Unit Operations Chapter 11. Principles of Heat Flow in Fluids

Chapter 11. Principles of Heat Flow in Fluids
Heat-Exchange Equipment

Temp. of cendensing vepor = T,

4
: i
I‘-.I Elz ! Ta
LN "
- g [AD
| z |
; & Diecton of flow,_
=
T
Inlet liquid Condensate Len;1h of tubes
Fig. 11.1. Single pass tubular condenser: Fig. 11.2. Temperature-length curves for
condenser.
A: tubes; B, B,: tube sheets; C: shell; Dy, D,:
channels; E,, E,: channel covers; F: vapor inlet; Approach: terminal T difference, ATy, AT,
G: condensate outlet; H: cold-liquid inlet; J: Range: T change of a fluid, Ty-To,, Tro-Try

warm-liquid outlet; K: noncondensed gas vent.
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* Countercurrent flow (or counter flow)
Two fluids enter at different ends of HX.

“ pass in opposite directions.

Direction of fow
Worm Fuid

approaches: AT;, AT,

warm fluid range: T,,- Ty,

Direction of How

"« Cold fluid
cold fluid range: T, - T¢,

Distance from cold-fuid inlet —=

o
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* Parallel flows (or cocurrent flow) 2 &

Two fluids flow in the same direction.

Tha Direction of fow
—_—
‘Warm Auid

AT,
T, HT,

/ T
Direction of flow —
~ Codfid cf.) cross flow /7 =

P 1
Tl.'l?

Temperature
L=

Distonce from cold-fAuid inlet —=

L]

Energy Balances

In heat exchangers, Ws, E, & E ~ 0.

m (Hb o a) q
rate of heat transfer

mass flow rate
enthalpies/mass at exit and entrance

2=t
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For the warm fluid, m,(Hy, —Hpa) =0, <0

For the cold fluid, M.(He, —He)=09c >0

0. = -0, (€ The heat lost by the warm fluid is gained by the cold fluid)

Sy (Hpg —Hpp) =M (Hgy —Heg) =9

. overall enthalpy balance

For a condenser,

Hha=/1+cphTha, th :CphThb’ Hca:Cchca1 ch:Cchcb

y& + Cph (Tha —Thb)J= mc Cpc (ch _Tca)

\ specific heat of cold fluid
latent heat

specific heat of the condensate
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Heat Flux and Heat-Transfer Coefficients

. Heat flux: the rate of heat transfer per unit area

. Average stream temperature (or mixing-cup temperature):

average temperature of fluid stream
* Overall heat-transfer coefficient (E& S & ZH ) U

Driving force: T, — T, (overall local temperature AT )

d—q(localflux) oc AT
dA

do
S—=UAT =U(T, -T --- Eq. (11.9
A= UAT=U(T, - To) q. (11.9)

\

Uo _ dAi _ Di
U, dA, D, { U,: overall heat-transfer coefficient based on outside surface area

local overall heat-transfer coefficient

U.: “ “ inside surface area
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* Integration over total surface

Integration of Eq. (11.9) to the entire area of a heat exchanger

Assumptions:

Temperature

C
pcr ©p
3) heat exchange with ambient --- negligible

4) flow --- steady, either parallel or countercurrent

1) U --- constant

L --- constant

T vs. g in countercurrent flow
(JHE 22t 4 6H0 A2l el )

X %)

T. & T, vary linearly with g. Ot& 22+ 4 X
2> AT “

d(AT) _AT,-AT,
dq

rate of heat transfer
in entire heat exchanger

—» J|2J| constant
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dg=UATdA 0Of CHe5HD

d(AT) AT, -AT,
UATdA Ot

M2 0> A for A
AT, = AT, for AT

AT, d(AT) U(AT, — AT))
Al AT Or

Jor dA

AT, - AT
In(AT, /ATy

=UA; AT,

;

Oy =UAy

logarithmic mean temperature difference (LMTD):

AT, — AT,
IN(AT, /AT,)
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* Individual heat-transfer coefficient (OHE S & & H =) h
F3 H F

‘Warm fluid

U depends on many variables.

Consider a specific point in double-pipe heat exchanger

& Assume { turbulent flow

surface of tube — clear of dirt or scale

Buffer zone

Temperature

Individual heat-transfer coefficient, h
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h = JO79A — poat flux |
T-T, k
A N T IND ]
average T wall T — a &
g ; 'V |
i V)
1/h: thermal resistance  cf.) x,/k for conduction Saadtiiind N ;j;_ |
Ny &
- I 2 &k
h, :M for the inside tube | | A
Th = Twn L 5
- Distance
_ dq/dA, .
o = Te — T for the outside tube Fig. 11.8. T gradients in forced convection
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. Heat transfer very near the wall occurs only by conduction.

d_q__k[dT] L po (AT /dy),
W

A ldy T-T,
hD _ @dT/dy)y| (dT /dy), — T gradient at the wall
k  T-Ta (T-T,)/D
% T average T gradient across the entire pipe

Nu (Nusselt number)
: the ratio of the total heat transferred to the heat by conduction

. Another interpretation of the Nusselt number
If all the resistance to heat transfer is in a laminar layer of thickness x
in which heat transfer is only by conduction.

dg k(T -Ty,) h—E

dA X X

Nu = hTD = 5% _b . the ratio of the tube diameter to the equivalent thickness
X X

of the laminar layer
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* Calculation of overall coefficients from individual coefficients

From Fig. 11.8,

(Th =Twn) + (Twh —Tuwe) + Ty = Te) =T, =T, = AT

_|_

1
=dq -
(dAi h, ~0A

1
dAhy

tube wall thickness  thermal conductivity of wall

. Heat flux based on the outside area

dg _ T, —Te¢
dA, 1(dAOJ+xW(déoj+1
hi\dA ) kp\dA ) hy
— Th_Tc
alalele)s
h\Dj ) kn{D.) hy
1 Dy  XyDg 1|le—"L7

Do_Di

In(D, / D;)

Temperature

el
n

Buffer zone

N Bl R e

i
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Fig. 11.8. T gradients
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. Heat flux based on the inside area
L OF&HJEXI 2 A2lof B3

v

1 1 x,D D
—+ — 4
i km I:)L I:)oho

. Overall temperature drop (AT) oc Ui

. Temperature drop in two fluids & wall oc individual resistances

AT AT; AT, AT, o~ | |
9{/ Dih, (x /km)l\i ,/D,) 1/h T drop through outside fluid

T drop through inside fluid

T drop through metal wall

<«—— Eq. (10.13) 2 22 resistance & EH:
AT AT, ATg  ATe
R Ry, Rg Rc

. Overall resistance, R, = 1 _ Do + 2w EO +i
U, Dbihy k,D_ h

2=t
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* Fouling factors (2 & Al %)

Actually, heat-transfer surfaces do not remain clean — Scale, dirt & solid deposits form.

—> provide additional resistances to heat flow
—> reduce the overall coefficient
hgi, hyo: the fouling factors for the scale deposits on the inside & outside tube surfaces

Then,

1
U, = _
® (Do / Dihgi) + (Dg / Dihy) + (X / K )(Dy / D) + (1/ hy) + (L/ o) |~ Q- (11.37)

and

1

U, = - - Eq. (11.38)
(1/hgi) + @/ 1) + (X /K )(D; / D) + (D / Dohg ) + (D / Dohyo)

Fouling factors --- a safety factor for design
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Ex. 11.1) MeOH flowing in the inner pipe of a double-pipe exchanger is cooled with water.

methanol water . 1 inch Schedule 40 steel pipe:
(from Appendix 3)
D, = 0.0874 ft
D, = 0.1096 ft

X, =0.0111 ft

N\

(DyD))/2

steel pipe wall
(k., = 26Btu/ft>-°F) .h &hy: Table 11.1

What is the overall coefficient, based on the outside area of the inner pipe ? (=, U,=?)

(Ans.) s
D, = Do=Di _ ... =0.0983ft
In(D, /Dy)
U, = « fromEq.(11.37)

—80.9Btu/ft2-h-°F
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* Special cases

In the special case that

Fouling effects are negligible

Metal wall is very thin (i.e., large-diameter thin-walled tube)
— D,/D; =1

Then,

0

1

" 1/hy + %, Tk +1/h

Related problems: (Probs.) 11.1, 11.2 and 10.3.




