (T in °F)

CAMPBELL
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THERMAL CONDUCTIVITY

R

UNITS: BTU/LB °F I BTU/Ib °F = 1.488 Kcal/m.h.°C

VAPOUR MIXTURES

Use figs 22, 23 in this section

E

Low pressure thermal conductivities of pure gases and vapours can be estimated

using : .
249 )
k= e (g« B2 -
accuracy +8 % k -BTU/hr.ft°F ’ :
s - Ib/hr.ft
Cp- BTU/Ib °F
LIQUIDS

Use fig 24 in this section or :
Liquid hydrocarbon mixtures can be estimated using :

k= 0.0677 E-o.ooo3(r-32)J :
sg

accuracy » 12 % k -BTU/hr.ft°F
sg - specific gravity .78 <> .95
T -°*F 32<> 392

SOLIDS

See Perry of Kern for details of metals, earths and building materials.
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LATENT HEAT OF YVAPOURISATION

UNITS : BTU/LB 1 BTU/Ib = 0.5556 Kcal/Kg

Kcal/Kg
Use figures : 25, 26
Estimate using Troutons rule :
N = 21Ty cal/gmole
accuracy + 20 % Tb = boiling point °K

For relief valve calculations use 50 BTU/Ib if actual Lt.ht is not known.

Detailed estimation methods in Perry : pp 238

M
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SURFACE TENSIONS

UNITS : Dynes/cm 1 dyne/cm = 10-3 N/m
N/m

For surface tensions of paraffins use fig. 28

A

To estimate surface tensions for hydrocarbon liquids/gas use

.
P pete
6~ = |ImWw ' Tz

source : baker

accuracy : + 10 %

P = Parachor

18.07 + 2.946 MW for paraffins with MW < 100
278 + 2.35 (MW - 100) for paraffins with MW > 100

"

P liquid density 1b/ft3
/)V

vapour density Ib/ft3

For oil-gas mixtures can also use

o« (L1l - 0-0uF T —0.26% AM) . exp (~0vo0F

T = temperature in°F source: Beggs + Brill
P = pressure in psia

f)

TEP

©

~

b

<
>

WNfn

Surlaceten
{1y mN/fm =
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Physical properties of gas treating chemicals

Monosthanslomine  Disthanslomine Triethanolamine Diglycalamine®  Diisopropansluaming ;‘.hlol'”
. Dimethiytether ol
Formulo. ..o HOT ) H N, {HOC2H4)aNH {HOC M N H(OCaH4)2NIH) (HOC Hg )N polyeihylene glycol
Molecularmats .. ... o 61 08 105.14 148.19 105.14 133.19 280
Boiling point @ 101 I hPafubs), *C........... .. 170.5 269 360 {Decomposes) 221 249 270
Freening point, *C ... ... .. ... L0, 0.5 28 22.4 -12.5 4?2 289
Critical conslann
Presivre, kPa(obs).. ... ..o o L, 5985 7 2448 3772 3770 .
femperature, *C, ... ........ e 350 442 514 40) 109 .
Demity @ 20°C, hg/m? ..., 1018 1095 1124 1058 @ 15.8¢C 999 @ J0°C 1031 @ 25°C
Relonve density, 20°C/20°C ... ..., .. . 1.0179 1.0919 (30/20°C) 1.1258 1.0572 0989 @ 45/20°C _
Specific heat topacity, k3/{hg *C) @ 15.6°C ..,.. 2.5446 @ 20°C 2.312 2.901 2.39) 2.889 @ 10°C 2052 @ $+C
Thermal conductivity, J/{em?-*Clim) @ 20°C ... .. 0.258 0.220 — 0.209 - 0190 @ ¢5°C
Larent heot ol vaporiration, ki/hg ot kPo (ubi).,, 8246 @ 101.3 hPa 670 @ 9.73kPo 515 @ 101.34Pa 510 @ 101.3 WPo 430 @ (M) \Pa .-
Haot of teoction, ki/hg of ocid gas :
HaS -930 ~1568 — 442 @ 259C
CO o e e . -1445 -1977 — -372 @ 25+C
Viteosity, mPors .. ..o, . 24.1 @20°C 150 @ 20°C 1012 @ 20°C 40 @ 15.4°C 198 @ 45°C SBW25°C
(90 mass % sotunion) 195 mass X sulution) 86 @ 54°C
Relsactive indes, Hg, 20°C ............ e 1.4339 1.7778 1.4852 1.4598 1.4542 @ ¢3C
Flash point, COC, *C .. ... ... i innn, ?3 138 185 127 124 151
Ethylens &lr‘ol Oisthylanse Giycel Hriathylene Glycol Tetraethylens Glycol Su”o;;n;ﬁ’
Formulo ... e e HOC2H,.0H HO{C2H.O)H HO{C2HO)1H HO(CH,O) 4 Caith SO,y
Moalecular mast . o i et e 82.07 106.12 15017 194.22 120,17
Boiling point @ 101.34Pa(obs), *C ..y enrnn i, 197 2435 287 327 285
Freazing poiny, *C... ... ... ... ... e -1 -8 -1.2 . 6.2 * 27.8
Critical constants t
Praviuie, WPalabs) ... ... ... e 7496 4561 3304 1594 5290
Temperoture, *C .. ... .. e, e 172 408 442 a4 545
Doty @ 20°C, hg/m? ..., ...... e 113 1 123 1246 1263
Relotive demity, 20°C/20°C ... ... it in e, 1.1158 11184 1.1254 1.248 } 268
Specitic neot capacity, hJ/(hg-*C} @ 15.8°C............... .31 2.0 2.0460 2172 1.507 v 10°C
Thermal conductivity, §/{3m?:*C/m) @ 20°C ............. . 0.287 @ 15.4°C 0.2492 @ 15.8°C 0.24) @ 15.6°C - 0197 @2378°C
lotent heat ol voparization, ki/kg ot hPofabs) ... ......... 800 @ 101.3 %Po 540 @ 101 3 kPa 414 @ 101.3 \Po 374 @ 10} .3 4Po 325 @ 100°C
Viscosity, mPoss oo, e RN e 20.9 @ 20°C 35.7 @ 20°C 47.9@20°C 40 0 @ 20°C 103 @ 30«C
61 @ 350°C
25@ 100+C
1 4@ 150°C
097 @ 200°C
Relroctivainden, Ng, 20°C. ... oo ouu oo, 1.4316 ! 4472 1.4559 1.4595 | 481 @ 30°C
Floth point, COC, *C o oo 1é 14) 168 177 V77
NOTE: | mPa s = | cantipoire
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Thermal Canductivity of Air® l
Thermal Londictinin & Bru ' & he °F \
Pressurc. . Temp °F } !
e R e e L T S L T R M ey {
n_ DAL ATE gl 102 1878 1R 1355 3% 1 et
tas AL AT o 1S 1381 1300 1SR 153 jRT !
30 NAXS AT Avte test LIS 13IS daa3 1383 18T § - Co
1 AB<T DTS AT IMR3 L 1I9 1339 15T 1349 KeTh ! i
150 - AGT ONIR AL 1ATT 1210 1338 3R] 15THA 1om ~
on 1723 63524 0553 1) 1223 135) 1470 1SR4 1GAY 1 TAR 883 : h
250 9545 97T LIAT 1238 1383 1S 1331 1551 1ws ! ve P!
0 ORI Ay 11 1256 1377 faul tend 1ew )il 1w b
Fa) LT AT ST 5 1283 1305 1512 1620 1TI3 1813 W J
500 LIS 10RS 1095 1319 143 1333 1638 1730 13 1w !
o 115 135 138 146 135 186 T3S 1% I St
N0 120 13 13 150 138 168 1T 1% 1w f
500 127 L3 L% 13 1680 1D iTS 133 134 : .
) 138 13l U3 1% 163 1T 150 i 13T i
1N TH 1 133 S 139 165 iTs 182 191 18
"Compied bv P E. Lilev To aheatn acrual thermal-conductininy values divide the table values
by 100 For tadles wm S cruts Seaen 90° co 1300°K., L to (XKD hury, vee Vasterman. Kazasthunsun, !
end Rabinavich. “Thermopnvsical Praperties of A and vie Compunents.” Molbw, (Y56 and \BS-
NSF trans. TT 7050063, 1971, This sourte discusses present-dan accuracy
P
.-
VYiscosity of Air® .
Yiconn . b Sk rhe! x 1073 ] .
T = Specific Heat of Air at High Pr
Pressure. : Temp.. °F Calsg °C. g stsures .
b/sq . abs . ~100. =50 ' 0 . 30 ; 100 ' 150 | 200 - 250 !
! . - : Temo.. i tnambere
200 ;327 364, 395, 429 457498512 S45 *C. ] 19 X & ] Y 1%
400 - 339 373 406 436 463:485:519. 551 160 087 |T0D0 |00 | 6.2 | 0.5 | T !
600 'U354, 383 404, 443, 469, 494: 525 55 [d D8 202 82} 281 . .M .
300 372 395 422 450: 476,502, 53i.561 iyt~ Bl % & | m| :
1000 ;396 407 431 455, 484°510:538 567 i kS It - il B
: : . . : ' . . — —
1200 406 420 442 466, 492 516.5.H ST2 '
1.400 426, 435 454 4770 500 824 550 3577 .
1.800 . 447 435, 365 487 S06°5)1 S5 554 For the specific beats of other materiale as a functiog 1
1,600 470 473 48  500¢ 517 33y 56 5% of the pressure. sce “Internatiopal Critical Tables,* vol. )
2.000 P 510 495 497 510 327 547,570 597 5. pp. 82-83. Bee Figs. 3-11 aad 3-14¢.
2.500 605 532 536 836 s.nfsea‘s.st_sm 1
3.000 . 682 614 55T S5T0° 576591606 619 '
3500 - i82 676 625 606 606 612 625 643 .
4.000 . 835 T34 665 642 635 642 643 661
4500 T 910 T8l T09 676 665 669 671 682
S000 | 966- 549 TS5- TU6 699 099 697 70X - !
6.000 S1335, 966 539 790 TE6: T52 T43- T.60° ;
7.000 12685 1078 - 9.1V 561 . 826 803 <. $10 e
8000 145671194 1046 942 589 55 539 552 .
9.000 11609 1284 1505 10117 946 907 58 5% T
10.000 1770 1403 1155 1079 1010 965 937 917 5
*Compited bv P E Lilev For tahles 1 S1 umits from 30° lo’_:PJU“ k.. pHYSl
1 to 1000 bars. sce Vasserman Kazsvctunskn, and Ratunovich. “Themu- CA
phvsical Properties of Air and Air Component.” Mowow 1956 and L pROPERTIES QOF AIR \
NEBS-NSF tans. TT 0-50095. 1971. This source cootasns a cascusion of '
present accuracy ;
“
COMPOSITION OF TRE ATMOSPHERR
1
The composition of dry air is remnarkably constant all over the globe and through-
out the entire roposphere. The proportions by volume of the vanous components
are given below (after A. F. Paneth, 1939, 1952).
]
Substance ! % by volurpe 1 Substance i % by volume
o
N, 78-09 i CH, 20x 10
0, 20-95 Kr 1 xig™
Ar 093 H, s x10*
'a); 003 N,0 5 x10-*
! Ne 1-8x 10-? -y Xe 9 x10-¢
’ He $-2x 10— Ra 6 xI0-'*
"
“This vanes somwwhal ooar Wwns and ladunrial aress.
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