Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester
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Boiling: heat transfer from the wall to the fluid Condensation: heat transfer from the fluid to the wall

Fluid motion controlled by: Phase Transition = Isothermal Process
Surface tension o at the liquid-vapor interface Latent heat (h/ ) is exchanged between solid and fluid

Small solid/fluid AT
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The conditions of the surface (wettability) determine the mode of condensation

Which one is most desirable?



Condensation: Laminar Film on a Vertical Plate

During condensation, gravity forces the liquid to move along the solid.

FLUID DYNAMICS ] [ HEAT TRANSFER
Mass conservation — Continuity equation Energy conservation — 15t Law of Thermodynamics
Momentum conservation — Navier-Stokes equations Nusselt assumption = NO ADVECTION TERMS

Flow condition (Laminar/turbulent) — Re Boundary Conditions (Temperature)

Pr
F‘ Velocity profile: u(x, y) Temperature profile: T (x, y)

+ Shearstress 7, I:> Co-lrlhd.elr(lsate-filslm —

* Friction coefficient Cr IcKkness

* Friction factor f
No slip condition u(x, 0) = 0 Transport Laws (Newton/Fourier)

ki(Tgqr — T.

Qconvection = Qcond,film h(Tsqr — Ts) = —%

Nu



Condensation: Laminar Film on a Vertical Plate

To obtain the local convection coefficient;

f ky(Tsqr — Ts) ky
X qs = sa(; - = hy(Tsqr — Ts) o hy = 5
4
ax , 11/4
T Vapor, ® hix) = gpi(pr — p)ki g
4y (Tsqr — Ts)x
lj“ |||||| ™ \ h}g = hfg + 0'68Cp,l(Tsat — TS)
* |||||||||||I||I|I|||||' ir;at
RN o
N With liquid properties estimated at Ty = %
+— :1“"“ | 1 ¥ g_; - =0 and py, hs, estimated at Tgq;
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This Lecture

| Film Condensation on a Vertical Plate: Correlations
O Film Condensation on Radial Systems
| Correlations for Laminar Flow

| Overall Heat Transfer Coefficient

Learning Objectives:
(1 Calculate convection coefficient in selected condensation cases



Film Condensation: Average convection coefficient

To describe the overall heat transfer by condensation we need the

f average convection coefficient over the entire plate. In fact:
X
i_v Q = hA(Tsqr — T)
T Vapor, v
Wulg(."ﬂ)lfﬂfﬂ Also the total condensation rate is:
f|F ||||||| ™ \ . Q _ h_LA(Tsat _Ts)
5 ||||||||| |||||||||||||||I T;at m = hl - hl
I'|'||||'| T |I!h\ 19 19
mESa
F'"m LYY 7 =0
|||||||| |||||||||||||||”|||||| . We have to find the appropriate correlations depending on the
| : Llcillulcll ”L'”:H:'”N'H flow conditions (Laminar vs Turbulent)



Film Condensation on a Vertical Plate: Correlations

" 4r
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We define;
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i 1 Laminar,
II|:| \ wave-free
i — Res =30
I:I|I|'-| Laminar,
||||| wau}r

I —T Ras = 1800

" Turbulent

4]

We observe that: m = piUmeaqnbd

4p1Umean0
U

=> R65 =

h_L(b L)Y(Tsqr — Ts) _ Regspb
h 4

We also have;: m =

b AL(Tgee — Ty)

=

=> If we know Reg we can obtain h;

m) We use correlations to find Reg



Film Condensation on a Vertical Plate: Correlations

I/

™ 4 ‘ L— _
N Laminar, AL (Tsqr — Ts)
TN wave-free
LK v

\ 1\ R&s =30
1 4
[\ Laminar
\ | | “' ' _ le(Tsat _Ts) 3/ ,

T Wavy Res = 3.78 73 Res < 30 (Laminar)
} I ‘\\, Y th}g(Vlz/g)
i fegy = 1800 37k L (Tee = Ts) 1"

Tk Res = |[——oosat — 57 4 48 30 < Res < 1800 (Wavy)
If ‘\‘ I v Turbulent ' (Vz/ )1/3
Ir ‘\‘ T urouien Hileg\Vi'/ 9
HRERTRTI 0.069k,L(Tsqr — T, 4/3
| } } \} | b} Res = [ tL(Tsat - /35) Pr?> — 151Pr25 + 253 Res = 1800 (Turbulent)

_H \‘\ IIIN Mlh/"g(vlz/g)

Where liquid properties are estimated at Ty = s+ Tsat)

(B 2
Calculate all three values of Reg, decide which one is within the correct
range and then substitute in the average convection coefficient.

10



- - D=008m
Film Condensation (Example) ®

The outer surface of a vertical tube, which is 1 m long and has an outer diameter of Condensate
80 mm, is exposed to saturated steam at atmospheric pressure and is maintained at

d Saturated
50°C by the flow of cool water through the tube. What is the rate of heat transfer to ill L=1m f"’iﬂg'tm
the coolant, and what is the rate at which steam is condensed at the surface? ;i}: -

Tg+T. i
Liquid properties estimated at Ty = s zs“t) = 75C T,=50°C IIi:II
i I!

Properties: Tahle A6, saturated vapor (p = 1.0133 bars): 7, = 100°C, p, = g

(1/v) = 0.596 kg/m’, hfg = 2257 kJ/kg. Table A6, saturated liquid (7; = 75°C):
pr=(1/v;) = 975 kg/m®, gy =375 % 10N -s/m’, k= 0668 Wm-K, ¢, =
4193 J/kg - K, v; = ofp, = 385 < 107 mPs,

Assumptions: The condensate film thickness is small relative to the cylinder E> Use the Vertl(?al
diameter. plate correlations

11



- - D=008m
Film Condensation (Example) ®

The outer surface of a vertical tube, which is 1 m long and has an outer diameter of Condensate
80 mm, is exposed to saturated steam at atmospheric pressure and is maintained at

d Saturated
50°C by the flow of cool water through the tube. What is the rate of heat transfer to ill L=1m f"’iﬂg'tm
the coolant, and what is the rate at which steam is condensed at the surface? ;i}: -

Tg+T. i
Liquid properties estimated at Ty = s zs“t) = 75C T,=50°C IIi:II
i I!

Properties: Tahle A6, saturated vapor (p = 1.0133 bars): 7, = 100°C, p, = g

(1/v) = 0.596 kg/m’, hfg = 2257 kJ/kg. Table A6, saturated liquid (7; = 75°C):
pr= (Lv;) = 975 kg/m®, ;=375 X 107°N-s/m*, k= 0668 Wm-K, ¢, =
4193 J/kg - K, v; = ofp, = 385 < 107 mPs, Use th tical
Assumptions: The condensate film thickness is small relative to the cylinder E> S ihe vertica

diameter. plate correlations

’ c ,l(T t
hty = heg + 0.68c,; (Tsae — Ts) = hyy (1 +0.68 22

: Ts)> = hsy(1 +0.68 Ja)
fg

By, = h(1 +0.68Ja) = 2257 KJ/kg (1.0632) = 2400 KJ/kg
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The outer surface of a vertical tube, which is 1 m long and has an outer diameter of
80 mm, is exposed to saturated steam at atmospheric pressure and is maintained at
50°C by the flow of cool water through the tube. What is the rate of heat transfer to
the coolant, and what is the rate at which steam is condensed at the surface?

Properties: Table A.6, saturated vapor (p = 1.0133 bars): 7, = 100°C, p, =
(1/v,) = 0.596 kg/m’, hfg = 2257 kJ/kg. Table A6, saturated liquid (7; = 75°C):
pi= (o)) = 975 kg/m®, 4o, =375 % 10°°N -s/m’, ;= 0.668 Wim-K, c,;=
4193 J/kg - K, v, = 1t/p; = 385 X 107 ms.

D=008m

Condensate

Saturated
i L=1m steam
It p=1atm

T, = 50°C

R 4

We should now calculate Res based on all three correlations and see which one gives a value correct for its range

of applicability. We first try the intermediate one:

0,82

3.7k L(Tsqe — T. 0.82
Reg = | = (( ” )1/53)+4-8 Po. = 3.70 X 0.668 W/m - K X 1 m X (100 — 50)K Cis
pihy vi/g s = ST Mo bl
g 375 10" N -s/m’ X 2.4 X 10° J/kg ((385 9 81 D = = )
30 = Ke; = 1800, Y

Note: Calculate Re with the other two correlations and verify that it is out of the
range of applicability of the correlation (Re = 910 and 1019 respectively). 13



- - D=008m
Film Condensation (Example) ®

The outer surface of a vertical tube, which is 1 m long and has an outer diameter of

80 mm, is exposed to saturated steam at atmospheric pressure and is maintained at Saturated

50°C by the flow of cool water through the tube. What is the rate of heat transfer to ill L=1m f"’iﬂg'tm
the coolant, and what is the rate at which steam is condensed at the surface? ;i}: -
Il
Properties: Table A.6, saturated vapor (p = 1.0133 bars): 7, = 100°C, p, = T, = 50°C }il:il
(1/v,) = 0.596 kg/m’, hfg = 2257 kJ/kg. Table A6, saturated liquid (7; = 75°C): il 4

pi= (Liu)) = 975 kg/m', sy = 375 x 10°N -s/m?, k= 0.668 Wim-K, c,;= W
4193 J/kg - K, v; = pep; = 385 X 107° m%s,

h — =
LT 4L (Tyge — T . 1 1m(100 - 50) K

_ Regsu h; _ 1177 X 375 X 107 %kg/s - m X 2.4 X 10° J/k
aile 1B N ARl e _ gan0 wim? - K

Q = hyA(Tsqe — Ts) = hy,(TDL)(Tsqe — To))= 5300 W/m? - K X 77 % 0.08 m X 1 m (100 — 50) K = 66.6 kW

_ g _ 866X 10°W
Hy 2.4 10° J/kg

— 0.0276 kg/s

Note: if we use water at 30C instead of 50C for cooling the system, how much
are the heat flux q and the mass transfer rate? Are they higher or lower ? 14



The outer surface of a vertical tube, which is 1 m long and has an outer diameter of
80 mm, is exposed to saturated steam at atmospheric pressure and is maintained at
50°C by the flow of cool water through the tube. What is the rate of heat transfer to
the coolant, and what is the rate at which steam is condensed at the surface?

Properties: Table A.6, saturated vapor (p = 1.0133 bars): 7, = 100°C, p, =
(1/v,) = 0.596 kg/m’, hfg = 2257 kJ/kg. Table A6, saturated liquid (7; = 75°C):
pi= (o)) = 975 kg/m®, 4o, =375 % 10°°N -s/m’, ;= 0.668 Wim-K, c,;=
4193 J/kg - K, v, = 1t/p; = 385 X 107 ms.

We can now verify our initial assumption by calculating:

[ 4k T, t—m]m
8(‘[’) - - = ! [
| aodor— po i (laminar wavy)

(4 % 0,668 W/m - K X 375 x 10 ™% kg/s - m (100 — 50) K X 1 m |1 =>

s(l) = ' }
| 9.8 m/s? X 975 kg/m® (975 — 0.596) ke/m® X 2.4 < 10° J/kg

S(1) = 2.18 X 10~*m = 0.218 mm

D=008m

Condensate

Saturated
steam
r=1atm

T, = 50°C
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This Lecture

Film Condensation on a Vertical Plate: Correlations
O Film Condensation on Radial Systems
O Correlations for Laminar Flow

| Overall Heat Transfer Coefficient

Learning Objectives:
(1 Calculate convection coefficient in selected condensation cases

16



Film Condensation on Radial Systems: Gorrelations for Laminar Flow

Sinale Tube

‘
@F l = gpi(p; — pv)kf’h)’cg A Where C = 0.862 for a sphere
| b= Uy (Tgqr — Ts)D C = 0.729 for a cylindrical tube
£
Bank of Tubes
YT
B, — gpi(pr — pu)ki heg

hp = 0.729

Where N=number of tubes in a column

Ny (Tsqr — Ts)D

Reduction in h as N increases due to increasing thickness of the film.

Q’ _ E(T[D)(Tsat - Ts)
htg htg

The condensed mass-flow rate per unit length of a single tubes is: m'; =

17



Condensation: Laminar Film Gondensation in Radial Systems

A steam condenser consists of a square array of 400 tubes, each 6 mm in diameter.
If the tubes are exposed to saturated steam at a pressure of (.15 bar and the tube sur-

face temperature is maintained at 25°C, what is the rate at which steam is con-
densed per unit length of the tubes?

Liquid properties estimated at Ty = —(TSJ’ZTS‘“)

Assumptions:

1. Negligible concentration of noncondensable gases in the steam.

2. Laminar ilm condensation on the tubes.

Properties: Table A6, saturated vapor (p= 0.15bar): T, = 327 K = 54°C,
o, = (1iv,) = 0.098 kg/m®, hy, = 2373 k]/kg. Table A6, saturated water (7} =
3125 K): py= (v = 992 kg/m®, ;= 663 X 107° N+ s/m’, k= 0.831 Wim- K,
o, = 4178 J/kg - K.

Pl

— D=6mm,
r square array,
400 tubes
+
I,=25C
Saturated steam
" p=0.15 bar
f +

18



Condensation: Laminar Film Gondensation in Radial Systems

A steam condenser consists of a square array of 400 tubes, each 6 mm in diameter.

If the tubes are exposed to saturated steam at a pressure of (.15 bar and the tube sur-
face temperature is maintained at 25°C, what is the rate at which steam is con- +

densed per unit length of the tubes?

Liquid properties estimated at T = st Tsar) Wﬁ

2

T,= 25°C

- . Saturated steam
Assumpiions: W =015 bar

1. Negligible concentration of noncondensable gases in the steam.

2. Laminar ilm condensation on the tubes. (ﬁ )

Properties: Table A6, saturated vapor (p= 0.15bar): T, = 327 K = 54°C,

o, = (1iv,) = 0.098 kg/m®, hy, = 2373 k]/kg. Table A6, saturated water (7} =

3125 K): py= (v = 992 kg/m®, ;= 663 X 107° N+ s/m’, k= 0.831 Wim- K,

c,; = 4178 J/kg - K.

Q_i_ hp (D) (T — 1)
==

[
fe hfg

The condensed mass flow rate per unit length is: 777 = where

D i - 5194 W/m?® - K(7 X 0.006 m)(54 — 25) K
! 2.455 % 10 J/kg

— 1.16 % 10 kg/s - m

W m = N%n =400 1.16 X 103 kg/s - m = 0.464 kg/s - m

__ gip;— po) Kby, |14
o= 0128 [Nm(zm T)D

N= 20,
By = oy + 0.68¢, (T —

— D=6mm,
square array,
400 tubes

= 5194 W/m? - K

I)

19



Film Condensation: Overall Heat Transfer Coefficient

The total heat transfer is equal to:

Q= = UputAout (Tsat - Tm) = UinAin(Tsat - Tm)

Where: T, =average temperature of the internal fluid

Rtot = Rconv,in + Rcond + Rconv,out

out outL 1 1
U...A =U.. A, =1/R A L U —  + U
out‘tout in‘lin 1/ tot \,, =D, L out AgutReot n AinRior

Q _ UA(Tsat - Tm)
hig hig
If the total length of the tubes is unknown we can calculate the heat transfer rate and the mass condensation rate per unit length.

The total condensationrate is: m =



This Lecture

Film Condensation on a Vertical Plate: Correlations

O Film Condensation on Radial Systems

Correlations for Laminar Flow

Overall Heat Transfer Coefficient

Learning Objectives:
Calculate convection coefficient in selected condensation cases
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h Saturated Pool Boiling h Vertical Plate
e Y

L Nucleate and Film Pool L Laminar/Laminar
Boiling Correlations Wavy/Turbulent Correlations

h Forced Convection Boiling h Radial Systems (Tubes)
W o Y -

L Two-Phase Flow L Bank of Tubes

22



Boiling occurs when the surface temperature exceeds the saturation temperature at that pressure.

qs = h(T; — Tsqr) = hAT, AT, excess temperature

. FluidDynamics e HeatTransfer. o)

Pool boiling Saturated Boiling
the liquid is initially quiescent and only free convection occurs Ts > Tgqt » the bubble must rise
Forced boiling Subcooled Boiling

the fluid is moving while it boils (e.g. inside a pipe) T < Tgqt » the bubbles can re-condense in the liquid

23



- Nucleate bOII/ng WIth jets

107

" _ h g(pl - pv) 12 CPJATE 3
4qs My 5] o Cs, ; hfg PI’A]/]

108

properties estimated at T4t

10°

gl (W/m?)

10*

108

Ué’(PJ pu 1

= Chyp,
o Pu

Boilinglregimes

Free convection Nucleate Transition Film

e

Isolated  Jets and
bubbles  columns

[~ Timax

= 9min

Boiling curve of water at|1 atm

Critical heat flux, g, .,

s Pb i s Pinnaa e e E e WL
Boiling crisis

&

Leidenfrost point, g/n

NuD=C

5 10 30 120 1000
AT,= T,- T, (°C)

Film boiling

, 1/4
9pv(py — py)hy D3

Uy kv (Ts - Tsat)

Where hty = heg + 08¢y, (Ts — Toar)
C = 0.62 for horizontal cylinders
C = 0.67 for spheres

(Ts+Tsat)

With properties estimated at Ty = 5

24



Nucleate Boiling Regime = Bubbles form on the surface
Gmas IS the critical heat flux for External Forced Convection Boiling. Beyond g, 4, a film of vapor will form.

Cylinder

Use both correlations to calculate g, 4., then verify the validity conditions and
O O .
® eep the one that is true.
()

" 1/2 " 1/2
Low Velocity, i.e. -Tmax_ > 2275 (ﬂ) +1f: High Velocity, i.e. —mex_ < 2275 (ﬂ) +1f:
pvhsgV T \Pv pvhsgV T \py

q;nax zl - 4 1/3 ) (&)3/4 (&)1/2
pohygV T \Wep o o)\

puhs V169 19.27We, '3

V2D
Where Wep, = 2=

g
V = fluid velocity

25



Forced Convection Boiling: Internal Flow

Vapor

Liguid |

droplets

Liguid

film

Vapor

core

Wapor

slug

Core

bubbles

Wall
bubbles

Liquid

-___ Vapor forlced __________
convection
- ——— Mist
< ——— fnnular
Saturated __ __ _ _
flow bailing
<« ———Slug
< ——— Bubbly
___ Subcooled ___________
flow bolling
-« ___ Liguid forced __________
convection

>

hsp

0.1
= 0.6683 (—) X016(1 — X)064 £ (Fr) + 1058

0.45
=1.136 <—> X072(1 — X)%08 f(Fr) + 667.2(

W\ 07
s

P1

1- X)O'SGs,f

4

o qs

0.7
o ) (1 _X)O'BGs,f

Where X(x) = vapor quality = m,/m;y = (q;an/hfg)/m

m =m/A,
hg, = single-phase convection coefficient. Liquid properties evaluated at T,

= (/o)
gD

TABLE 10.2  Values of G,  for various
surface liquid combinations [27, 28].

Fluid in Commercial Copper Tubing Gy i _ i
- Horizontal tubes Horlzontal tubes
Ee?em R34 ?'gig tubes Fr>0.04 Fr<0.04
efrigerant K-134a i = 03
Refrigerant R-152a 1.10 f(Fr) 1 1 f(Fr) = 2.63Fr
Water 1.00

For stainless steel tubing, use &, .= 1.
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Film Condensation: Average convection coefficient
To describe the overall heat transfer by condensation we need the average convection coefficient over the solid:
Q= hL/DA(Tsat —Ts)

Also the total condensation rate is:

Q _ hL/DA(Tsat - Ts)
hyg hyg

m =

hhy = heg + 0.68¢, (Tsqr — Ts)

We have to find the appropriate correlations depending on the flow conditions (Laminar vs Turbulent)

27



Film Condensation on a Vertical Plate: Correlations

!/
— — L -_
\\ Laminar, AL(Tsar — Ts)
i wave-free
THL _
| ¥ e =30 ren — 378 | L Tsae = T5) 3/ Rew < 30 (Lami
\ Laminar, R PR es < 30 (Laminar)
g\l

|‘\ wavy 3.7k, L(Tyq — T,) 0.82
\W \ ¥ Reg = |——1~%at 52 4438 30 < Res < 1800 (Wavy)
| ”\P R96= 1800 g [,l.h,, (vz/g)1/3 ' - 6 =
il Hra\"L
ITREHTHTIH K ; 4/3

0.069k,L(T,qs — T.
| \M 1) Turbulent Res = L (Tsar 1/35) PrS — 151Pr05 + 253 Res > 1800 (Turbulent)
| iy (v /)
H\‘!\HWW\

Calculate all three values of Reg, decide which one is within the correct range and then
substitute in the average convection coefficient.

()
Liquid properties are estimated at Ty = (st Tsat)

Vapor properties as well as hg;, are obtained at T,
28



Film Condensation on Radial Systems: Gorrelations for Laminar Flow

Sinale Tube

‘
@F l = gpi(p; — pv)kf’h)’cg A Where C = 0.862 for a sphere
| b= Uy (Tgqr — Ts)D C = 0.729 for a cylindrical tube
(b
Bank of Tubes
3 9p(pr = o)l yg] "
L\P1 — Pv)K Ngg

hp = 0.729

Where N=number of tubes in a column

Ny (Tsqr — Ts)D

Reduction in h as N increases due to increasing thickness of the film.

Q’ _ E(T[D)(Tsat - Ts)
htg htg

The condensed mass-flow rate per unit length of a single tubes is: m'; =

29



Film Condensation: Overall Heat Transfer Coefficient

The total heat transfer is equal to:

Q= = UputAout (Tsat - Tm) = UinAin(Tsat - Tm)

Where: T, =average temperature of the internal fluid

Rtot = Rconv,in + Rcond + Rconv,out

out outL 1 1
U...A =U.. A, =1/R A L U —  + U
out‘tout in‘lin 1/ tot \,, =D, L out AgutReot n AinRior

Q _ UA(Tsat - Tm)
hig hig
If the total length of the tubes is unknown we can calculate the heat transfer rate and the mass condensation rate per unit length.

The total condensationrate is: m =
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