ME 418
Lecture 9 - Heat Exchanger
Analysis & Design

Heat exchanger overview
Overall heat exchanger conductance
Heat transfer analysis — LMTD method

Heat transfer analysis — effectiveness-
NTU method

Fin efficiencies
Heat transfer coefficient
Flow pressure drop
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Heat Exchanger Types
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— . t.t. 1
Airflow |0 © % ((———— Wat
—°9 —7 E—————— ) BRI
| —— (e — et Tow
/ | LIl 44—
(ON0)
e et
Air flow
Coquid <44 - \fq\u'd
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Overall Heat Exchanger
Conductance

Total heat transfer resistance between two fluids in
a finned tube heat exchanger

Air flow T, Tube

>

Liquid flow T; Scale

T

R;: tube inside convection resistance
Ry: tube inside fouling resistance
R;: tube wall conduction resistance

R,: outside surface (fin+tube) convection
resistance
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Energy flows for a counter-flow heat exchanger

(C AQ _*_> (Crmn Tl’l’lll’l)A + AA

(Crnax Toada €——

max -~ max

We define

Cmin = Mpin Cp,min and Cmax = Mpax Cp max

Energy balance for the infinitesimal CV

(len Tmln) (Cmax Tmax )A+AA S‘-z""d‘] Stake
— T ————
(len Tmln ) (Cmax Tmax ) 0

CM&V\(T'\A&IA,A = T n, A48 )

A dTmm dTm X
° len dA = Cmaxd—';1
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Heat transfer between two small CVs

AQ — U% (Tmin _ Tmax )
wm=/
A

R . Won = Tan:
Energy balance for one side Sninl Twina = Tuin, geay)

\I_’/ = - MA CT"M.A/T"’&J:'\

dT. .,
Dlmin _ _y (T T
(imm dA ( min max)
dT
Cmax dr'r:\x =-U (Tmin _Tmax)

*Integrate above equations to find total heat transfer

Log-Mean-Temperature-Difference Method

Log-Mean-Temperature-Difference (LMTD) is defined

das
Jin Tc,out ) _ (Th,out o Tc,in )

1 (Th,in _Tc,out j
n
Th,out B Tc,in
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Heat transfer rate is calculated by

Q=UA (LMTD) F

—_—

where F is a correction factor for flow types other than

counterflow. Fet d0r cduntutlory
V‘ﬂb) (Cmm mm) A : AQ _E_> (Cmm mln)A + AA
E231E:EiE:EiE:E:E231E:52E:EiE:E:E231E:EiE:E:EiE:E2315:52E:E:EiE:E231E:52E:E:EiE:E!SiE:523:E:EiE:52315152.1'5-:52;&;3:;5152_35:;:5;:E:523—15152:52;EZEE2;Eiii—E;.:E:EiE:E:EiE:E!S:E:E2E:E:EiE:EiS:E:E231E:EiE:E!S:E:E231E:EiE:EiE:E:E231E:52E:EiEiiiE231Eiiiiiiiiiiiiifiiiiiiiil
i v | P ld
(Cmax Trnax)A 4_:_ 4‘:_ (Cmax Tmax)A+AA
________________ > A A * A A va\. CM;\X
Cu +0T = ¢ aTT,

ASS(«WLQ_ Cmin = Ch mect Ce
AQ = woh (Tu-T) T M Tw

- "T'\' -
= "Cw ATh =-Ce AT& \ﬁw 14-“0

mw.uo, m - dirchin aTe| I-—\Tr-\» -

6T, < aTy

3
N T g L —
fDdLn-Tcs=dQ('z—J—}
= WSACTL- T, )+ 3
b—\_’
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Effectiveness-NTU Method

Overall energy balance

Q= C( h,i Th,o):Cc(Tc,o_Tc,i)

\/‘\’7 =
We define heat transfer effectiveness
3 IC Ch=Cmia, ((’E‘L‘ﬂﬂ)
T -Te
€ = = I ComCuin, §: Tea=To
max T -Tet

where Q... =C_._ (Th’i — Tc,i) is the max heat

transfer.

—_—
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Then the heat transfer rate is

Q
We further define capacitance rate ratio
C* _ Cmin
= C

max

and number of transfer units (NTUs)

Ntu
C .

min
Then effectiveness can be calculated as

_ f(c*, Ntu) Cos Cmi
Exp &) 2 The—Tei 1 _
) T T - PlURLg &)S
= exp((WA ﬁ
P Cmin Lm 1‘ )

= exp (AT c.o*-n\

--—-"

= Thor- wi t Tmr'Tm
Ca
TV\""-T;—\ + Tell 'Tw

—VJ

NTy,
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Ta-Teo

T =Tl

= _('L. C*

On(Tho-Ti) = o (Tei-Teg)
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Flow arrangement Conditions Effectiveness
All =0 C: D) - Hn

A 1 — (,—Ntu(l—C‘)
Counterflow C# 1 (&= : Derivd  abgot
L ey — l — C*()—N[ll(l—c )

=1 Nt
B " 1+ Nuw
l . (J_C*(l_ef.‘\'m)

Crossflow, one fluid mixed  Single pass &= c

Shell and tube: even
number of

passes (2,4, 6, ...)
Crossflow

Three pass

Both fluids
unmixed

M

| — e~ Nw(1=C
= [1=0.0643 C* (1 — 70348 N L CF o Nu(1=C)
— e~ Niu(l—

[ — o Na1—C)

M

= [l —0.0411C* (l - (’_0'4141\”“)] |:] —C* 6,_]\/m(I—C‘)

2

M

(l + C) + m(] —{—(;-_Ntu I_CQ>

| — e Nuy 1+C*?

0.22
e=1—exp {ng* (exp(=C*Nu"™®) — l)]

|
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Notes:
« LMTD and e-NTU methods are equivalent

« LMTD is easier to use when desired fluid outlet
conditions are given

{e NTU is better when heat exchanger size and
performance (i.e., UA) is given

Heat Exchanger Example: Determine the outlet
temperatures and the heat transfer rate for a heating
coil in which air is heated using hot water with two
passes. The overall heat transfer Conductance s 4
KW/C. The air stream enters at 24 C W|th a flow rate
of 3 kg/s, and the water stream enters at 60 C with a

flow rate of 1.0 kg/s. Ab
L
Cair = Vl:\aégk 'Z(\'L ) ﬂ
e Mo = —~)
Cw = Mw: Gw leqls
Camta = Min(Cair, Cw) bo‘'c mw > (EG/g
WA ¥_ Cmin
Ntw = — = =
Camin LWWQ(
5= fatw, )
B = 3 Cmin CTui - Tai) ,
. Q@ Q
T(LO = Tq_; + ﬁ’r T = TW! = TV\]
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Fin Efficiencies

T

a

* fin heat transfer depends on

Ye I I— local temperature difference
T D L (Te-T,)
S  characterize finned surface
AN heat transfer using a fin
\ T, efficiency

Effective overall surface area

, O L1 fin surface area
Lin sWA
4\ & ‘oLt et |

[770 A, )—_ (Ao - AF)+ 7r Ac
. |
overall fin efficiency individual fin efficiency
exposed tube area

Individual Fin Efficiency
A red aeg,

TdA
B heat transfer at base of fin.r W

e = : , , .
" maximum possible heat transfer n‘yﬂre flo,n at T,
- (& wera T waltw)
’ X Qe oules .
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For straight fins, 1

0.8 i
. _ tanh(mL,) . | Worghn beacfor of
d mL, . 0'6__ (= Mcrw,s:'ns tha l'\Ql\_aU’
0.4+ i 7
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_( 2h, j 0.2} \ “
m = I
kFyF 0 '
0 2 4 6 8 10
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L
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HI LA\ hee Le (Ts-7 )
s v TO\ T 7T
a_;- /f\:i Ye - alxwx Yixto)- Yx)
o C,@Ig/]g: Tax . T YW

=20x holTe-T) q:- e Y- dT; (x /\/i‘—\ ;%%
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= 2T Tay = keye . 4 T
dxr

LR TR
Peline 2= Te-To =) 7-0\02 ke \JF.Z"

Cuners. stl'a
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\I\A"&‘Z"
)
T \wa 223 &0y
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)
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For circular fins,

I P K1(mfri)|1(mfro,c)_l1(mfri)K1(mfro,c)
f 2 2
_mf(ro,c_ri )__IO(mfri)K1(mfro,c)+KO(mfri)|1(mfro,c)_
where the effective fin radius and S
area are t /)\5\: Lin l
tt .
.="I, + of Thdayy Air flow
’ 2
2 2 -
Afzzﬂ:(ro,c_rl ) —_—

7/
7
O <O = O

7 \

~ 7
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S /’
L Area associated

O ’ O with the tube
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Fin Efficiency Example: Determine the fin
efficiency, overall surface efficiency, and thermal
resistance per foot of tube length for a cross-flow
heat exchanger using finned tubes. The tube
diameter is 0.774 inch. The fins are steel with a
thickness of 0.012 inch, a diameter of 1.463 inch,
and a pitch of 9.05 fins per inch. The conductivity of
steel is 35 Btu/hr-ft-F. The heat transfer coefficient is

14. 4 Btu/hr-ft2-F."

o ‘_C - 0%7_}“.” 'h: : \JF = 0.012 V'
[
o = \&b} ‘V\ R VOIC

e

Ke = 30 Rinjue et
e = (0.€ Qty[nr-ftip

- L
(2~ 7)0'“0'&0
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Tube Internal Single Phase Heat Transfer
Coefficients and Pressure Drop

« Forced convection is generally involved in heat
exchanger flow

« Correlations covered in Lectures 3 and 5 can be
used for calculating heat transfer coefficient and
pressure drop

Reynolds number is defined as

VD 4 m
RGD = pf H or RGD =
“ My C WP
where hydraulic diameter is
4 A
DH - c
WP
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Heat transfer coefficient is related to Nusselt
number defined as

’ kf

where k; is the fluid conductivity.

From Lecture 3, we can calculate pressure drop by

2 2
Ap = f L(prJ o Ap = f L G
Dy\ 2 Dy 2p

where G is mass velocity

c_ M
A

C
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Heat transfer and friction factor relations for internal

turbulent flow for Re > 2500

Smooth tubes

Nup, = 0.023 Ref;; Pr"

n = (0.4 heating or n = 0.3 cooling

Or (larger (f / 2)(ReDH —IOOO)Pr
u =

Rep range) 12.7(£/2)" (P2 1)

Rough tubes (ReDH Pr(f/2) )

Nu

® T 1k(£/2)" (4.5Rep’ Pr** —8.48)

Smooth tubes f = %

Rep
Or (larger f = 0.0032 + O%Q
Rep range) “D,
Rough tubes | Rep, <10°

9.3

£05 ~ 114 +2log[&j ~2log|1+
° Re| > | %
DH

Re;, >10°

£705 = 1.14 42 1og(D—H]
&
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Finned Surface Heat Transfer

Coefficients and Pressure Drop
Mo ap

We define the ratio of free flow to frontal area

AC
o= —%
A = Lxi
D, G
Reynolds number Ng = Rep = H
oo

The heat transfer coefficient is related to Standon
number

h
St = —
GCp

Friction factor f— PTo

Pressure drop can be calculated by
PR towsf o

2
A.2p

kl try, Clomw OB,
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D
0 li‘ ;‘0'3 -"‘—\:\ - _\_h'%%\
(o] A —~ =
R —
(Yo
\:;~ 1.463"
-
. 0.4105"| |+ ofs-8:0012"
TO SCALE FOR "A"
|ooto SPACING s L
Y3 |0008- 2 xSt . 75
S ~ A 557" 175"
° .m;q—__-x(\___ \\\
I < Sl
! @ 3 1 0 1A
NR' 'O. ]
°’°°? 15 20 30 40 60 | 80 {100
Tube outside diameter = 0.774 in.
Fin pitch = 9.05 per in.
Fin thickness = 0.012 in.
Fin area/total area = 0.835
A C D E

s
/\I&

Flow passage hydraulic

diameter, 4r, = 0.01681/0.02685| 0.0445 0.01587 0.02108ft

Free-flow area/frontal

area~ o = 0.455 0.688 0.537 0.572
Heat transfer area/tota » 3
total volume, a= 108 61.9 135 108 ft'/ft

Note: Minimum free-flow area in all ca ccurs in the spaces transverse
to the flow, except for D, in which the minimum area is in the diagonals.

* Prandtl number raised to the two-thirds power is

used to correlate the properties of other fluids.

Heat Exchanger Analysis - Page 21



Finned tube example: Determin'?0 the air-side
convective heat transfer %(‘)}efficient, therma
resistance, and pressure drop for a coil made of
finned tubes with configuration B of figure above.
The coil frontal area is 4 ft?, there are four rows of
coils, and the fins are made of aluminum. The

airflow is 4000 cfm at a temperature of 75 F and 50

: .V

% relative humidity. %
™= \’,.e
Ve ber L Le L xq
V.= Aq

Aee - o= hc = $ree How

% < Q =) Qs Q%A—& Dy T0.02pf ¢
\l\o < io 1’3 -
oty Pt ¥ Lo chowt

Ro\’- mv V)‘-. 0-8 {:I‘OM pu\/ ekMPIQ

Eind £ fm chnet

AP~ J;.%.%l
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