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Lecture 22

Instructor: Miao Yu

CE407 
SEPARATIONS
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• In the previous lecture we saw some methods for estimating 𝒌𝒙 and 𝒌𝒚 

• When it comes to packed towers there are some issues

• The geometry of the packing is not like the simpler cases where we have existing correlations

• 𝒂 is dependent on the flow rates, packing design, surface tension, viscosity, etc.

• Fortunately, there are correlations for 𝑯𝒙 and 𝑯𝒚 directly

𝑯𝒙 = 𝟎. 𝟗 𝒇𝒕
Τ𝑮𝒙 𝝁

ൗ𝟏𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝟎. 𝟖𝟗𝟏 𝒄𝑷

𝟎.𝟑
𝑺𝒄

𝟑𝟖𝟏

𝟎.𝟓
𝟏

𝒇𝒑

• This was arrived at by taking experimental data for O2 in water

• This system is dominated by liquid film resistance, so the experimental measurements are 

essentially that of transport through the liquid film versus the combination

• 𝑮𝒙 is mass velocity and must be the same units as appear in the correlation, ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

• Data correlated to show that 𝑯𝒙 ∝
𝑮𝒙

𝝁

𝟎.𝟑
𝑺𝒄

𝟎.𝟓

• A value of 0.9 feet corresponds to 𝑮𝒙= 1500 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

 , 𝝁 = 0.891 𝑐𝑃, 𝑺𝒄= 381, and 𝒇𝒑 = 1

Mass Transfer Correlations for Packed Towers
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• The correlation on the previous page was developed using water as the liquid – use 
caution when applying it to other liquids

• 𝒇𝒑 accounts for the type of packing used

• Be sure to use 𝒇𝒑 and not 𝑭𝒑

• 𝑭𝒑 is used in calculations of pressure drop

Mass Transfer Correlations for Packed Towers
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𝑯𝒚 = 𝟏. 𝟒 𝒇𝒕
𝑮𝒚

𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝟎.𝟑 𝟏𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝑮𝒙

𝟎.𝟒

𝑺𝒄

𝟎. 𝟔𝟔

𝟎.𝟓

𝟏

𝒇𝒑

• Correlation similarly derived for an air-ammonia-water system

• High solubility of ammonia in water leads to system being dominated by 

gas film resistance

• 𝑮𝒙 and 𝑮𝒚 are mass velocities and must be in the same units as appear in the 

correlation, ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

• Notice that 𝑮𝒚 appears in the 𝑯𝒚 correlation but not in the 𝑯𝒙 correlation

• This is because gas flow rates are specified to avoid flooding in the tower 

and therefore are usually in a set range for a given liquid flow

Mass Transfer Correlations for Packed Towers
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• Use arithmetic averages of mass velocities at the top and bottom of the tower

𝑮𝒙 =
𝑮𝒙 𝒂 + 𝑮𝒙 𝒃

𝟐

𝑮𝒚 =
𝑮𝒚 𝒂

+ 𝑮𝒚 𝒃

𝟐

Mass Transfer Correlations for Packed Towers
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𝑯𝑶𝒚 = 𝑯𝒚 +
𝒎

Τ𝑳 𝑽
𝑯𝒙

𝑯𝑶𝒙 = 𝑯𝒙 +
ൗ𝑳

𝑽
𝒎

𝑯𝒚

• 𝒚𝒊 = 𝒎𝒙𝒊

• L and V are molar flow rates

Overall Mass Transfer Coefficients
Overall Heights of Transfer Units:
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• 720 mol/hr stream of toluene contaminated oil (95 mole percent oil, 5 mole percent toluene) is to be 

cleaned by countercurrent contact with air in a stripping tower operating at 25 C and atmospheric 

temperature.

• Tower is packed with 1” plastic Pall rings

• Exiting liquid must have a toluene mole fraction equal to no more than 0.001

• Entering air is pure and is at 1.078 times the minimum.

• The tower diameter is 17”

• Under the proposed operating conditions 𝐻𝑥 = 1.0 𝑓𝑡

• Toluene will follow Raoult’s Law and has a vapor pressure of 0.0380 atm

• The oil has MW = 170, 𝜌 = 0.730
𝑔𝑚

𝑐𝑚3, 𝜇 = 0.86 𝑐𝑃

• Due to low toluene mole fractions the physical properties may be approximated as those of pure oil

• Using 𝑯𝑶𝒚 and 𝑵𝑶𝒚, determine the required Packed Height

• Use the “Usual Assumptions”

Packed Tower HTU Example – problem statement
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𝑯𝒚 = 𝟏. 𝟒 𝒇𝒕
𝑮𝒚

𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝟎.𝟑 𝟏𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝑮𝒙

𝟎.𝟒

𝑺𝒄

𝟎. 𝟔𝟔

𝟎.𝟓

𝟏

𝒇𝒑

𝑯𝑶𝒚 = 𝑯𝒚 +
𝒎

Τ𝑳 𝑽
𝑯𝒙

𝑵𝑶𝒚 =
𝒚𝒃 − 𝒚𝒂

𝒚 − 𝒚∗
𝒍𝒎

 𝒚 − 𝒚∗
𝒍𝒎 =

𝒚 − 𝒚∗
𝒂 − 𝒚 − 𝒚∗

𝒃

𝐥𝐧
𝒚 − 𝒚∗

𝒂

𝒚 − 𝒚∗
𝒃

𝒁𝒕 = 𝑯𝑶𝒚 ∗ 𝑵𝑶𝒚
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• 1 hour basis

Packed Tower HTU Example – Preliminary calculations

a

b
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• Due to the dilute nature and the fact that this is a stripping operation, minimum air can be calculated with the 

assumption that

• Actual Air Flow 

Packed Tower HTU Example – minimum and actual air flow
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Packed Tower HTU Example -Mass rates and Mass Fluxes
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APPENDIX 18 Diffusivities and Schmidt Numbers of 

Gases in Air (25 oC and 1 atm)
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𝑯𝒚 = 𝟏. 𝟒 𝒇𝒕
𝑮𝒚

𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝟎.𝟑 𝟏𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝑮𝒙

𝟎.𝟒

𝑺𝒄

𝟎. 𝟔𝟔

𝟎.𝟓

𝟏

𝒇𝒑

𝑯𝒚 = 𝟏. 𝟒 𝒇𝒕
809

𝑙𝑏𝑚

𝑓𝑡2ℎ𝑟

𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝟎.𝟑

𝟏𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

165
𝑙𝑏𝑚

𝑓𝑡2ℎ𝑟

𝟎.𝟒

𝟏. 𝟖𝟔

𝟎. 𝟔𝟔

𝟎.𝟓

𝟏

𝟏. 𝟑𝟔
= 𝟒. 𝟖 𝒇𝒕

𝑯𝒙 = 𝟏. 𝟎 𝒇𝒕 given in problem statement

Mass Transfer Coefficients
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𝑯𝑶𝒚 = 𝑯𝒚 +
𝒎

Τ𝑳 𝑽
𝑯𝒙  where   𝒚𝒊 = 𝒎𝒙𝒊

Overall Mass Transfer Coefficient
Overall Height of Transfer Unit
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𝑵𝑶𝒚 =
𝒚𝒃 − 𝒚𝒂

𝒚 − 𝒚∗
𝒍𝒎

𝒚 − 𝒚∗
𝒍𝒎 =

𝒚 − 𝒚∗
𝒂 − 𝒚 − 𝒚∗

𝒃

𝐥𝐧
𝒚 − 𝒚∗

𝒂

𝒚 − 𝒚∗
𝒃

Number of Transfer Units
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𝒚 − 𝒚∗
𝒍𝒎 =

𝒚 − 𝒚∗
𝒂 − 𝒚 − 𝒚∗

𝒃

𝐥𝐧
𝒚 − 𝒚∗

𝒂

𝒚 − 𝒚∗
𝒃

Number of Transfer Units and Packed Height
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• 1 hour basis

• 𝑥𝑏 = 0.001 =
𝐿𝑡𝑜𝑙 𝑏

𝐿𝑡𝑜𝑙 𝑏+684
→ 𝐿𝑡𝑜𝑙 𝑏 = 0.685 mol

Packed Tower HTU Example – Preliminary calculations

a

b

La = 720 mol

xa = 0.05

Lc = 0.95 * 720 = 684 mol oil

(Ltol)a = 0.05 * 720 = 36 mol tol

Lc =  684 mol oil

xb = 0.001
𝑉𝑏 = 𝑉𝑐 =?

𝑦𝑏 = 0

𝑉𝑐 = 𝑠𝑎𝑚𝑒 

𝑉𝑡𝑜𝑙 𝑎 = 36 − 0.685 = 35.315 𝑚𝑜𝑙 
ya = ?
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• Due to the dilute nature and the fact that this is a stripping operation, minimum air can be calculated with the 

assumption that

𝑦𝑎 𝑚𝑖𝑛 = 𝑦∗ 𝑥𝑎 =
𝑃𝑡𝑜𝑙

𝑠𝑎𝑡

𝑃
 𝑥𝑎

𝑦𝑎 𝑚𝑖𝑛 = 𝑦∗ 𝑥𝑎 =
0.038 𝑎𝑡𝑚

1 𝑎𝑡𝑚
 0.05 = 0.0019

𝑦𝑎 𝑚𝑖𝑛 = 0.0019 =
𝑉𝑡𝑜𝑙 𝑎

𝑉𝑡𝑜𝑙 𝑎 + 𝑉𝑐 𝑚𝑖𝑛
=

35.315

35.315 + 𝑉𝑐 𝑚𝑖𝑛
→ 𝑉𝑐 𝑚𝑖𝑛 = 18551.527 mol

• Actual Air Flow 𝑉𝑐 = 1.078 ∗ 𝑉𝑐 𝑚𝑖𝑛 = 19998.546 𝑚𝑜𝑙 ≈ 20000 𝑚𝑜𝑙

𝑦𝑎 =
𝑉𝑡𝑜𝑙 𝑎

𝑉𝑡𝑜𝑙 𝑎 + 𝑉𝑐
=

35.315

35.315 + 20,000
= 0.001763

Packed Tower HTU Example – minimum and actual air flow
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• 𝑆𝐺𝑥 𝑎 = 684
𝑚𝑜𝑙 𝑜𝑖𝑙

ℎ𝑟
∗ 170

𝑔

𝑚𝑜𝑙 𝑜𝑖𝑙
+ 36

𝑚𝑜𝑙 𝑡𝑜𝑙

ℎ𝑟
∗ 92.14

𝑔

𝑚𝑜𝑙 𝑡𝑜𝑙
 ∗

1 𝑙𝑏𝑚

453.6 𝑔
= 263.7

𝑙𝑏𝑚

ℎ𝑟

• 𝑆𝐺𝑦 𝑎
= 20,000

𝑚𝑜𝑙 𝑎𝑖𝑟

ℎ𝑟
∗ 28.84

𝑔

𝑚𝑜𝑙 𝑎𝑖𝑟
+ 35.315

𝑚𝑜𝑙 𝑡𝑜𝑙

ℎ𝑟
∗ 92.14

𝑔

𝑚𝑜𝑙 𝑡𝑜𝑙
 ∗

1 𝑙𝑏𝑚

453.6 𝑔
= 1279

𝑙𝑏𝑚

ℎ𝑟

• 𝑆𝐺𝑥 𝑏 = 684
𝑚𝑜𝑙 𝑜𝑖𝑙

ℎ𝑟
∗ 170

𝑔

𝑚𝑜𝑙 𝑜𝑖𝑙
+ 0.685

𝑚𝑜𝑙 𝑡𝑜𝑙

ℎ𝑟
∗ 92.14

𝑔

𝑚𝑜𝑙 𝑡𝑜𝑙
 ∗

1 𝑙𝑏𝑚

453.6 𝑔
= 256.5

𝑙𝑏𝑚

ℎ𝑟

• 𝑆𝐺𝑦 𝑏
= 20,000

𝑚𝑜𝑙 𝑎𝑖𝑟

ℎ𝑟
∗ 28.84

𝑔

𝑚𝑜𝑙 𝑎𝑖𝑟
 ∗

1 𝑙𝑏𝑚

453.6 𝑔
= 1272

𝑙𝑏𝑚

ℎ𝑟

• 𝑆𝐺𝑥 = 𝑎𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑚𝑒𝑎𝑛 of liquid flow at a and b = 260.1
𝑙𝑏𝑚

ℎ𝑟

• 𝑆𝐺𝑦 = 𝑎𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑚𝑒𝑎𝑛 of vapor flow at a and b = 1275.5
𝑙𝑏𝑚

ℎ𝑟

• S = Superficial Cross-sectional area = 
𝜋 𝐷2

4
=

𝜋 Τ17
12

2

4
= 1.576 𝑓𝑡2

• 𝐺𝑥 =
𝑆𝐺𝑥

𝑆
=

260.1
𝑙𝑏𝑚
ℎ𝑟

1.576 𝑓𝑡2 = 165
𝑙𝑏𝑚

𝑓𝑡2ℎ𝑟
   Liquid Mass Flux

• 𝐺𝑦 =
𝑆𝐺𝑦

𝑆
=

1275.5
𝑙𝑏𝑚
ℎ𝑟

1.576 𝑓𝑡2 = 809
𝑙𝑏𝑚

𝑓𝑡2ℎ𝑟
   Vapor Mass Flux

Packed Tower HTU Example -Mass rates and Mass Fluxes
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APPENDIX 18
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𝑯𝒚 = 𝟏. 𝟒 𝒇𝒕
𝑮𝒚

𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝟎.𝟑 𝟏𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝑮𝒙

𝟎.𝟒

𝑺𝒄

𝟎. 𝟔𝟔

𝟎.𝟓

𝟏

𝒇𝒑

𝑯𝒚 = 𝟏. 𝟒 𝒇𝒕
809

𝑙𝑏𝑚

𝑓𝑡2ℎ𝑟

𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

𝟎.𝟑

𝟏𝟓𝟎𝟎 ൗ𝒍𝒃
𝒇𝒕𝟐 𝒉𝒓

165
𝑙𝑏𝑚

𝑓𝑡2ℎ𝑟

𝟎.𝟒

𝟏. 𝟖𝟔

𝟎. 𝟔𝟔

𝟎.𝟓

𝟏

𝟏. 𝟑𝟔
= 𝟒. 𝟖 𝒇𝒕

𝑯𝒙 = 𝟏. 𝟎 𝒇𝒕 given in problem statement

Mass Transfer Coefficients
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𝑯𝑶𝒚 = 𝑯𝒚 +
𝒎

Τ𝑳 𝑽
𝑯𝒙  where   𝒚𝒊 = 𝒎𝒙𝒊

• Τ𝑳 𝑽 =
𝟕𝟐𝟎

𝟐𝟎,𝟎𝟑𝟓
= 𝟎. 𝟎𝟑𝟓𝟗 at a

• Τ𝑳 𝑽 =
𝟔𝟖𝟒

𝟐𝟎,𝟎𝟎𝟎
= 𝟎. 𝟎𝟑𝟒𝟐 at b

• Τ𝑳 𝑽 = 𝟎. 𝟎𝟑𝟓𝟏 average

• 𝒎 = 𝟎. 𝟎𝟑𝟖𝟒  vapor pressure of toluene

𝑯𝑶𝒚 = 𝟒. 𝟖 𝒇𝒕 +
𝟎. 𝟎𝟑𝟖𝟒

𝟎. 𝟎𝟑51 
∗ 𝟏. 𝟎 𝒇𝒕 = 𝟓. 𝟗 𝒇𝒕

Overall Mass Transfer Coefficient
Overall Height of Transfer Unit
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𝑵𝑶𝒚 =
𝒚𝒃 − 𝒚𝒂

𝒚 − 𝒚∗
𝒍𝒎

𝒚 − 𝒚∗
𝒍𝒎 =

𝒚 − 𝒚∗
𝒂 − 𝒚 − 𝒚∗

𝒃

𝐥𝐧
𝒚 − 𝒚∗

𝒂

𝒚 − 𝒚∗
𝒃

• 𝒚𝒂 = 𝟎. 𝟎𝟎𝟏𝟕𝟔𝟑

• 𝒚𝒃 = 𝟎

• 𝒚𝒂
∗ = 𝒎 ∗ 𝒙𝒂 = 𝟎. 𝟎𝟑𝟖 ∗ 𝟎. 𝟎𝟓 = 𝟎. 𝟎𝟎𝟏𝟗

• 𝒚𝒃
∗ = 𝒎 ∗ 𝒙𝒃 = 𝟎. 𝟎𝟑𝟖 ∗ 𝟎. 𝟎𝟎𝟏 = 𝟎. 𝟎𝟎𝟎𝟎𝟑𝟖

• 𝒚𝒂 − 𝒚𝒂
∗ = 𝟎. 𝟎𝟎𝟏𝟕𝟔𝟑 − 𝟎. 𝟎𝟎𝟏𝟗 = −𝟎. 𝟎𝟎𝟎𝟏𝟑𝟕

• 𝒚𝒃 − 𝒚𝒃
∗ = 𝟎 − 𝟎. 𝟎𝟎𝟎𝟎𝟑𝟖 = −𝟎. 𝟎𝟎𝟎𝟎𝟑𝟖

Number of Transfer Units
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𝒚 − 𝒚∗
𝒍𝒎 =

𝒚 − 𝒚∗
𝒂 − 𝒚 − 𝒚∗

𝒃

𝐥𝐧
𝒚 − 𝒚∗

𝒂

𝒚 − 𝒚∗
𝒃

𝒚 − 𝒚∗
𝒍𝒎 =

−𝟎. 𝟎𝟎𝟎𝟏𝟑𝟕 − −𝟎. 𝟎𝟎𝟎𝟎𝟑𝟖

𝐥𝐧
−𝟎. 𝟎𝟎𝟎𝟏𝟑𝟕
−𝟎. 𝟎𝟎𝟎𝟎𝟑𝟖

= −𝟕. 𝟕𝟐 ∗ 𝟏𝟎−𝟓

𝑵𝑶𝒚 =
𝒚𝒃 − 𝒚𝒂

𝒚 − 𝒚∗
𝒍𝒎

=
𝟎 − 𝟎. 𝟎𝟎𝟏𝟕𝟔𝟑

−𝟕. 𝟕𝟐 ∗ 𝟏𝟎−𝟓
= 𝟐𝟐. 𝟖𝟒

• 𝒁𝒕 = 𝑯𝑶𝒚 ∗ 𝑵𝑶𝒚 = 𝟓. 𝟗 𝒇𝒕 ∗ 𝟐𝟐. 𝟖𝟒 = 𝟏𝟑𝟓 𝒇𝒕 𝒑𝒂𝒄𝒌𝒆𝒅 𝒉𝒆𝒊𝒈𝒉𝒕

Number of Transfer Units and Packed Height
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