Heat Transfer Fundamentals
& Equipment (Supplemental

Chapter 9)

Topics

Fundamentals of heat transfer
& exchange
= Heat transfer across boundaries
Conduction
Convection
Radiation

= Coupled with internal energy
changes

Sensible heat effects
Phase change
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Equipment — heat exchangers

= Combines information about fluid
flow & heat transfer across
internal boundaries
= Considerations
When do | need to know the
specifics of the heat exchange
configuration?
How is the heat transfer area
related to the outlet
temperatures?

What is the difference
between in-tank heat
exchange & an external heat
exchanger?
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Heat Transfer — Modes of heat transfer

Conduction
* Flow of heat through material with no bulk movement of the material itself

= Usually thought of through solid, but can also be through a stagnant fluid

® In general r
o
q=—kVT and g(pl:l) =-V-(kVT) /
ot

* Integrated steady-state version for flat sold:

9 =k Thot ~ T x
A Ax

= ... through a circular pipe:

Q 2n

S (T, -T

1 In(DQ/D,) ( hot co/d)

QzBlkThoi_Tco!d /

A D, Ax e
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Heat Transfer — Modes of heat transfer

Convection

= Equation of change for internal energy — includes convective effect

S 00)=—(5-008)~(v-3) (v %) (- ¥¥)

* Include terms for...
 Convective transport
* Conductive energy transfer
> Reversible energy transformation from
compression effects
* Irreversible energy transformation from
viscous effects

0000
AR
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Heat Transfer — Modes of heat transfer

Boundary conditions to relate flow of heat to/from fluid from the heat transfer

surface

Convection

* Flow of heat associated with fluid movement 7

— natural & forced convection

-T

cold )

g SN
g W
g SN

Q
= =h(T,
=l

hot

® Heat transferred via electromagnetic
radiation

% = SG(T;.:; - Tc:ld)

= [80(1;20» + Tcild)(.’;-:oi + T:old):|(Thor - Tcold) %
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Heat Exchangers — Some Basics
Focus is on the system to have heat flow from the hot fluid(s) to the cold fluid(s)
usually without direct contact
= Use bulk flow parameters to relate the heat conduction across the flow barrier to the change in
energy of the hot & cold fluids
= Account for the series of resistances to heat transfer between the hot & cold fluids
Heat exchangers
* Heat to & from flowing fluids through impermeable barrier(s)
= Driving force for heat through barriers is the temperature difference between the
two fluids on opposite sides of the barrier
= Relate the heat effects in the flowing fluids to the change in enthalpy
Often this can be related to the difference in the inlet & outlet temperatures for
the fluids
Q, =, (I:IH,,," - AH,ou,) = Q,= mHéle (TH,;,. - TH,W,) for constant épy,_,
Q. = (Flclw - ﬁC,in) = Q.= n'wCép,C (TCIM - Tc’l.") for constant ép,c
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Heat Exchangers — Some Basics

Tin Thou

= Relate the heat across > Tulx) >
the barriertothe [T T

. B — Te(x) [————
temperature difference _ -
across the barrier > X
d(Q/t)
dX = U (7;" - T‘) = Q = (UA)[T" - TC]AREAAVERAGED

® |t can be shown that for many typical configurations the AREA AVERAGED
temperature difference is the LMTD (Log Mean Temperature Difference)

ey T (TH,O - Tc,o) - (TH,] - TC,])

Q=(UA)(AT),, where (AT), =
|n[ TH,O - Tc,o
TH,] - TC,]
Updated: November 13, 2017 COLORADO MINES 7
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Heat Exchangers — Some Basics

LMTD is a prescribed calculation — calculating the LMTD from the
procedure is always correct.

(AT), - (A1),
A

LMTD is appropriate for use as the area averaged temperature
difference when temperature vs. heat released /absorbed is
straight line

LMTD =

" 1-1 co-current & counter-current flow and ...
= Both hot & cold sides have a constant heat or ...

= Only pure component phase change on one side or the other (no subcooling
or superheating)

Updated: November 13, 2017 COLORADO MINES 8
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Heat Exchangers — Some Basics

Heat exchanger configurations — Co-Current vs. Counter-Current vs. Cross-Current
flows

= Counter-current flow allows the outlet temperatures to approach more closely to the
inlet temperature of the other fluid

= Cross-current flow is complicated & requires knowledge of the actual flow patterns

Heat exchangers — Industrial Heat Exchangers

* Industrial heat exchangers have a combination of heat transfer through multiple
barriers and a combination of counter-current & co-current flow

LMTD must be “corrected” to give the actual area-averaged temperature
difference (i.e., driving force)

Updated: November 13, 2017
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Heat Exchanger — Example 1

Given the heat exchanger configuration shown

Determine duty & unknown temperature if...
= counter-current flow

= co-current flow

These values do not depend on the flow configuration

Duty from the cold side...
~ Feed
Q=mC, . (TC,cun‘ - Tc,;,.) 5127 ke/h

1kcal/kg: °C
=(5127)(1)(50-20) =153,810 keal/h

20°C
Hot side outlet temperature to close energy balance...

2

Heat Medium

. . Q 4749 kg/h
Q= mHCp,H (TH,cuP - TH,r'n) = TH,our =" C + TH,r'rv OIN;C:JT)‘“/? ¢
H>p,H
-153810
=————+100=61.9°C
(4749)(0.8)
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John Jechura (jiechura@mines.edu) EARTH @« ENERGY # ENVIRONMENT

11/13/2017



Heat Exchanger — Example 2

Given the heat exchanger configuration shown

Determine
= LMTD if counter-current flow

= LMTD if co-current flow

Counter-current flow

61.9°C

LMTD =

100-50)—(61.9-

( 00 50) (6] 9 20) :45,8“(: 51;:ek:/h
| { (] 00 _ 50) i| 1keal/kg °C
n~— "/

20°C
(61.9-20)

Co-current flow

Heat Medium

4749 kg/h
0.8 keal/kg-°C
100°C
(100-20)—(61.9-50)
LMTD = =357°C

| (100-20)

n|l>~—— """/

(61.9-50)
Updated: November 13, 2017 COLORADO MINES
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Heat Exchangers — Complicated Flow

Many industrial heat exchangers have complicated flow paths consisting of
multiple shell & tube passes

The area-averaged temperature difference has needs to include configuration
information

= For example, a 1-2 (1 shell & 2 tube passes) exchanger combines both counter & co-
current flow

The fluid in the shell pass transfers heat separately to the two tube banks

R 1-2 Co & Counter-Flow
T4 |
_
G -
——
e t
—> —
JTa
e
Ref: GPSA Data Book, 13™ ed.
Updated: November 13, 2017 COLORADO MINES
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Heat Exchangers — Complicated Flow

= 1-2 exchanger calculations require a configuration correction to relate the
area-averaged temperature difference to the LMTD

= Base the LMTD on counter-current flow & apply correction to this

R 1| =P
o 1—RP
=
2—P(R+1—\/R2+1)
(R=1)In| ——————=
2—P(R+]+\/R2+1)

Ref: Kern, Process Heat Transfer, McGraw-Hill, 1965

FIG.9-4
LMTD Correction Factor (1 shell passes; 2 or more tube passes)

F1 LMTD Correction Factor

i

62 03 04 o3 o 07 o
P = temperature efficiency

. ALIITD Correction Factor w
[ — R B 20rmore tube passes "= Ref: GPSA Data Book, 13" ed.
T—h

| et poTTe CMTD= (LMTD)F)
T | hew b

Updated: November 13, 2017 COLORADOSCH ~MINES
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Heat Exchanger — Example 2

Given the heat exchanger configuration shown as a 1-2 shell & tube exchanger

Determine
= Corrected LMTD if hot stream on the shell side
= Corrected LMTD if cold stream on the shell side

For both cases, LMTD for pure counter-current flow

61.9°C

(100-50)-(61.9-20)

Feed
LMTD = =45.8°C 5127 kg
(100-50) kel ¢ .
In Yy YY) 20°C 50°C
(61.9-20)
Heat Medium
4749 kg/h
0.8 keal/kg-°C
100°C

Updated: November 13, 2017 COLORADO H “MINES
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Heat Exchanger — Example 2

Hot stream on the shell side FIG.9-4
LMTD Correction Factor (1 shell passes; 2 or more tube passes)
e R
t, —t -2 e i ] T
p=2 1:M:o,au S ‘Eﬁc
T, 100-20 e = i i
g H
gl _100-619 i
t,—t,  50-20 g
8
=
5
s
R +1 |n[]]_RPP}
F= - =0.901 -

¥ i
2—P(R+]—~/R2+]) } _J Pi‘wmpera:njmamﬁ:r:w Y

e N |— ™ LMTD Correction Factor
2—P(R+1+\/R2+1) [E::Q 1 shell pass Zermorembepassosm
— " to-1, Ty- -
L.- } . i‘Ta P=T: -‘1‘ R= ‘2‘:‘! CMTD = (LMTD)(F1)

Ref: GPSA Data Book, 13" ed.

(R=1)In

CMTD = F-LMTD = (0.901)(45.8) = 41.3°C

Updated: November 13, 2017 COLORADO=CHOOLOFMINES 15
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Heat Exchanger — Example 2

Cold stream on the shell side FIG.9-4
LMTD Correction Factor (1 shell passes; 2 or more tube passes)
b Sssssssazazsl
t,—t 1.9-1 1 :f H H
p=lh 197100 4 7 i S ;
T—t  20-100 o
3
T-T, 20- £
p=htl_ 20230 45, 50
t,—t, 61.9-100 g
8
=
5
s
R +1 In[]] _RPP}
F= - =0.901 -

i i
2—P(R+l—«/R2+l) ) ) Pi‘wmpem:reammnw

R-N)ln| ——F/————= 3 on
( ) " 2—P(R+1+ /R? +~|) |— T[E:,e 1 shell pass Wﬂﬁﬂxmo:ﬂmpmm‘
L I, N P=_‘[z:"1 . 1::; CMTD = (LMTD)(F1)

Ref: GPSA Data Book, 13" ed.

CMTD = F-LMTD = (0.901)(45.8) = 41.3°C
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Heat Transfer — What if there is pure component

phase change?

If there is only phase change then the LMTD is still the appropriate area-

averaged temperature difference

= |f there is superheating and/or subcooling the situation is more complicated

For a pure component only with phase change ...

® The temperature will remain constant

= The heat released/absorbed will be related to the enthalpy of phase change at the

exchanger conditions (pressure & temperature)

Q, =, (AA,,,)

= Since the temperature vs. heat released/absorbed curve is a straight line then the
LMTD is appropriate for the area-averaged temperature difference

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)
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Heat Exchanger — Example 3

This time provide the heat by condensing saturated 50 psig steam (4.46 bar-a,

147.6°C/297.7°F, AH,,, = 506.63 keal /kg)
Determine duty, steam flowrate, & LMTD

Duty from the cold side...

Q= mccp,c (TC,ouf -T )

C,in

=(5127)(1)(50-20)=153,810 keal /h

Hot side outlet temperature to close energy balance...

_Q
AH,,
153810

506.63

Q=m,AH,,, = m,

=303.5 kg/h

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)

147.6°C
Feed
5127 kg/h
1 keal/kg: °C
20°C

Heat Medium
SatSteam
222 kg/h

506.63 kcal/kg

147.6°C

COLORADO MINES s
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Heat Exchanger — Example 3

LMTD?

= Since the steam has a constant temperature it does not matter whether it is
consider co-current or counter-current

(147.6-50)—(147.6—20)

In{(um—so)}

LMTD = =111.9°C

(147.6-20)

147.6°C
Feed
5127 kg/h
1 keal/kg: °C
20°C

Heat Medium
SatSteam
222 kg/h

506.63 keal/kg

147.6°C

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)
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Heat Transfer — What if there are coils in a well-
mixed tank?

An ideal well-mixed tank has then same temperature at any point
in the tank — it is the same as the outlet temperature from the tank

The outside of the coils will experience this single temperature

Since the temperature is constant it will lead to the applicability of
the LMTD as the area-averaged temperature difference

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)
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Heat Exchanger — Example 4

Given the heat coil configuration in a well mixed tank

Determine LMTD

= The outside of the coils experience a single temperature, that of the outlet

(100-50)-(61.9-50)

LMTD = =26.5°C
| (100-50)
n~— "7/
(61.9-50)
Feed
5127 kg/h
1 keal/kg: °C
20°C
— | 50°C
—
HHHH 4
619°C
Heat Medium
4749 kg/h
0.75 keal/kg-"C
100°C
Updated: November 13, 2017 COLORADO MINES 21
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Heat Transfer — Some Basics

Thermal resistances are added when in series
= Can be combined into an overall heat transfer coefficient

= Across a flat plate (i.e., constant cross sectional area)

11 L
r_r b
U h k h

®= For radial heat transfer (e.g., through the wall of a tube) must also take into
account the change in area with respect to radius

Overall heat transfer coefficient must also be related to a reference area
or diameter

1 1 L 1

L ..t
Uvo hr'Ai kAave ho Ao
1 1A LA 1 1D, 2D D 1
—=——t 2t —=——2t—2n| = |+ —
U hA kA, h hD k D) h
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Typical Film Coefficients

TABLE 9.2  Individual Heat Transfer Coefficients

Range of values of I

Process Wm™°C™" (Btu h™" £ °F")
Forced convection

Heating or cooling air 10-500 2-100
Heating or cooling water 100-20,000 204000
Heating or cooling oil 602000 10400
Boiling water flowing

In a tube 5000—100,000 880—17,600
In a tank 2500-35,000 440-6200
Condensing steam, 1 atm

On vertical surfaces 4000-11,300 7002000
QOutside horizontal tubes 9500-25,000 17004400
Condensing organic vapour 11002200 200—400
Superheating steam 30-110 5-20

Note: To convert from W m™ °C™ to Btu h™ ft™* °F', multiply by 0.176.
Data from L.C. Thomas, 1992, Heat Transfer, Prentice Hall, Upper Saddle River, NJ.; |.P. Holman, 1997,
Heat Transfer, § raw-Hill, New York; and W.H. McAdams, 1954, Heat Transmission, 3rd ed.,

Bioprocess Engineering Principles, 2" ed
Pauline Doran, Elsevier Science & Technology
Copyright © 2012, Elsevier Inc. All rights Reserved.

Updated: Novfmber 13, 2'017 COLORADO o “MINES 23
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Heat Transfer — Correlations for Film Coefficients
Flow in tubes with no phase change
hD D 0.8 C 0.4
Ny, =0.023N2* N&* = [47j=0023 EALA I 3
k 0 k
When there is a significant difference between wall & bulk fluid
0.14 hD D 0.8 C 0.33 0.14
N,, =0.023 No& No**| He = (47)=oo23[ Vp] (;ﬂgj B
n, k u k u,
Stirred liquids, heat transfer from coil ...
0.14 hD N D2 0.62 C 0.33 0.14
Ny, =0.9 No<? Noe | Be = (—j =09 NBP | =M K
' v k n k K,
... from tank jacket
0.14 hD N D2 0.67 C 0.33 0.14
N, =0.36 No% Now | He = [7) —0.36| NEiP Zok Ko
' v k k K,

Updated: Novfmber 13, 2'017 COLORADO o “MINES 24
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Heat Transfer — What if we have fouling of the heat
transfer surface(s)?

Add fouling into the sum of thermal resistances

= Across a flat plate (i.e., constant cross sectional area)

1T 1 1 L 1 1 1
7—*+7+f+R,’.+Rfo_ +—-+—+—+—
U h k h " ho k h o h, h,
= Over a radial tube
1_10,,20, .n[Dajg 10,1
Uo hf Di k Di ha hf,i Di hf,o
Updated: November 13, 2017 COLORADO o “MINES 25
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. . . .
Typical Fouling Coefficients
TABLE 9.3 Fouling Factors for Scale Deposits
Fouling factor
Source of deposit wWm™ ) (Bru b~ i F )
Walter (temperatures up to 52 C, velocities over |-r||_-_‘|
River water 2800 500
City or well water 5700 1000
Hard water 1900 330
Brackish water 5700 1000
1900 330
11,400 2000
Good quality, oil free 11,400 2000
Liquids
Bioprocess Engineering Principles, 2" ed
Pauline Doran, Elsevier Science & Technology
Copyright © 2012, Elsevier Inc. All rights Reserved.
Updated: November 13, 2017 COLORADO o “MINES 26
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Heat Exchanger Design

Combine process considerations (flow rates, temperatures,
properties of fluids) with the configuration to obtain the area-
averaged temperature difference (usually the LMTD)

Determine the required UA

Determine the overall heat transfer coefficient & determine the
required area

® Heat transfer area usually associated with the bare outside area of the
tubes

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)
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Heat Exchanger — Example 5

Given a batch fermenter @ 35°C that is generating 15.5 kW heat to be
removed by cooling water (15°C heated to 25°C)

The overall heat transfer coefficient is 340 W /m2K.

Determine...
= LMTD?
= How much heat transfer area is needed?

* What length of 4 cm diameter stainless steel pipe is needed to provide this area?

(35-15)—(35-25)

LMTD = =14.4°C
n (35-15)
(35-25) M e
! kci‘s/kf O sk 25°C
. 15500 ) I >
Q = (UA)(AT A=——" =316
(Ua)(aT), = (340)(14.4) "
A=nDl =i=2 =318 _osim
nD n(0.04)

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)
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Heat Exchangers — What if there is phase change
and sensible heat change?

Superheating and/or subcooling with phase change gives a
complicated heat exchange situation & LMTD is no longer the
applicable area-averaged temperature difference

= Each zone will generally have
different film coefficients, leading
to different overall heat transfer
coefficients

Condensation Zone

e
£
®
£
2

L]
= Best to treat as sequential heat 2
exchangers H
§
Duty
Updated: Nonmber 13, 2?017 COLORADO 1 MINES 29
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Heat Exchangers — What if there is phase change
and sensible heat change?
Bigger issue if there is superheated vapor followed by
condensation
Internal “pinch point” will limit the AT driving force
= May even have a “cross over” — design will not work as intended!
%mn “"'/4f’f--
‘,i‘.‘:m — = o
0000 2000w + 008 ALOO 006 E000 006 Ih‘ﬁrﬂi\h:;;:'” 1000+ 007 1.200e +007 1400w +007 1500+ 007
Updated: Novfmber 13, 2'017 COLORADO 1 MINES 30
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Summary

Analysis of heat exchangers Stirred vessels will have a single
builds on the understanding of temperature against the heat
the basics of heat transfer by transfer area

conduction, convection, and /or

radiation

Different configurations will
lead to different area-
averaged temperature
differences, leading to different
required heat transfer areas

= Typically the LMTD

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)
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Supplemental Slides

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)
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Typical Tank Heating Configurations

(d)

(e)

>
(c)
External
heat
exchanger
e
Pump

FIGURE 9.1 Heat transfer configurations for bioreactors: (a) jacketed vessel; (b) external coil; (¢) internal

helical coil; (d) internal baffle-type coil; (e) external heat exchanger.

Bioprocess Engineering Principles, 2" ed
Pauline Doran, Elsevier Science & Technology
Copyright © 2012, Elsevier Inc. All rights Reserved.

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)
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Shell & Tube Heat Exchangers

Tubes

Auailable in Copper, 90/10 CuNi,
316 Stanless Steel, Admimhy or
Carbon Steel Tubes are roller expanded.

¢ in Steel and 316 Stainless Steel. Mini-
nces between shell and baflles reduce by-pass and
maximize heal transfer.

Supports
Moves bie, Tabrics ted
Carbon Stee! avalable
on all sizes

punched balfles assure effective circulation
by providing m camnces betwesn the tubes
Meads Tubesheets and e hokes. culs and spacing for each
Heads available in Cast o, Thick Carbon Steel, 316 diameler are consistent with best practices. Standard
Brass, 316 Slainless Steel or  Stainless Steel or 90/10  available material includes Carbon Steel, Brass and
Fabricated Carbon Steel. CuMdi tubesheets. 316 Stairless Steel

Updated: November 13, 2017 COLORADO= H1
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Shell & Tube Heat Exchangers

Shell side
= Baffles used in the shell side to .‘ih-sidpin

minimize channeling

Tube side Tube-side
n

= Manifolds allow for even
distribution of fluids into the
tubes & collection/mixing of {a) 5;..;id.- ok
fluids out of the tubes

Shell-side in
=Y NS

= Multiple tube passes make it ¥
. 3|
easier to pull the tube bundle for -l
maintenance /cleaning and... [ ﬂ" E-£ida
® ... have better allowance for =f Tube-side
thermal expansion effects out
H
{b) Shell-side out
Fig. 3.6, Fundamentals of Natural Gas Processing, 2™ ed., Kidnay, Parrish, &
McCartney, 2011
Updated: November 13, 2017 COLORADOSCH JFMINES 34
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Shell and Tube Heat Exchangers (Types)

ma. sa3
TEALS, it ar Tulbe Enchangas Mermpsistors

Ref: GPSA Data Book, 13" ed.

Updated: November 13, 2017
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.
Kettle Reboiler
Shell & tube heat exchanger with the tubes submerged in boiling liquid on the
shell side
® Main resistance to heat transfer is on the tube side since boiling is occurring on the
shell side BE
]
= “
» I 1
Tube = | |
— Fuel
1 uel
- Firetube — - —T_tj gas
1 J
Fig. 3.7, Fundamentals of Natural Gas Processing, 2™ ed., Kidnay, Parrish, & McCartney, 2011
Updated: November 13, 2017 COLORADO=CHOOLOFMINES 38
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Air Cooled Heat Exchangers

Fans either push air through (forced draft) or pull air through (induced draft) tube
bundle

= Can control the air flow rate either with a variable speed motor or with louviers

Tube section \ ‘ ‘ ‘ - Nozals 44

a2 X ¥ - Fanring
Headers— [ e ey T
L ]:l Fa S - Air plenum
Air plenum H £ Tubesection / I l“ X Fhmbe
chamber L R ST At i
T, | L} | {—Headers
S LR
> : I-.m'L ﬁ Fan Drive - <]
5“F‘F‘"t"""i‘ ring ALl L assembly ) “~Nozles
structure Fe===== Pt
f -
[)m-( Driver—_) Driver )
() assembly u ) A
|
Fig. 3.8, Fundamentals of Natural Gas Processing, 2 ed., Kidnay,
Parrish, & McCartney, 2011
http: ling.com/products/detail /air led-heat +

Updated: November 13, 2017 COLORADO=!
John Jechura (jjechura@mines.edu)
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Plate Frame Heat Exchangers

Positives
" Low cost

= Compact — high area per weight &
volume

= Can get very close approach

Fig. 3.9, Fundamentals of Natural Gas Processing, 2"
temperatur °F or lower - 57 o
emperatures (5 or lowe ) ed., Kidnay, Parrish, & McCartney, 2011
* Can be disassembled to clean

Negative considerations

® Limited maximum allowable working

Piate Fack
pressure .o
= Susceptible to plugging
Frame Cower
http://www.cheresources.com/content/articles /heat-
transfer /plate-heat-exchangers-preliminary-desig
Updated: November 13, 2017 COLORADO:! OFMINES 40
John Jechura (jiechura@mines.edu)
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Tank Heaters

Integrated into existing equipment (i.e., tanks or vessels)

FIG. 9-32
Prefabricated Tank Heater

S
J‘I_AJ L- ._ﬁl

Courtesy of Brown Firtube Co

Ref: GPSA Data Book, 13™ ed.

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)

M
E I
.

i

https: //www.chromalox.com/en/global/case-studies /pocket-heater-
reduces-costs-and-downtime

COLORADO MINES 4
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Air-Cooled Exchangers — Fundamentals

Air cooled exchangers cool fluids with ambient air

= Seasonal variation can greatly impact performance

Utilize finned tube in increase heat transfer surface area

Operating Principle

Warm Air

Hot LALLLLRRRRRRRE[ [ (LLCLELLLLDAREERRE Cooled

Process
Fluid

Process
. —_— .
Fluid T ———

T e e e ey

Ambient Air

www.hudsonproducts.com

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)

www.hudsonproducts.com
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Air-Cooled Exchangers — Types

Horizontal air-cooled exchangers

= One or more tube sections served by one or more axial flow fans

= An enclosing / supporting structure.

3‘;",.—)] e Linit wichth ———»
Classified as forced draft or induced | f [ =[] | -+ | -+
Tube | . Tuba | i g 1
draft depending on the tube /fam Ty [T e || e
| . | R o e | e
oca h on One-fan bay with Two one-fan bays with
3 tube bundies an s
EDB Pgs 10-2 to 10-4 A S S
= Basic design considerations Tf PE T I
" Layout of tubes / fans o s
Toba | e e LT
EDB Fig 10-3 > e a5
® Typical tube and fan sizes / selection | 8 I
y 5
. . | O oIol BIo 0
= Header design EDB Fig 10-5 Torstar ity Wlh Y
2 tube bundies 6 tube bundies =
Updated: November 13, 2017 COLORADO o “MINES
John Jechura (jjechura@mines.edu) EARTH @« ENERGY # ENVIRONMENT
o
Air-Cooled Exchangers — Types
Forced Draft Vs. Induced Draft
Advantages: Advantages
= Slightly lower horsepower = Better distribution of air
= Better maintenance accessibility = Less possibility of air recirculation
= Easily adaptable for warm air recirculation = Less effect of sun, rain, or hail
® Most common in gas industry ® Increased capacity in the event of fan
failure
FIG. 10-2

Typical Side Elevations of Air Coolers

Tubesgction A A A Nozzles A A A
Headers F=;7‘__.:§“ g

1L Tube Air plenum
Air plenum —— Section cr%nber
chamber
LL*Y Header:
s Fan Fan Nozzle:
upporting, lassembh
structure  ——f] "9 v
Drive  Driver = Driver
assembly

Forced draft Induced draft G' e

Updated: November 13, 2017 COLORADO o “MINES

John Jechura (jiechura@mines.edu) EARTH @« ENERGY # ENVIRONMENT
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Air-Cooled Exchanger — Thermal Design
(A Temperature — CMTD Figs 10-8 & 9)

FIG. 10-9
MTD Correction Factors (2 Pass — Cross Flow, Both Fluids Unmixed)

. Infet Typical tube layouts T Inlat
Momenclature:
T1 = inlet temperature, tube side
Tz = outlet temperalure, lube side

o8 080000
co o oo e o

0008008 N

8 9 0 6 00 0

ty = inlet temperature, air side e 680080 o ° 9 00 c o0 o0

2= qutlet temperature, air side 1 outiet L Outlet
0T T r T T

09

0.8|

07

Correction factor, F

06

F~1.0
for 3+ .Ul
Over/UnderD . .
Passes R ’

boee

01 02 03 04 05 0.6 07 o8 08 1.0

Cooling Tower Principles

BB 12
Papchromatiic Chart

Pm—r—— =TT FFY DLLD TEMPRRATLEIL, - F

Evaporative cooling (Psychrometry)

® Dry Bulb versus Wet Bulb
Temperature

* Contact dry air with water

* Saturation of air (vaporization of
some water) takes energy

* Air is cooled below ambient — to
“Wet Bulb” temperature

= Takes advantage of air below 100%
humidity

* Wet Bulb MUST be lower than Dry

Bulb temperature

" DAY BULS TENPERATLRE, * F

GRS, OF OISR PER POUND OF DAY A0

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)
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Cooling Tower Principles

Evaporative cooling (Psychrometry)

= Wet bulb and dry bulb data for various locations

around the world Fig 11-3

FIG. 11-3
Dry Bulb/Wet Bulb Data for L

Meuriing of i Fomywes

- Dy bualb semperaiure, *F

Beiam covin hen dry bl semperanere, ©F
T e—
-
Cooling DIMCWE Evaparathon WL MCDE
Station Lat Lowg Ky 1% ™ 4% "

United Ststes of Americs

AUBURN OPELIKA ROBE ILAIN RSAIW TTR 914
BIRMINGHAM MUNI VLSGN RGTSW 6M 900
CAIRNS AAF VZKN BSTIW MID ed2
GADSIHEN MUNE NITN BROSW 568 913
HUNTSVILLEMAIISON MAN BGTUW 643 928
MAX WELL AFH ILIEN BAIGW ITI 984
MOBILEBATES FIELD MEON RE2SW I 920
MONTGOMERY DANNELLY JLION BEIOW 203 S
TUSCALOOS A RGNL WZIN BLAIW IR i)

tarka
FAIRBANKS INTL ARPT
FT. RICHARDS O BRY A

MEIN AW 451 TR 60
BI2TN IBASW ITT T0E WY

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)

D087 ARCWI DL SECWE W MEDIE Wi ACDE

O ER4 TTO ETD
M4 ERS TIS KT
BLI wed S
Mo B0
™A KR4 s6
LT TE 02
B RES ]
M7 st #.2
5 G0 )
HE S6 631 TRS  al& T42
w3 S0 6 LT Wma S
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Example:

GERIE
Paychrometric Chart
DRY BULA TEMPERATURE, * F

T30 180 150 150 170 10 150 200 210 20 E30 240
- IR A R ¥

How cold can you get?

JHENEAI

Air temperature: 95° F

RH = 65%

w4 F 1

Temperature with cooling tower|

Temperature with air cooler?

L e g
oy

B

Updated: November 13, 2017

o N W00 0 D U0 a0 e
John Jechura (jiechura@mines.edu) DRY BULD TEMPE!

i

R PER POUND DF DRY AR

WaTE

POUNDS O

]

OF DAY AR

GRAIMS OF MOISTURE PER POUND
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Cooling Towers — Mechanical Induced Draft

Crosston type design
" —

www.iklimnet.com

www.rjdesjardins.com

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)

FIG. 11-7
Mechanical Induced Draft Counterflow Tower

A

Fan

Air In Air In
— A —
Watet THTI—= EEGe
Outlet ik
COLORADOSCHOOLOFMINES
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Cooling Towers — Mechanical Forced Draft

Towertechinc.com

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)

FIG. 11-6
Mechanical Forced Draft Counterflow Tower

Water
* Out

COLORADO=CHOOLOFMINES
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Cooling Towers — Wet Surface Air Cooler

FIG. 11-12
Wet Surface Air Cooler

INDUCED DRY
AIR EXHAUST (Saturated)

COLOPROCESS
LD OUT

ot PRosEss
oo

www.niagarablower.com

Courtesy of Niagara Blower

Updated: November 13, 2017 COLORADO=CHOOLOFMINES
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Heat Exchanger — Example S-1

Exchanger duty & hot fluid outlet temperature determined from energy balance
around exchanger

Q=mC, (T, ~T..)=(291800)(0.704)(145-80) = 13,353,000 Btu/hr
. Q 13353000

=T ——— =240-—"""""" _—1558°F
et L (191600)(0.828)

Determination of UA requires configuration information

= 1-1 counter-current flow 1-1 co-current flow
(240-145)-(155.8—80) , (240-80)—(155.8—145) .
(AT),m = 240145 =85.1°F  (AT),, = 24080 =55.4°F
Inf —— [T A
(1 55.8—80) (207.7 —105)
Ua=_Q 13353000 o ., Bru VA= Q13353000 0 050 BIY
(AT) o 85.1 hr°F (AT) o 55.4 hr®

Updated: November 13, 2017 COLORADO=CHOOLOFMINES. 52
John Jechura (jjechura@mines.edu)
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Heat Exchanger — Example S-1

= 1-2 exchanger

_ (240-145)-(155.8—-80)

AT = =85.1°F
(A7) [ 240145
155.8—-80
p_145-80
240-80
R=240_155'8:1.3
145-80

F, =0.86 (from chart)

UA = L
F2 (AT)LMTD
_ 13353000 182,500 Btu
0.86(85.1) hr°F

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)

FIG.9-4
LMTD Correction Factor (1 shell passes; 2 or more tube passes)

19z

2

Fi LMTD Correction Factor

o

P = temperaturs efficloncy

[_ T, ’ LMTD Correction Factor w
|
E',:h 1shell pass. 2 or more tube passes M.
tr
ta-ty Ti-Te  CMTD=(LMTD)(Fy)
| P= R=
L ‘e Tt -t

Ref: GPSA Data Book, 13" ed.
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Heat Exchanger — Example S-1

1= 1Counta = Cument Flow

1-1C0 - Cument Faow

Updated: November 13, 2017
John Jechura (jiechura@mines.edu)

300

Temperature [*F]
g 8 &

K

Cold Stream

50
—— Hot Stream

o

0 1000000 2000000 3000000 4000000 5000000 6000000
Heat Flow [Btu/hr]

300

250 4
200 S —————
H
2 150
a
H
g 100

Cold Stream
50 1
o
0 1000000 2000000 3000000 4000000 5000000  GODOODO
Heat Flow [Btu/hr]
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Heat Exchanger — Example S-1

Representation of temperature profiles with combined flow becomes more

complicated.

1-2Co &Counter - Current FLow
Temperature(F)

Updated: November 13, 2017
John Jechura (jjechura@mines.edu)

Fractional Length
0
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