Heat and Mass Transfer
ME-341

Instructor: Giulia Tagliabue

Spring Semester




From Thermodynamics to Heat Transfer

Thermodynamics ' Heat Transfer

Although thermodynamics may be used to determine the amount of heat needed for a
system to pass from one equilibrium state to another it does not acknowledge that heat
transfer is inherently a non-equilibrium process. In fact, for heat transfer to occur there
MUST be a TEMPERATURE GRADIENT. (Incropera, Ch. 1.3)
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Heat Transfer Mechanisms and Transport Laws

Conduction Convection
* Planar and radial systems »  Forced convection (External and Internal)
«  With and without heat sources *  Free convection
» Steady-state and Transient  Boiling and Condensation
«  Thermal resistances/Thermal circuits/Heat transfer coefficient U .
» Dimensionless numbers (Re, Nu, Pr, Bi, Ra, Gr) ‘ DeSIQn a Heat |
«  Characteristic dimensions & reference temperature Exchanger
«  Mass/Momentum/Energy conservation equations
I
[ ]
10T , aT .
_—=\72T+g pcy| -+ u-VT =kV?T + ¢
a Ot k ot
Conduction —Only Diffusion Convection — Diffusion + Advection -

(Closed system) (Open system)



This lecture

O Introduction to Heat Exchangers
O  The problem of the overall heat transfer coefficient
O  RECAP of critical concepts

Learning Objectives:
O Understand the concept and possible design of heat exchangers
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Introduction to Heat Exchangers

A. Concentric Flow
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Introduction to Heat Exchangers

B. Cross-Flow
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Introduction to Heat Exchangers

C. Shell-and-Tube
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Introduction to Heat Exchangers

c. Shell-and-Tube
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This lecture
%/ Introduction to Heat Exchangers

O  The problem of the overall heat transfer coefficient
O  RECAP of critical concepts

Learning Objectives:
Understand the concept and possible design of heat exchangers
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Overall Heat Transfer Coefficient

Thermal Resistance & Thermal Circuits
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Overall Heat Transfer Coefficient
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Note: we will discuss the expression for AT later



Overall Heat Transfer Coefficient

AT 1 1
= = UAAT U= C)
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=N \F »  Conduction thermal resistances
| * Planar/radial conduction
e 1 ‘e % ‘e Convection thermal resist
Cross flow ° onvecton thermal resistances
T= flx, O O :>
il O & * Internal and external
N « Array of Fins
\<

Fibe * Fouling
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This lecture

‘v/ Introduction to Heat Exchangers
The problem of the overall heat transfer coefficient
O  RECAP of critical concepts

Learning Objectives:
Understand the concept and possible design of heat exchangers
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Overall Heat Transfer Coefficient
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Cross flow
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Conduction Thermal Resistance

Planar wall

L

Rth,cond - E [ KIW ]

Radial System
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What is the critical assumption underlying these expressions ?
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Convection Thermal Resistances

Planar wall Radial System
1 R 1
Rin conv = " [ K/VV] theonw = o7

Where h must be determined with the appropriate correlations!!

L> Determine the right correlation
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General methodology for calculating the convection coefficient

0. Identify the type of convection (Forced/External, Forced/Internal, Free, Boiling/Condensation)

1. Recognize the flow geometry (plate, cylinder, inner/outer flow etc.)

2. Specify the appropriate reference temperature and evaluate the pertinent fluid properties at that temperature 7,

External convection over a plate/cylinder: 7, = (T, + T..)/2
P y r=s ) Note: If the necessary temperatures are unknown, we can use

External convection over a bank of tubes: 7 = (T, + Tou.)/2 To, Tinor Tsqe to estimate all of the fluid properties. Once we
Internal convection: T = (T,,,; + Tp.,)/2 obtain Ts, Toye, T o We need to check whether it was reasonable.

Free convection: 7y = (T, + T.,)/2
Boiling: a) film pool boiling 7', = Ty, T, = Ty = (T + Ty,,)/2; b) all other types of boiling 7' = T, = T,
Condensation (film): T, = T, T) = Ty = (T5 + Ty40) /2

3.  Calculate the Reynolds number (be careful to use the right characteristic dimension - x, L, D — and velocity - u,,, u,) OF the
Gr&Ra numbers. Determine the flow conditions (laminar/turbulent) [FLOW]

4.  Decide whether a local or surface average coefficient is required [Loc/Ave]

5. Calculate Pr or get it from the table [Pr]

6.  Select the appropriate correlation, determine Nu and the convection coefficient or directly h [Nu, h]
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[Radiation Thermal Resistances)

(Radiation Thermal Resistance)

Planar wall Radial System
1 [KIW] R !
= — hrad =
Rth,rad gl thra hyqq2TrL

where . .
Qx = Aeo(Ty — Tgyy) = Ahygq (Ts - Tsur)

|;> Rraa = EO-(TSZ + Tszur)(Ts + Tsur)

[K/W ]
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Overall Heat Transfer Coefficient

e

Cross flow

I'=flx, ¥

T 1 1
= UAAT U=
:I> ReotA » UA

=4 | \F e Conduction thermal resistances
e Planar/radial conduction
e O ‘e C tion thermal resist
« Convection thermal resistances
O . © =)
O & e |Internal and external

* | Array of Fins
~ |

Fibe * Fouling

22



Heat Transfer from Fin of Uniform Cross-Section

Fluid, 7.
QC‘O?‘!U
?}J
L Sl ; i
e > It » O
Qw=Qr = _kA"qu:L ! dur
I
x=0 x=L
Boundary conditions:
» Fin base « Fintip
E> Ox=0 = O}

d?0 )
_2_m 9:0 F> 9=Clemx+62€_mx
dx
1. Adiabatic d_g —
dx velL
. do
2. Convection _kACd_ = hA.(T(L) — T,)
- Xx=1
3. Temperature 6,_; = 0,
4. Infinite fin 0,0




Heat Transfer from Fin of Uniform Cross-Section - Recap

TABLE 3.4 Temperature distribution and heat loss for fins of uniform cross section

Tip Condition Temperature Fin Heat
Case x=1I Distribution 6/0, Transfer Rate Qf
A g;)rrllsvf(;?ion heat cosh m(L — x) + (W mk) sinh m(L — x) sinh mL + (W/mk) cosh mL
(L) _ kdbldx,_, cosh mL + (W mk) sinh mL cosh mL + (AW/mk) sinh mL
N (3.70) (3.72)
B Adiabatic cosh m(L — x)
A M tanh mL
A/l = cosh mL anh i
(3.75) (3.76)
C Prescribed temperature:
0(L) =06, (6,/8,) sinh mx + sinh m(L — x) (cosh mL — 6,/0,)
sinh mL sinh mL
(3.77) (3.78)
D Infinite fin (£ — %):
H(L) — O e X (379) M (380)
o=7-1, nf = hP/A,

HbZH(O)ZTb_Tw ]14E V]]PkACBb
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Efficiency and Thermal Resistance (1Fin)

do
Qf = Qb,cond — _kAa
x=0

If T}, is the temperature of the fin base:

Qr Qr Y

® W= Qfmax hAr(Ty —T) hAf6,

®  Qr =nphAr(Tp — To)

(Tb - Too) . 1
Qf hAgny

- Ry =
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N T(x) J,
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Efficiency and Thermal Resistance (1Fin)

TABLE 3.4 Temperature distrik

Tip Condition Fin Heat M = \/hPkAB)
Case x=1) Transfer Rate Qf
A Convection heat sinh mL + (#/mk) cosh mL Ny = Qf = M tanh rml = tanh il
transfer: hAf Op hPL, mL
(L) = — kdb/ d)ﬂ ., cosh mL + (A/mk) sinh mL >
- (3.72) R = 1
B ?gi/l;)?&ltlc_ 0 M tanh mL — r= hAfU f
x=L
(3.76)
C Prescribed temperature:
0(L) =0, M(cosh mlL — 6,/8,)
sinh mL
(3.78)
D Infinite fin (L — %): 2.80 . Qf . M . 1
(L) = 0 G V' =ha6,  nA6, mL
0=7T-T. nt = hP/kA. - 0, 0, 1
6,=00) = T,~ . M= hPkAs, Rp=L2=2o —
Qr M hPkA,




Efficiency and Thermal Resistance (Fin Array)

Q¢ _ Q¢ _ NQr + Qp
Qtmax ATy — Te) h(NAf + Ab)(Tb — To)

No

=1- "L (1~ ny) Overalleffc
D Mo = At( ny) Overall efficiency

\ Single fin efficiency
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Note: for the overall efficiency another common notation is n;
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Overall Heat Transfer Coefficient

AT 1 1
= UAAT U= C)
R¢ot :> ReotA UA

=N \F »  Conduction thermal resistances
| * Planar/radial conduction
e 1 ‘e % ‘e Convection thermal resist
Cross flow ° onvecton thermal resistances
T= flx, O O :>
il O & * Internal and external
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Overall Heat Transfer Coefficient

Fouling

Dramatic increase in thermal resistance due to poor conduction through the scaling layer

B Introduce a fouling resistance per unit area (fouling factor) R¢

R”
" f
4 Rf = ARfoul e Rfow = m
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This lecture

Fouling

| The overall heat transfer coefficient

Learning Objectives:
(1 Calculate the overall heat transfer coefficient
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Overall Heat Transfer Coefficient

T
Q= = UAAT o> U=

—_—
Cross flow
T= fla

32



Overall Heat Transfer Coefficient

AT 1 1
Q= = UAAT U= 0 —
Riot I;I> RiotA UA

1
m — Rconv,out + Rcond + Rconv,in

1 1 In(rout/Tin) 1

JE—

= + +
UA houtAout 27TkL hinAin

Cross flow
T= fla

h,: forced convection external flow
h;,, forced convection internal flow
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Overall Heat Transfer Coefficient

T
Q= = UAAT o> U=

—_—
Cross flow
T= fla
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Overall Heat Transfer Coefficient

ﬁ - Rconv,out + Rfoul,out + Rcond + Rfoul,in + Rconv,in

—_—
Cross flow
T= fla

. R,
Rf = ARfou. B Rypy = 7f
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UA  hoytAour  Aout 2rckL A hindin
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Overall Heat Transfer Coefficient

RtotA
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O
Cross flow @
T=flx, p O
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Overall Heat Transfer Coefficient

1
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Overall Heat Transfer Coefficient

—_—

O
Cross flow @
T=flx, p O
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Overall Heat Transfer Coefficient

., QS D
Tty | % 2 %
.

1
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Overall Heat Transfer Coefficient

AT 1 1
Q= = UAAT U= 0 —
Riot :> RiotA UA

In the most general case we could have fins present also on the inner side:

1 1 R},O R},i 1

= + + Reona + +
UA T]o,ou.thoutAout no,outAout con no,inAin Tlo,inhinAin
\_'_J

Account for all the layers of
conduction!!
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Overall Heat Transfer Coefficient

AT 1 1
Q = = UAAT U= C) —
Riot :I> RiotA UA

Note: 1 1 1 1 1

— = R == = = =
uA tot UinAin UoutAout UcoldAcold UhotAhot
U —1 U —1 U —1 U 1
= * = ld = =
:> o RtotAin out RtotAout “0 RtotAcold hot RtotAhot

Calculate first the total heat transfer resistance R;, then multiply by a specific area to determine the
overall heat transfer coefficient with respect to a certain surface.

Note: Do not calculate U starting from R, because it is likely you will mess up the areas (you can do it but you have to be extra careful
as each term of the specific resistance will be normalized by a different area...)
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This lecture

Introduction to Heat Exchangers

The problem of the overall heat transfer coefficient

RECAP of critical concepts

Learning Objectives:
V Understand the concept and possible design of heat exchangers
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Next lecture

| The overall heat transfer coefficient

Learning Objectives:
(1 Calculate the overall heat transfer coefficient

43
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