ME 418
Lecture 9 - Heat Exchanger
Analysis & Design

In-Class Notes for Fall 2024

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

Heat transfer analysis — effectiveness-
NTU method

~in efficiencies
Heat transfer coefficient
~low pressure drop

Heat Exchanger Analysis - Page 1



Heat Exchanger Types

At -4 \A\W\Con used for heating or cooling air
/ " :::T:::::::T::::-"T“
Airﬂow_g g é_» @[:::::::::::::::::::59 Water or
o (s AP
/ gg / I —— <——
Water or l T T T
refrigerant flow Condensate |
Air flow

Shell and tube exchanger used for liquids

l‘ Shell fluid LCCLW\& -1 - /‘QWCG 0 — )

—
U — )

Counter flow
— —
(C —lp — —
/ | —
Tube fluid l 0] — )

Parallel flow
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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; -
T, A T,
R Rq R, R,

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

(Cmm mm)A _:'> AQ _'_> (Cmm mm)A+ AA

4_'_ (Cmax max)A+AA

We define
—)

C..m_.c. .. and C__ = C

min min = p,min max max p,max

Energy balance for the infinitesimal CV

(Cmm Tmln) (Cmax Tmax )A AA 5%P§“{M
~ (Conin Tnin ) o an = (Crnax Trnax )a = 0

min "min max "~ max

dT dT

C _ min _ C max
min dA max dA
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Heat transfer between two small CVs

AQ = UAA(TmiIl — Tmax)
Energy balance for one side AT st
dT_.
min d:\m =-U (Tmin _Tmax)
dT A Uy side
Cmax ﬁ =-U (Tmin _Tmax)

*Integrate above equations to find total heat transfer

Log-Mean-Temperature-Difference Method

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

dasS
Jjin Tc,out ) o (Th,out o Tc,in )

1 (Th,in B Tc,out ]
n
Th,out _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.
nat 5 5
—N (len mln)A 4:_> AQ _:_>
. posomo oo 3
A
(Cmax maX)A <_:_ “:7
________________ p A A+AA

= -Gy 6T =- CeaT,
negoktue tw A - dirgunidy)

D aT,> -2 ap .- —> A
C

- TN = oAl [l
> dlTh-Toy = da (-
= WA T (£ -G
= é(/—(_'- |
e SEILECRES

L\/\ECTVFTL)[?,] [wHL> ~ UA(%Z_(M[M (\
lnd— leco

- T4
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- UA- T~ Vet — T +M % Ch- ﬁml‘-TMg 3’; (
X = C(. CTC_.O'TC(>
7,> Q= Q- T (i _T["“+nl'0 =) G = &L
_ T ¢ M T\/Lt"—n/[o
b [ the” Tt ) )
T Too Ce” T
D\)

LMT

Effectiveness-NTU Method

Overall energy balance
Q =G, (Th,i ~ Th,o) =C, (Tc,o _Tc,i)

We define heat transfer effectiveness

Q
£ = ——
Qmax

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

max

transfer.
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Then the heat transfer rate is

Q=€ Cp, (Th,i = Tc,i)

We further define capacitance rate ratio

C

max = My Cpuge

and number of transfer units (NTUs)

Ntu=%
C

min
Then effectiveness can be calculated as

g = f(C*, Ntu)

= = T,/l "T
Bp o = ezl pr(wﬁ\(—éz/%m) ¥

T - Tea
n = P (UA
PKLW\{( )7

NTIA
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= OxXP (NTy - (c*-n)

= The™ (i + - Driw'mﬁ Pdten e
@ Teo = (eo

e Thi - T
- 5 x|

—-\ ‘C*'i

é(/\(_ﬁ’lo ’TK\I ) ;CC(—Q(’E)}

D Tag Ty = — (TL:—Tw)

> Exp (.’\)T\MC*'\)) ‘)M = -
™e-Td
& s = epl) e bpld e
S —— . -1
&) %'(cxf’,xptfll )= expl-)-| ‘ﬁ?—ru

ED s~ expvtnd))-L —

- expntucera)) |
= fovtu .

Deenmrigt ®r  Ca. Cc.

Cn>> Ce
_—— Th

eThs CoTe

Ce=&0 = Q'V"‘-Polf&*(am
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Sy Cetle = ¢ 0T,
! i »
N - ‘

T‘/\.f "T(/':

(% dl‘v‘uflflj w{-mg.,/p]ﬂ
NGH).( Cn>Ce 7'\

L S
N_ Teo- (¢ _-,ma, - T

A GT«MW % &dieyes g,

Cold side o Luin SiAe

Flow arrangement Conditions Effectiveness
All C"=0 e=1—e N
Counterflow
=1 Ntu
- " 14+ N
1 . e_Ct(l_‘,—Nru)
Crossflow, one fluid mixed  Single pass &= c

_ i | _(,—Nttl(l—C')
/ . o1 _ 12+ (1 ,—0.548 Ntu
Two pass e=[1—-0.0643C" (1 — ¢ )= C*e—Nf"U—CW}
[ ] — ‘,—Ntu(l—C‘)
o e 1 O (v «(1 _ ,—0.414Ntu
Three pass e=[1-0.0411C"(1 — ¢ )] = ()_N,M(I_C‘)}
2
Shell and tube: even £ =
. |+ —Ntun/ 1+C*?
nu??b?r;)l( (1+C)+ \/1-1-7 €
passes (2,4, 6, ...) | — e—Nun/1+C*?

Crossflow

Both fluids fo ] — exp[ = (exp(—C*Nlll()'78) _ 1)1

unmixed

Heat Exchanger Analysis - Page 10



Effectiveness

Effectiveness

08
06
04
Counter-flow
02
0
0 1 2 3 4 5
Ntu
1
Three pass P
08 Counterflow — A ——]
/ N Two pass
0.8 /_,--”— 1 Single pass
0.4 :
Multipass cross-counter flow 4
C'=1
02 One fluid mixed
0
0 1 2 3 4 5
Ntu

Counterflow

Multi-pass
cross-flow with
one fluid mixed
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Notes:
« LMTD and e-NTU methods are equivalent

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

« ¢-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
coll in which air is heated using hot water wiM)
passes. The overall heat transfer conductance is 4 “/
kKWI/C. The air stream enters at 24 C with a flow rate
of 3 kg/s, and the water stream enters at 60 C with a

flow rate of 1.0 kg/s.

B
C_‘/O\/:U\ = Mn c(}o\ e _z
Cwo'\’f - Mw 'CW\J -
4\
Conp = WA ((Caniv, C ot ) hot wodgy
:\ C)f - (\:ﬂ/\im (OOP(-’
/UT\/\ = \k(-\ CDL‘{I\
CV\/\\‘/\ TU\,'O - TU\/, _ (52
Q= 5 Comin (Twi - Toud ) <o
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Fin Efficiencies

T

a * fin heat transfer depends on

YF | S local temperature difference

Te - ﬂ‘ L (TeT)

f»—‘ ~ ,  characterize finned surface

A, heat transfer using a fin
\\ r

efficiency

Effective overall surface area

oot 4P fin surface area
77vo :(Ao _AF)+77F AF
T T
overall fin efficiency individual fin efficiency
exposed tube area

G
Individual Fin Efficiency éjfzi

B @e@ransfer at baseo%

" maximum possible heat transfer if entire fin at T,
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For straight fins, I
tanh(mL,) | ﬁ
e = 0.6| |
mL, = _ |
0.4 -
on " | '
m ) ( : j 0 2_ _
KeYe 0 . ' ' '
0o 2 4 6 8 10
T mLg
fin thermal conductivity RAR

X
(= AN
6 = KM Tty ? [LF [ T g& |
/4 KON

A . K
XNX"‘«Z )2 Q= 1he dxCTe-Ty) .\‘é T T T
X7 Tha "‘ [ g - (T -
@::~\<F'Yt—'%‘x MF: JO et E\) “dascs
ho (Ts-To) L 9
2@/\”‘?\{ bolan(e: =) ey e ?“'QZ’"
_ L dTe dTe
e exCTs ("“\'h%( e éffndy)
Divide dx. 2he-(Te-T,
,} £ 0\) ¢ VE -dj)(:ﬁ- O(To\
T o
/[Lc.k‘v-e\(dcx’z\w T-T.. Qe Lty - x)
Oetine 2= Te-Tee = COMLMLF)
MoZ= Ly 2
D 2w . Z 5 20 wdey ODE
‘,l\: \{? X
W\7’// 2= 0" 2-¢"
S wlTeZ D 3 e e™
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For circular fins,

I Ky(mer )y mero _I1(mfri)K1(mfro,c)
f 2 2
_mf(ro,c_ri )__IO(mfri)K1 Melo.c +K0(mfri)l1(mfro,c)
where the effective fin radius{and S
area are s l
t Rro |
r.="r, + Ef Q Air flow
2 2 —
Afzzﬂ(ro,c—rl ) —_

7N

rea associated
1th the tube
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di

o

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
diameteris 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."

vy
"
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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 4m
RCD = Pt H or RCD =
H My WP
where hydraulic diameter is
4 A
DH — c
WP
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Heat transfer coefficient is related to Nusselt
number defined as

h, Dy,

K

NUDH —

where K: is the fluid conductivity.

From Lecture 3, we can calculate pressure drop by

Ap = f or Ap =

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 Re%i Pr"

n = 0.4 heating or n = 0.3 cooling

Or (larger (f/2)(ReDH —lOOO)Pr
u =

Rep range) o 1+12.7(£/2) 7 (P 1)

Rough tubes No. - (ReDH Pr(f/2) )

" 1(£/2)" (4.5Rel Pr -8.48)

Smooth tubes | = 0‘3(1)?54
Rep.
Or (larger f =0.0032 + 0%3317
b

Rep range)

Rough tubes | Rep <l 0°

9.3

Re (8J £0
DH

£05-1.14 +210g(&] ~2log| 1+
e

Rep, >10°

e

£705 = 1.14 +210g(&j
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Finned Surface Heat Transfer
Coefficients and Pressure Drop

We define the ratio of free flow to frontal area

. ) — \Cﬂ‘(&(’_ £ gd\) N
@ = Lrontod afeon

D = mnss Hiy
Reynolds number NR = Rep :ﬁ e
"o

The heat transfer coefficient is related to Standon
number

h C heat troumsfen”

St= — (
ch Hgrmal “apai ity

Friction factor f— pZTO
G /2

Pressure drop can be calculated by
7 heas trows(er  auece

Ap = ®Gz
20

O $roe -How owten
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006
c
T~
]
P ——
004 E\&\ T~
D - - —_ =
0-905S . \\\
003 A= S
T~ 1.463"
s
0.1105"—| |+ =8 :0.012"
TO SCALE FOR "A"
229 SPACING s L
#o.mj' Q L e S \\ " "
. N zn.\ \\\‘ — A 1.557" 175
0.90H3 boale < N Tl B Leg2" 175"
. | (3 \QS\E B ~ C c 2725" 175"
| £ N+ 073 V10 (A 0 2725" 080"
o R' r’ C Ll
ooo? 15 20 30 40 60 | 80 [100 3 982" 1375
Tube outside diameter = 0.774 in.
Fin pitch = 9.05 per in.
Fin thickness = 0.012in. A
— —
Fin area/total area = 0.835 7 Mo
C D E

Du % Flow passage hydraulic 4

lf\kad‘w\‘;: diameter, 4r,=  0.01681 (0.02685 0.0445 0.01587 0.02108ft
Ltk Free-flow area/fror&al
A area, @ - TC 0.455 0.688 0.537 0.572
— Heat transfer area/tog o 3
\ total volume, @ = 108  (85.1) 619 135 108tk

Note: Minimum free-flow area in all cases occurs 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.
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Finned tube example: Determine the air-side
convective heat transfer coefficient, thermal

resistance, and pressure drop for a coil made of
finned tubes with configuration B of figure above.
The coil frontal area is 4 ft2, 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

% relative humidity.
D = SPocing - Nygw = L Nrow > depin g clil.

\} = A{rD
o 0. % Voo = A D Fota hest Wonsfer ouee-.
Du> 0.07] £ Aey o = Ne =2 dree How ogem. -
Mo e Qe = Du-C,
Rc JA
he 51
GoCp P = Stanta P # frogy
S T
No~ 0‘78 (Z(y\' N A
Eind & Lo chart .
ap ' Re 20
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