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Process Heat Transfer Notes
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PROCESS HEAT TRANSFER
1. Bases of Selection
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Flat-Plate Heat Exchanger
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Where
	U
	Overall heat transfer coefficient
	W/m2.K

	q
	Local heat flux
	W/m2

	x
	Wall thickness
	m

	(w
	Thermal conductivity of wall
	W/m.K

	R1
	Fouling resistances
	m2.K/W

	R2
	
	

	(1
	Film heat transfer coefficient
	W/m2.K

	(2
	
	


Tubular Heat Exchangers
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U and q referred to OUTER tube area, A:
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General Method for Heat Exchanger Area Calculation
Taking an incremental section dA:
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Where
	(T
	Local temperature difference
	K

	(Q
	Heat transferred in incremental area dA
	W


Thus:
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Special Solutions for Constant U and Constant Heat Capacities

Assumptions:
· Temperature uniform over any cross section of fluid streams

· Linear variation of T with Q. Thus, constant specific heat or isothermal condensation or boiling

· Constant U
· Negligible heat losses

· For shell & tube heat exchangers:

· Each baffle ??? << total Q (more than 5 baffles) 

· Equal heat transfer in each tube in a given tube pass

Pure Counter-Current Flow Heat Exchanger
Design equation:
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Mean Temperature Difference
Counter-Current Flow:
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Co-Current Flow:
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Temperature Difference Correlation Factor, F
Why?

· Thermal expansion & thermal stresses avoided

· Increased velocity of flow

Solution:
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Where
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The correlation factor for a two-pass shell and tube heat exchanger is expressed as:
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Where
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Where
	Mh
	Mass rate of flow of hot fluid
	kg/s

	Mc
	Mass rate of flow of cold fluid
	kg/s

	F
	Correlation factor
	-


ESDU Method – Effectiveness and NTU
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Where
	Qmax
	Maximum heat transfer achieved if outlet temperature of one stream reaches inlet temperature of other steam
	W


Hence:
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Define the Number of Transfer Units as:
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Define R:
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Therefore:
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ESDU charts plot E vs. NTU with R as parameter
Summary of Method:
· Calculate E (effectiveness)

· Calculate (MCp)h and (MCp)c
· Calculate R
· Estimate NTU for known E and R from chart

· Calculate Q/(T
The “C-values” Method - Basis

Define:

· Heat exchanger duty: Q (W)

· Mean temperature difference: (Tm (=F(TLM)

· Conventional cost approach: £/A

· “C-value” approach: £/(Q/(Tm)

Advantages:

· No need to calculate area (A) in doing quick cost comparison

· Avoids need to worry about definition of area

Method:
· Calculate E (effectiveness):
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· Calculate (MCp)h and (MCp)c
· Calculate R:
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· Estimate NTU for known E & R (from ESDU charts)

· Calculate Q/(T:
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Summary of Selection Procedure

· Select between feasible types on basis of pressure, temperature, fouling, corrosion, safety
· Calculate the relevant Q/(T values for each type

· Estimate C and cost for each type

· Compare cost

Note: the procedure is not very accurate so do not reject designs costing less than 1.5-2 times the cheapest design

2. Shell & Tube Heat Exchangers

Most Common Types of Shell & Tube H/E
BEM

· Cheapest type
· Problem: differential thermal expansion between tubes and shell

BEU

· Avoids differential expansion problem

· Two tube side passes only

AES

· Deals with thermal expansion

· Removable bundle

· Easily cleaned through hatch

BES
· Cheaper than AES for larger sizes
Baffle Arrangements – Segmental Baffles

· Increase velocity of liquid in the shell

· Hold long tubes in place

· Problem: presence of dead zones with no flow ( fouling

PICTURE
Kern Prediction Method

Heat transfer coefficient outside tubes ((o) – 25% baffle cut only

Note: no account taken of leakages




[image: image27.wmf]14

.

0

Pr

Re

55

.

0

3

1

36

.

0

Nu

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

÷

÷

ø

ö

ç

ç

è

æ

=

=

w

p

s

e

e

o

x

C

m

D

D

h

h

h

h

l

a

4

3

4

2

1

4

3

4

2

1

&


Where
	De
	Equivalent diameter
	m

	ms
	Shell-side mass flux at centre line
	kg/s

	(
	Fluid viscosity at bulk conditions
	N.s/m3

	(w
	Fluid viscosity at wall
	N.s/m3

	Cp
	Fluid specific heat capacity
	kJ/kg.K

	(
	Fluid thermal conductivity
	W/m.K


Bell-Delaware Method

Takes into account effects ignored in the Kern method:
· Leakage through gaps between tubes and baffles
· Bypassing of the flow around gap between tube bundle and shell

· Effect of baffle configuration

· Effect of adverse temperature gradient on heat transfer in laminar flow

For bundle with >10 rows of tubes
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Where
	Prb
	Prandtl number at bulk
	-

	Prm
	Prandtl number at wall
	-


Correction coefficients:
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Where
	JC
	Correction factor for baffle configuration
	-

	JL
	Correction factor for leakage
	-

	JB
	Correction factor for bypass
	-


Flow Stream Analysis Method – Banes Method
Flows through each route from A to B are such as to give the same pressure drop:
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3. Shell & Tube Condensers

Types of Shell & Tube Condensers
Vertical Reflux Condenser:
· Typical application: condensation of vapour boiled off from chemical reactor

· Good for venting

· Problem: flooding

· Chamfering end of tube helps ( increase velocity and capacity
Vertical Co-Current Downflow Type:

· Typical application: organic vapour condensation with low pressure drop
· Vertical orientation can be a problem

· Very flexible and efficient design

Horizontal Tube-Side Condenser:

· High pressure duties where horizontal orientation is required

· Do not use a 2 pass!

Vertical Shell-Side Type:

· Typical application: shell side of a vertical thermosyphon reboiler

· Problems:

· Shell-side venting

· Condensate removal

· Cleaning shell side

Horizontal Shell-Side Type

· Most common type of hydrocarbon condenser

· 2 passes

Types of Shell & Tube Condensers – Low (p Designs
X-Type (cross-flow):
· Venting difficult

· Modified shell required

· 4 passes

J-Type:

· Improved venting

· 4 passes

Rod Baffles:

· Minimise tube vibration
· Counter-current flow

· Low (p!!!

Shell-Side Heat Transfer

Gravity Driven Condensation:
Nusselt equation for single tube:
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Where
	(L
	Liquid thermal conductivity
	W/m.K

	hGL
	Latent heat of vaporisation
	kJ/kg

	(L
	Liquid density
	kg/m3

	D1
	Outside tube diameter
	m

	(L
	Liquid viscosity
	N.s/m3

	Tsat
	Saturation temperature
	K

	Tw
	Wall temperature
	K



The mean heat transfer coefficient is calculated as follows:
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Where
	n
	Number of tube rows
	-


Note: liquid fall reduces ( for lower tubes by thickening the liquid film

Shell-Side Flow Patterns:

[image: image33]
Shell-Side Heat Transfer

Relationships for Actual Flows

Revised Nusselt relationship:
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Relationship for staggered tube bundle:
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Forced Convection Heat Transfer

McNaught: analogous expression to that for condensation in tubes
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Where
	(sh
	“Shear controlled” condensation coefficient
	???

	(L
	Heat transfer coefficient for liquid flow alone
	W/m2.K

	Xtt
	Martinelli parameter
	-


And:
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Combined Shear & Gravity

McNaught:
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Grant & Osment equation for gravity controlled coefficient:
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Where
	((M)n
	Total condensate flow falling on nth row
	???

	Mn
	Condensate formed on nth row
	???

	m
	= 0.22 for square (in-line) bundles
	-

	
	= 0.13 for staggered bundles
	


Heat Transfer Resistances & Temperature Profiles
Overall heat transfer coefficient conventionally defined in terms of outer diameter (D1)


[image: image40]
Simplified Method for Multicomponent Condensers

Method based on condensation curves. Basic assumptions:

· Condensing/vapour cooling such that vapour phase temperature follows integral condensation curve (i.e. Tv = TE). Good approximation when Lewis no. (Le=Sc/Pr) (1

· All of heat released (including that from the liquid phase) may be assumed to pass from interface to coolant

SBG Method
Heat transfer rate (Q in increment dA of heat exchanger area dA given by:
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(1)
Where
	dQl
	Heat transfer by latent heat
	W

	dQL
	Heat transfer by cooling liquid
	W

	dQG
	Heat transfer by vapour
	W

	Ti
	Temperature at interface
	K

	Tc
	Coolant temperature
	K

	U’
	Overall heat transfer coefficient from coolant to interface
	W/m2.K


And:
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Where
	(2
	Coolant heat transfer coefficient
	W/m2.K

	x
	Wall thickness
	m

	(w
	Wall thermal conductivity
	W/m.K

	(f
	Film heat transfer coefficient
	W/m2.K


Sensible heat flux from vapour:
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(2)

Eliminating Ti from (1) and (2):
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(4)

Define parameter Z such that:




[image: image45.wmf]Q

d

Q

d

dA

Q

d

dA

Q

d

Z

G

G

&

&

&

&

=

=








(3)

Substituting (3) into (4):
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Total area given by:
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Note: Assume equilibrium conditions are always maintained

Limitations of the SBG Method:
· Deviations from equilibrium may occur in concentration and temperatures
· The vapour may be cooled more than down to its equilibrium temperature – i.e. “supercooled“ or “supersaturated” vapour ( fog formation

· Vapour may be cooled less than equilibrium ( “superheating”

4. Plate-Fin Heat Exchangers

Advantages:
· Highly compact – suitable for offshore, inside distillation columns, insulated cold boxes

· Very small minimum temperature difference ((1 (C compared to (10 (C for S&T)

· Possibility of multistream operation

Disadvantages:

· Limited temperature and pressure range (can be extended with stainless steel)
· Limited to clean fluids (no fouling)

· Somewhat delicate – care in installing

j-Factors for Commercial Fin Geometries
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Where
	m
	Mass flux
	kg/m2.s


For serrated fins:

· 
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for Re < 1500

· 
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for 1500 < Re < 6000

· 
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for Re > 6000

And:
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Friction Factors (f) for Commercial Fin Geometries
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Where
	L
	Length of exchanger
	m


For serrated fins:

· 
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And:
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Pressure Drop with Two-Phase Flow – Multiplier Method
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Where
	(L
	Pressure drop multiplier
	-

	(dp/dz)L
	Pressure drop for liquid phase flowing alone in channel
	???


Lockhart and Martinelli:
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