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Heat Exchanger
*4

1

i =3000 kg/h
¢, =4.0kJ/kg’C

T1=95°C

it = 5000 kg/h4 3
G, = 4.8 kJ/kg°C
T3: 20°C

What is the exit temperature 7, ?




Fourier Law of Heat Conduction
q=—-k VT

In cartesian coordinates

=k
Qx 6)(,'

in cylindrical coordinates




The Conduction Equation

Conduction equation

For k = const:

In cartesian coordinates

in cylindrical coordinates

in spherical coordinates
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One-dimensional conduction
0T

In cartesian 5x
coordinates T —T : dT

=0 b T(0)=T, T(L)=T,
T

T=="—x+T, Q=—kAd—= kAb
L dx L

a(’/'@T):O, bC T(’,-l):]'i’ ]"(I/,z):]'v2
in cylindrical or Or

coordinates _ i
T-T, _ In(t/r) Q:_kszdT 27kl (

= T, -T
In(r,/,) dr In(r,/r) 2)

: =~ T(’”l):Tp T(rz):Tz
in spherical Or
coordinates

T 1, -1, l—l—Tl—Tl_T2, Q=—k4ﬂ72dT= 47tk (T—Tz)
I/, =1/t r 1-1/1, dr 1/, -1/,




Extended Surfaces
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2-D steady state conduction

o0 76
@CZ + @/2

Rectangular plate: =0 ;

boundary cond.

sinh(nzzy/ L)
sinh(n 7zW / L)




Unsteady state conduction

00 B o0 .
ot Ox*’

Equation

with

Solution

Heat flux

Heat loss




Convective boundary condition

o0 20"

Equation

Boundary cond.

Initial condition

Solution

where

= 4simg, . ¢ =AL ; ¢ tanl =Bi
28, +sm2c,

Approximate solution




Semi-infinite solid

o 00 T-T

: — = ; where 6@ =
Equation At A%

Boundary & initial cond. 6(0,¢7) =1,  6(x,t) = 0;

Similarity solution

Heat flow at surface




Other boundary conditions

Constant surface heat flux: 495 = 9o

Solution

Surface convection:

Solution




Navier—Stokes Equations

i i Dv
Navier—Stokes equation e — 2
(incompressible) th Vp + pg+ uVv

In cartesian coordinates
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Thermal energy equation

The conduction equation

oT =
C =k VT + ¢
P Py q

The energy equation adds to this convection and dissipation

pc gtT =k VT +¢+ ud,
=

1

where ﬂ@v =7, §_
X -
J

Two-dimensional case:

oT oT OoT 0T O°T ,
pcl —+u—+v—|=k —+——5 |+ q
Ot Ox oy Ox oy

P(E) (553




Boundary layer on a flat plate

ou ou O u

Momentum equation U—+ U——=Vv

x &y

Energy equation

Continuity equation

Integral momentum equation

Integral energy equation

Integral continuity equation




Boundary layer integral solution

5% u
Of,yz
@

=0

Boundary conditions u =20,

U, =0

Velocity profile

Wall shear stress




Integral momentum solution

The equation

d (39 with b.c. 5(0)=0

dx \ 280

|4

The solution 0 = 4.64 E X =

A 3 U U oU?
Shear stress Ty = H— = E,ng = 0.323,uU\/% =0.323

Py VRe,

Drag coefficient

Average drag coefficient




Integral thermal boundary layer

d ¢h or
The equation [ (T, -Tudy=a=| =2

3
Temperature profile 0 = = ( Y j —

T,-T, 2\5;

o0 w

2

0 [1 - (xo /X)3/4 ]1/3

Solution —L =

) 1.026 Pr'?




The heat transfer coefficient

or

& ae 3k

=T -

~ %1.026 Pr'’’ X
2 4.64

1/2
h = 0.332/«((]) r/3
VX

= = 0.332Re'/?Pr!?




Turbulent boundary layers

ou
= _(V+5M)éy
qw _ or
= —(a+gH)@/

Ty

Turbulent momentum transfer

Turbulent heat transfer

h u\u z
Integral momentum (1 — —) —dy = W

u/u

Power-law profile

Wall shear stress

Boundary layer thickness




Heat transfer analogy

Boundary layer thickness

Friction coefficient

Average Nu for L >>x_

= 0.381Re;'"°~10,256 Re !

1/5
Tw_ 0.0296(l)

U’ Ux

St, Pr*’? =0.0296 Re™!°

Nu, =0.0296 Re® pr'’?

Nu. = 0.037Re*® pr!/?




Heat transfer in pipe flow

A _ad( I

Energy equation Y — = — —

124 rﬁr\ a/
J.chudA =
jpcudA _LTRz'[O

Bulk temperature T —

Developed temp. profile =

Wall heat flux

Constant 4




Asymptotic solution

E t 2ul 1 (’”jz r (
ner eqgquation u — | — — = V—
9 ea R)ldaz ra\l &

boundary cond. T(R ,Z) =T, % =0
r=0

] —_— 2 4
Solution T:2uR (de l(j _1('/) +C,Inr+C,
a \dz J|4\R 16\ R




Nusselt number

Heat balance

mcTl| —meT| +q,27RAz=0; 1= puzaR’®

8 a dz
2
11uR” 2h (T—Tw) llhD(T_T)

T 48 a pucR 48 k

hD
Nusselt No. for ¢,, = const Nup = == =4.364

hD
Nusselt No. for 7|, = const Nup = = 3.658




Turbulent heat transfer in pipes

T U

Turbulent momentum transfer W = (V + &y )_

Turbulent heat transfer

Divide (1) by (2) for Pr=1, &,, =

Force balance

P




Turbulent heat transfer analogy

Combine (3) and (4)

Reynolds analogy

Reynolds-Colburn analogy

£=0316Re®*
f=0.184Re™*

For non-circular pipes

., 1 h /
puc 8

T, T piic -

St = Pr=1

/
8

B I S 3
=St-Pre- =, ND—SRePr

Nu ,, =0.0395Re" "> Pr'”

Nu , = 0.023Re"® Pr'?

—

D
H= p




Energy balance in pipes

Heat balance

 +q,27R & =0;  th=punk t

dT  27R dT  27R = . -
1 _ 9) — WT =T mcl mcl
() —-=="q, @ —== (7,-T) el

For ¢, =const with 7(0)=7, Eq.(1) yields

= z+ Az

0= q,A=2rrLq,

For T, =const with AT=7,-T and d(AT)=-dT Eq. (2) yields

d(AT) 27 R b ds AT, lnT ]1 27thL — 27w RhL

. : AT,
AT mc AT, In AT

l

AT — AT, — [T AT,
AT, — l T
AT

1

Q =mc(T,-T,)=27xRhL

In




Empirical correlations

Dittus-Boelter correlation NuD =0.023 ReO'8 Pr”
n =0.4 heating n =0.3 cooling

h_D :C(UmaxD\n Pr1/3
k \ Vv )
In line : 0.05<C<0.5 055<n<0.8

Staggered: 0.2<(C<0.6, 0.55<n <0.65

Convection to tube banks

Staggered In line




Free convection

o= —pgtu

& &) & PE
Pp

’ at y—o>o  0=-—"--p.¢8

K ok
Combining (1) and (2)

y
*g x p(uZH)Zj

Y

p[ A auj & o

2%
Expansion coefficient f=—|—| =
v\drl'),

p.—p=pPp(T-T,)




Free convection equations

cu ou A*u
— 4 — = T-T )+v
Momentum u : ﬁy gIB( oo)

o0 50 00
Energy Uu—+—=a where

& & &

Integral momentum equation

ou

q° 5
ajuzdyzgﬂATjﬁdy—v
0 0

Integral energy equation

5
4 uldy =—a —
dx oy




Velocity and temperature profiles

20

Boundary cond.

2
Temperature profile O=a+by+cy —>

Velocity profile u=a+by+cy’+dy’

Boundary cond. u (O) =0, u (5) =0,

Velocity profile




Free convection integral solution

Integral momentum equation yields Li(u 5) _ lg BAT & — V”_x
105dx "

3
AT d AT

Integral energy equation yields ——(u 5) Y, gun
30 dx
Let u, =Cix", 0=0Cx"
Get (27/4)
105
27 CCy(m + ”)xm +n-1 _
4 30

C C,2m+n)x>""" = g,BA3TC2 x" —2—7vam_"




Boundary layer thickness

o _ 320V (20+Pr)_1/2(g,8AT\1/2
L9722 15\ 21

The Grashof number

Therefore

0.952 + Prjl/ )

Gr,




The heat transfer coefficient

ol 24 2
Heat flux g, =h AT = —k— =—k AT — = —k AT(——)
y=0 &y y=0 o

. _ 0508 Pr!2Gr,"
¥ (0.952 +Pr)!*

Nusselt No.

Average values

For air




Empirical correlations

General form Nu = C(Gr, Pr)m = C Ra”
g BAT L’
avVv

The Rayleigh No. Ra=Gr-Pr=

Laminar flow Turbulent flow
Equations for air Ra < 10° Ra >10°

Vertical plate or cylinder , = h = 1.31(AT)1/ 3

Horizontal cylinder : = B = 1.24(AT)1/ 3

Horizontal heated plate E : h = 1.52(AT)1/ 3




Radiation

Thermal radiation 0.0lum < A <10um
Visible light 0.35um < A <0.78 um

Speed of light c=A-v where c=3%10%m/s

Radiating and irradiated bodies

Irradiation - G
Emission - E




Black body radiation

27the? W]

Black body spectral EM = " 5¢ he/ kT 2
emissive power - Planck law A (e = = 1) Lm ﬂmJ

Planck’s constant h=6.626176 x10*] -5
Lk, B C

T’ (zT)S(eclz/” -1)

Black body total emissive E, = jow E,,d A= oT* [W}

2

power - Stefan-Boltzmann law m

BT
—0.1714 x 1078 v

where o=5669x%x107° —
m? - K* hr- ft? .° R*

Heat transfer rate O, =E,A=cT*A[W]




Irradiated body

In general a+p+r=1
Opaque body: a+p=1 Black body: «a =1
In general: EA=q,Ax

For black body: E,A=q,A-1
a=E/FE,

Define emissivity e=FE/E,

Kirchhoff’s Law E=0

Definition of gray body &, =E,/FE,, =¢&=const

: 4
For gray body Q=¢edoTl




Radiation shape factor

- Fraction of radiation energy leaving m and reaching n

Q1—2 — AlFlebl - A2F21Eb2

Q1—2 =0 Ebl — Eb2
A1Flz — A2F21
Q1—2 — AlFlz (Ebl = Eb2 ) — AZFZI(Ebl = Ebz)

n
Shape factor relations Z Fl-]- =1.0
j=1

Foos=H,+H,

A
F.=2F
2=t

1




Radiation between gray bodies

J - radiosity, G - irradiation

J
G :Q:J_G
=4

J=¢E, + pG=¢E, +(1-¢)G

o_J B, {W}

2

Irradiation, i.e., total radiation (1 — 8) m

arriving at surface
E —J

1-¢&)/eAd

Net heat transfer from gray body Q= (

_JI_JZ_

Radiation heat transfer Q
between two gray bodies 1=2




Gray body relations

Radiation between two gray bodies
E , —~/"\NW—— AN ——ANN—E

= 1 1 - ¢,
51/11 A, F,

Special case:

O,

zl—q
+ +
g4, AF,

_ odrt -1}
/g +1/¢g, -1

O,

Gﬁf—ff)

1 +1—52

AIEZ +

l &,4,
(1/ A F;)+(1/ 4,F,)




Radiation shields

T 1- & 1 1- 2 1
+ +2 +
A AF; &, 4 AF32 &,4

Q l (T14 —T24)

A 2 2/e-1
_0_ 1 oln'-1))
A n+l 2/e-1

F=F,=F=1

E =&, =& =¢&

q =

For

For n shields




/ [ Heat Exchangers - Classification

a. Classification by type:
Regenerators
Recuperators

b. Classification by flow character:
Single phase: liquid-liquid, liquid—gas, gas—gas.
Two-phase: bollers, reboilers, evaporators, condensers

c. Classification by shape:
double pipe, shell-and-tube, plate h.e., air radiator,

stirred tank heat exchanger.

42
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e

Problem #1:

Given entrance temperatures of the two streams,
given one exit temperature;
find heat-transfer area, A.

Thermal design problems

Problem #2:

Given entrance temperatures of the two streams,
given the heat-transfer area, A;
find the exit temperatures of the two streams.

AN




Input

1. Flowrates

2. Temperatures

3. Pressures

4. Shape of h.e.

5. Properties of fluids

6. Fouling factors

Design algorithm

Calculation

A. Calculation of
size and geometry

B. Heat transfer
correlations (h)

C. Pressure drop

correlations (h)

Results

Exit temperatures
for given area
Heat transfer area for
given thermal load

Pressure drops




Flow configurations

T1
T1
///tz
A

Counter-current

£

Heat exchanger with 1 shell and 2 tube passes




Overall heat transfer coefficient

Plane wall QO =UAAT

1 Ax 1
:h + R, +7+RFB + —

A B

Cylindrical wall 0=U,4,AT

Doj 1 (Doj DO (
— + R, +—"In
U D.)h, \D, 2k \ D

o l

Typical correlation for h

h£ = 0.023(Z .
k 1%




Thermal analysis

1. Mass balance m=puA N

2. Heat balance 0= m, (hz —h, )c =m,, (h1 —h, )h

For /i =cT Q:mccc(tz_tl):mhch(ﬂ_Tz)

AT, — AT,
AT,
AT,

3. Rate equation O=U,4,AT,, =U,A4,
In

Rate equation for multi-pass etc.

QZUAATLM°F=UA (Ti_tz)_(Tz_tl).F

( _tz)
( _tl)

In
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/[HEAT TRANSFER WITH PHASE CHANGE }\

BOILING

The Pool Boiling Curve

The Boiling Process

Nucleate Boiling Correlations
Critical Heat Flux Correlations
Film Boiling Correlations
Forced Convection Boiling
Flow Boiling Correlations

CONDENSATION

Dropwise vs. Filmwise Condensation
Condensation on Vertical Surfaces
Condensation on Horizontal Tubes
Condensation Inside Tubes




A

sat

— 11—

Nukiyama's Experiment

Given q find T,

~

Pool boiling

Vapor-liquid equilibrium

TG:TL
He = H;
20
P =P +—
r

Temperature that sustains
a bubble of radius r

T:Tsaz(pL)|:1‘|'ULGZ(7 & }




Boiling Curve

-
Maximum flux for
nucleate boiling

A-B, natural convectior
B-C, nucleate boiling
C-D, partial film boiling
DEF, film boiling




(e

ffect of surface roughness on boiling\

e Run 31: Emery 320
x Run 32: Fmery 60
‘Runs 17 & 22: Lap E
11 Runs 2 & 3: Mirror finish
10% -
E
g
-
10* o

T T T Y T T T
\ | 10 0 30 50 100 200 AT CCY 5o /




Boiling heat transfer coefficient

Heat transfer coefficient

h, D

Nusselt number Nu=-"2

k, (T,-T, )k

Nu= f(Re,,Pr,)

GyDp

where G, = zD;,L)Bfn
M 6

Reynolds number Re =

1/2
D, =0.0148 ,B{ 20 }
g(pPL—Pe)

Heat flux q C (TW _T;at)n where n~3




Pool boiling correlations

1/2 3
Rohsenow (1952) q — ,LthLg|:g(pL — IOG):| CL (Tw ngvat)
o hye Pr, C,

Critical heat flux

1.4 1/2
Zuber (1959) Domax 0. 149{0(/% —2,0(;)g} (/)L T Pc;j
Pl Pc P

1/4
qmax — 016 |:0(pL _sz)g:|
Pc

Kutateladze (1952)

LPcrc

Film boiling — minimum heat flux

1/2 1/4
Zuber & Tribus (1958) ¢, =0.09prhLG{g(p L= P G)} { ° )}

P+ Pg g(p, — Pg
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Forced convection boiling

- -,/ = Incipient —
IForced convection /7 boiling p = constant
surface boiling / |
V l'ully developed
boiling

— W, - —

o
o0 I'orced convection Film
- // boiling
-" | ) 11-'. D Saturated
.N ucleate boiling pool boiling

Subcooled
pool boiling
~B

"
- -
- -
—

A Natura!

Pool boiling

log (Tw — Tgat)

convection

~




Convective boiling & quality

@ 050°® 0,7

x=0

Definition of quality x=mg/m

At equilibrium h=h, +xh,, —

Enthalpy along the tube ;= h(0)+2L.R q(z)dz

0




Flow regions in convective boiling

Dry . | Drops

wall NUPR !

-+ R _+ D
RS B

'} Drop-annular

be—— C ——ede— ) ot E - . i Annular

]
>
!

Annular-
Annular Vapor

vapor
f .
low transition flow

Slug-annular
i

"

«'| Bubbly-slug

Forced convection
(liquid)

Forced convection
(vapor)

h,

-
-
c

2

2

=

3
o
|
@

N
o
c
©
T
L

)

L
©
@
X

ﬂ———b

1 Local
boiling

Quality, percent TO \

Saturated (Superheated)
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{vir)
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The boiling map

Singie Phase N

Forced Convective ‘
Heat Transfer N
(1) — to Liyud N =

Region A

Al

JE
Xiu
Subcooled Subcooled Saturated Superheated
Film Boiling I
'o.'.“ .
0,20 7
4«0 K Saturated
f.sb St Film Boiling Single phase
= A Forced
0, Y Typical Convective Heat
Subcooled ‘ ‘o Physical Transier to
Boiling < Burnout Yapour
” Locus
W I !
'\\ =
\ ONB s
NG (Saturated) Saturated Liquid
Nucleate N Deficient
3 Boiling

"*/77%'

y Two-Phase
#ForcedConvective

)

y///" Heat Transfer Regions

;Eoryo ut
e

/”’r —1
1

X =1 X




Forced convection correlation

Superposition analysis

h:hnb+hfcv

Dittus-Boelter forced convection correlation

h., =0.023Re," Pr,* %

_G(1-x)D
Hp

where Re I

Forster & Zuber (1955)nucleate boiling correlation

k0.79CO.45 0.49
hFZ = 000122|: L Cp Pr AT0.24Ap0.75

05 0297024 024 Sat sat
C U, NG Pg




Dropwise vs. film condensation

Fa
e .
’&.—QG"QE'
A
A

[J A

Dropwise {(promoter- cupric oleate)

Filmwise

0,2/—0"'

o~
o
| .
N =
S
x 2
2
® ©
23
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p ]
e |
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Condensation on Vertical Surfaces

y

Continuity equation

MRRRRRRRRW&-}-&&-}-}-}&-&
=

Ou, _ (PL—P)E Ty O’u,
L =
oy Pr

Momentum equation

<4—

Energy equation

-
Z
-
-
-
-
-
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-~
-
-
-
-
-
-
L |

Boundary conditions )V = 0;




Nusselt solution

1/4
h(X) — q" |:kl3, (pL _pG)ghLG:|

AT | 4v,xAT

Heat transfer coefficient

3 B 1/4
Average heat transfer coefficient h = ﬂh(L) =0.943 ki (PL = P6)8M6
3 v, LAT

AT =T _—-T

sat

Rohsenow subcooling correction h?G = hLG (1 + 0-680LAT / hL(;)

Variable liquid properties correction Tref =7 +0317,,-T,))

at

Turbulent film condensation (Colburn)

h=0.074k,[p, (p, — pe)g/ 1:]  Rel? Pr)”




Condensation on Horizontal Tubes

10*

Nusselt analysis 8
6

T 7V 77T T 7TTTT

/4
7 — 0.727£(pL — pG)ghLszj

Dv, AT

|

For n tubes

—_— Rcf =400 |
— —— Rer = 300
« — -— — Laminar

1
[ i

3 4 56 8104

')\Lglqp%g(rsut o TW)L
L082hLGui3




Condensation inside horizontal tubes

Chato equation (1962)

1/4

DvAT

O~

Boyko and Kruzhilin equation (1967)

0.8
j P1,0.431 + P/ Po

- 2

This equation holds also for inclined and vertical tubes
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