MECH-420 Equations Sheet

Fourier's Law
(W]=-kANVT

QCDnduction

Newton's Law of Cooling
[W]=hA(T,~T,)

h, = Convective Heat Transfer Coef.

qconvection

Radiation

qmdiation[W] = 80-As (]:4 - T4 );07" alternatively

surr

=h AT -T,, ), where

surr

h = £o(T,+ T, )T2 +T2,)

Surr surr

h. = Radiation Heat Transfer Coeff.

I"Law
) ) . . dE dT
E, [W]-E, W]+ Egen[W](J_r) =B [W]=—%= chp —[W]
dt dt
Volume

Cylinder : mr*L; Sphere: %72'1”3

Surface Area

Cylinder : 2rnrL; Sphere:4rr’

1. You may use equation on each exam.
2. Do not write on any sheet of equation sheet.
3. After printing, sign below and submit with each exam.

4. It will be returned after each exam.

NAME




Any proble
receive O points.

Quantity | Name English Units | Conversion
Symbol Unlts

Force Newton (N) 1IN =0.2248009IDb;,
l Ib;
Pressure Pascal (Pa) m? T
Energy Joules (]) N-m Btu 1J =0.000948Btu
J C—
Power Watts (W) sec Hp 1—=1W =0.00134Hp
W Btu/ hr W Btu
Thermal k m—K ft—R ok TN TR R
Conductivity
" J B 3 Btu
Specific Heat Cp koK slugs - R 1 K 7700 Siugs R
. k_g slugs kg slugs
Density P 5 e 127 - 0.001930 =%
Mass m kg slugs 1slug =32.2lb,, =14.6kg

http://www.digitaldutch.com/unitconverter/energy.htm
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Heat Diffusion Equation: 1D, Transient, Constant Properties (Homogeneous)

Cartesian
dZT N Sgen B ,DCp d_T
dx* ok k. dt

X

Cylindrical

1 d( de Sen _ PC, dT
—_—|r— |+
rdr\ dr k, k. dt
Spherical

1 d( szj Sen _ PC, dT
——| = |+ =
rodr dr k, k. dt

Thermal Resistance: 1D Heat Transfer, Steady State, No Internal Heat Generation, Homogenous

AT
q —Z R
Cartesian
, zi,q:£—>HEAT RATE &S, =0
kA i gen
kA
Cylindrical SHELL
R=1n/n) AT HEATRATE&S, =0
2Lk In(r, /1) ¢
2Lk
Spherical SHELL
1/r)=(1/r) AT .
R = ,q= —>HEATRATE &S, =0
, sk T W=Wn)
4k
Convection /| Radiation
L
" h4

Series Circuit

Req = th

Parallel Circuit

Req:l




THERMAL CIRCUITS SUMMARY

AT=T,-T,
Heat Equation
Profile T(x/r)
Flux (q° {Kz})
m
Rate (q[W])

Resistance [5}
w

Plane Wall Cylindrical Spherical
d’T 1d( dr 1 d( ,dT
) =0 —_—r— | = _2_ - —
dx rdr\ dr r-dr dr
In| = _h
by n r
T, -AT— T, +AT——=< T, - AT
L r 4l
In| + 1-=
7 r
k£ kAT kAT
L
rln(zj r (1—1]
h hooh
g AT (27rL) kAT (4717 kAT
L
h hoh
nl 2 1. 1
L A\ \h B
kA 2rLk 4rk




Solution of 1st Order ODE:

dg(’ ) 1 a®(1) = b(1):0r
a Zh_A,b(t) _ Sgen(t)
pVe yols

has general solution of:
QW) =T(t)-T,. =™ j b(t) e dt+Ce ™:a >0
where C is an arbitrary constant of integration

obtained from initial condition at t = 0.

For constant "b":

0O@)= b + Ce “;solving for time, t:
a

o -2

In( a
- C

—da




Case

Tip Conditions

Temperature Distribution

Fin Heat Transfer Rate

o(x)
0, s
A Convection coshm(L — x) + (h/ mk)sinh m(L —x) M sinhm(L —x) + (h/ mk) cosh m(L — x)
ho(L) = —k do coshmL + (h/ mk)sinh mL coshmL + (h/ mk)sinh mL
dx,..
B Adiabatic
do 0 coshm(L —x) M tanh mL
dx, . cosh mL
C Prescribed Temp. _ _
o(L) =6, 6,_sinhmx+sinhm(L - x) cosh(mL)—i
6, sinhmL 6,
sinh mL
D Infinite Fin g™ M
mL > 4.6

o) =T(x)-T,
6, = 6(0) =T,-T,

(hp ]1/2
m=| —

KA,

M = (hPkA )" 6,

A, =Cross Section Area
P = Perimeter

Temperature distribution and heat loss for fins on uniform cross section

100

60

40

20




Fin Performance

Overall Surface Eficiency

£, = A _ Fin effectiveness
hAC,beb

N, = A _ 9 g efficiency
qmax hAf gb

0 =04, +%wan,, . = Nd¢ + (Ava — A sN)NG,
= Ng, +(H — Nt)Phg,
g, = total heat transfer from fins AND exposed wll surface area
A, , = cross section of fin at wall/tube base
A, = total surafce area of fin exposed to fluid
H = height of exposed wall/tube
P = fin perimeter at base of fin
= zD; Pin Fin
= 2w+ 2t; Square Fin
N= number of fins
t = fin thickness

Annular Fin

A =2x(rf —?)+2znt

Geometry

Volume

2
Cylinder .ZD° L; Sphere: i7rr3
4 3
Surface Area

Cylinder : zDL; Sphere:4zxr?




Transient Conduction (LUMPED): T(time) Only

Bi = Biot#:%<0.1;

U = Total resistance to heat transfer at solid boundary
L. = L;Plane wall

r, .
=-2:Cylinder
> Yy

rO
=—;Spere
3P

UA = OVERALL THERMAL RESISTANCE= 1 |:W ]

SRy LK

U = OVERALL HEAT TRANSFER COEFFICIENT=

e

_Eout = Est
dT
-hA(T()-T,) = PVCE
Solution w/o INTERNAL HEAT GENERATION,
Time:
t=L%C 10 2
hA, o(t)

o) =T()-T,

or,Temperature

o) _TH)-T,
® T-T,

Total Energy

= exp[—(hi)t] = exp[—l], T= ’o—vc[sec] — TIME CONSTANT
pve T hA,

h
Q(t) = (pV0)®, [L—exp(— 1)]
pvc
Solution WITH INTERNAL HEAT GENERATION

Time:

@(t)—z

t=-—In| ———*=

a (®i _9)
a

or, Temperature
OH)=T(t)-T, :§+(®i —Ele‘“

a
: W
gen 3

oC pvcC




Spatial Effects (Bi, > 0.1, Fo > 0.2)

I‘ilt = Fourier Number
Bi = L,
ksolid

L, = L; PlaneWall

I .
=—:Cylinder
2 y

r-O
=-2:Sphere
3 p

INTERPOLATION

C2-C1

C=C,+—— (B —

B)

0 (x 1) = O~ _ ¢ Bi.Fo)

Table5.1
C.Z,
Table B.4
‘]0’ ‘]1

solid

© (X ,t') =@ (") cos(&X)

Infinite Plane Wall (Bi

Infinite Cylinder (Bi = hr JFy = 2
solid 0
®*(I’*,t*) = G):) (t*)‘]o(ézlr )
O,(t") =C, exp(-£/F,)
hr, ot
0 ; Fo = r—z),

eO(rt)= ®(t)§ sm(rflr)

0, (1) =C, exp(-4'F,)

Infinite Sphere(Bi =

F);osx’*z%sl.o

@, (t") = C, exp(-£2F,) — CENTERLINE

at

)O<r :LSLO
rO
0o<r ='<10
rO




Total Energy

Plane Wall

QW) _, _sinlg,)
Q, &
Infinite Cylinder

Q(t) _, 20 |
o e

Sphere

%Z):l_%[sin(e;l) —& cos(&)]

QO = p‘v’C@i




SEMI-INFINITE SOLID

Case 1: Constant Surface Temperature:T(0,t)=T,
Table B.2:erf ()
TO)-T, (—)
T -T, 2Jat

() =<

.
Q[J]=TOTAL ENERGY TRANSFER=A, [ q; (t)dt
0

A%k(Ts_Ti)t* “1244 _ Zpgk(Ts—Ti)
= _([t dt = Jt

Case 2: Constant Surface Heat Flux:q, (x = 0) = q,

2q; (at/ 7)"” 5 —xz)_ 0y X

T(X,)-T. = erfc
(x,1)-T; ><|0(4at " (2

)
Jat
Case 3: Surface Convetion

TH)-T, _ X3 raxp(M™ Pt X
T ZM) [exp(k + % )][erfc(z\/a+

h'/at

k

)]



EXTERNAL FORCED CONVECTION

pU_X 5X
© ,5 "
RN

LAMINAR FLOW--ISO THERMAL PLATE
Re, <5x10°

NU = h,x

X

Re, = Renolyds# =

=0.332Re??Pr'*,0.6 < Pr <50,

fluid

1/2 1/3
_ h, x _ 0.3387Re,“ Pr Pr>100

Kiuia [ [0.0468)2/3}1/4’
1+
Pr

LAMINAR FLOW-CONSTANT HEAT FLUX PLATE

NU

X

NU, =1%X _0.453Re?? P, Pr> 0.6
fluid
NU, oK
h, =—— "™ | OCAL HEAT TRANSFER COEFF.
X

Pr = Prandtl#:u—cp v/ _ Diffu_sivit_y _of Momentun
K quia a Diffusivity of Heat
Thermal Boundary Layer
o(x) 1 5x
Pr1/3 - Pr1/3 \/Rie
PROPERTIES
LT
film — 2
AVERAGE

5,00 ~

T

X _ 0 664Re" P, 0.6 < Pr <50

. == [hdx=2h, - NU, =
X X 0

kfluid
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TURBULENT FLOW--ISO THERMAL HEAT FLUX PLATE

Re, > 5x10°

NU = h, x

X

fluid

=0.029Re’* Pr'?*;0.6 < Pr <60

TURBULENT FLOW--CONSTANT HEAT FLUX

NU = h,x

X

fluid

=0.0308Re’* Pr*;0.6 < Pr <60

¢, =0.0592Re,"®,5x10° <Re . <10°

5(x)=0.37Re?

*Due to enhanced mixing, the turbulent boundary layer grows more

rapidly and has larger friction friction and convection coefficiencts
(i.e. more heat transfer and more friction)
MIXED CONDITIONS - LAMINAR and TURBULENT

*

— h.x
NUy =(0.037Re*®, .~ A)Pr’® =—*—;0.6 <Pr<60,5x10° <Re . <10°

fluid

A=0.037Re*®, —0.664Re"?, . — FOR TRIPPED TURB BOUNDARY, A=0.0

CYLINDERS

RELATIONS DRAG

_pVD
H fiuid

F

pV?
2

Re,

C, =

A

24
Re,

C, =

C-I'J
— M EBo O

T No separation

Bgep = 80°

Bgpp =

Smooth cylinder —

140°

0! 10° 10!

10° 10* 10°

10°

— CREEPING FLOWS — Re, <0.5

11




CYLINDER/SPHERE IN CROSS FLOW HEAT TRANSFER

CYLINDER

WD — hDD

=CRe” Pr'"”
Sluid

_pVD
)7

PROPERTIES @ T,,,,

Re,

PRANDTL > 0.7

TABLE 7.2 Constants of Equation 7.52 for
the circular cylinder in cross flow [11, 12]

Re;, C m
0.4-4 ().989 (0.330
4—4() 0.911 (0.385
40-4000 ().683 (0.466
4000-40,000 (0.193 0.618
40,000-=400,000 0.027 (0.805
MORE ACCURATE
Re,Pr>0.2

4/5 —

N =034 0.62Re!? Pr'” {14{ Re, JS/S} _hoD
p =0. =

I:l + (04 / Pr)2/3 ]1/4 282, OOO kﬂuid

SPHERE IN CROSS FLOW

h 1/4
NUp =P s (0.4Re”2+0.06 Re?*) Pr’* V(Tw)}
fluid /’1(72)
ReD = @
y7,

All Other Properties Evaluated at T,



INTERNAL FLOW---HYDRODYNAMICS

Reg :M,um = mean velocity
Hiiuid
m = mass flow rate=pu,, A,
xD?
4
Pressure Drop & Friction Coefficient

AP = f AU AX ¢ =T

A, =duct cross section area:

2 D’ puz, 4
2

Power
Pz_mﬁszAP
LAMINAR ;:RE;J;%NT
0<Re, <2300 0 -

. 1 /DY 6.9
Friction Factor F__1'8logl°((?j +EJ
. 64

Rey

13



INTERNAL FLOW—HEAT TRANSFER
Newton's Law of Cooling

g, = h& (Ts _Tm)[W] = mcp (Tm,out _Tm,in)[\N]

Energy Balance
dg,,, = g,Pdx = e dT,

Combining
M &P __P -1,
dx rmc, rmc,

Constant Surface Heat Flux

dTy, 0_'5_P¢ f (x) — Full Developed Flow
dx mc,

P =PERIMETER=7zD
INTEGRATING

‘P )
T.(X)=T,_, +q5—o X — Q, =constant
©omc,

T
< Entrance region | Fully developed reg@

g, = constant v T, = constant

() {b)

14



INTERNAL FLOW—HEAT TRANSFER e

AT,

CONSTANT SURFACE TEMPERATURE

dTm:_d(AT): P hAT
dx dx mc

p q; = constant v T, = constant

Seperating Variables L

0 L

Afo d (AT) . P L (a) b

AT e, Ihdx

AT,

, { J'hd} h =—— [ 5T —CONSTANT
mC mC

i-_rr‘l’ = E__—:_'” = exp{ ';*:p } — exp{—%i} — T, =CONSTANT
Heat Transfer

(2):0con, =MC,[(T =T, ) — (T, =T, )] = e (AT, — AT, )

BUT:

mc, =— ASAh_IL_ (From 1:) = SUB INTO (2)
In—2
AT,

— AT, — AT, — AT,
AT AhAT,, = -

In
AT.

Qoo = MC (AT AT,)) = &h

SUMMARY

CONSTANT HEAT FLUX
Newton's Law of Cooling

qs :hp‘s(Ts _Tm)[W]:me(Tm,out mln)[vv]

T, () =T+ ax

me

CONSTANT TEMPERATURE

, AT, — AT, —
Qeonv = mcp(rm,out m |n) mc (AT — AT, ) = Akh W = & hL [ATLM ] - 5
AT,
L’”(X):exp _mh_x zexp _A.‘th zexp — 1 i
T, -T.. mc, mc, mc, R,

P=7nD,PL=AREA > A,




SUMMARY — SPECIAL CASE: INTERNAL FLOW/EXTERNAL CONVECTION

CONSTANT TEMPERATURE o
T AT - AT AT Outer flow |
Qeonv = A% hL ° = — (e N
In 21_0 2 Ru >

ATO Tac _Tm 0
= — =exXp
AT, T, =T,

Inner flow e /
i, P &

Py

INTERNAL FLOW: HEAT TRANSFER

LAMINAR
0<Re, <2300
hD
NU, = =4.36 — Constant Heat Flux
fluid
hD
NU, = =3.66 — Constant Surface Temperature

fluid
Evaluate Propertiesat T ..,
TURBULENT
NU, = D _ 0.023Re}° Pr" — DITTUS-BOELTER

fluid
n=0.4 — Heating (T, >T.)
n=0.3 — Cooling (T, <T,)
Evaluate Properties at T

mean
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HEAT EXCHANGERS

Overall Heat Transfer Coefficient & Fouling Factors

= An essential part of any heat
exchanger analysis is determination of
the overall heat transfer coefficient.
During normal operations, HOT and
COLD surfaces are often subject to
fouling by fouling impurities, rust
formation, or their reactions between
the fluid and the wall material.

_ e <
", I I
R 1
i i q L
Ti e e d
. | e a
JH‘. 1 {I 1
: H q |
fei T |
T, ; I g

Tapie 111 Representative Fouling Factors[1]

Fid

Seawater and treated boiler feechwater (below 50°C)
Seawater and treated boiler feedwater (above 50°C)
River water (below 50°C)

Fuel oil

Refrigerating liquids

Steam (nonoil bearing)

R KIW)

00001
0.0002
0.0002-0.001
00009
0.0002
00001

RICONDUCTION

.m?-K
1 Ry W
+ +
h. A, A,

17




LMTD METHOD
q= EAATLM = U_voATLM = UiAiATLM
AT, = AL AL
AT,
In(—)
AT,

Parallel — Flow

AT{ = T;t,in - Tvc,in
AT‘Z = T;uout _T;,out
T;l,out > ‘T;,out

Counter — Flow

AT{ = T;l,in - T;,out
AT‘2 = 7-;1,01,6 _]'c,in

Heat Exchangers

R ——

surface area
—

Heat transfer

==

I
1
C, —» T,,—b|dq: —» T, +dT}, JR—
LLy/dA Heat transfer
1Y surface area
C, - - | =« T -
To+dl, \__)
> dx




SPECIAL CASE

C =THERMAL CAPACITY =mcp

= CONDENSATION occurs at a constant
temperature (i.e. THERMODYNAMICS)

® |mplies a VERY LARGE THERMAL CAPACITY

OF HOT FLUID (Ch).
= FVAPORATION occurs at a constant

temperature (i.e. THERMODYNAMICS)

® |mplies a VERY LARGE THERMAL CAPACITY

OF COLD FLUID (Cc).

Cp>>0C,
or a condensing
wvapor (C)—w==)

T T

C, << C_or
an evaporating
liquid (C_— o)

{_'.3 C_,-J

L

1 X —- 2 1 —- 2 1 - Z
(ex) ) (c) |

q - mh ¢ hfg

NTU METHOD

C =THERMAL CAPACITY =mcp

C... = MINIMUM(C,,C,)
&= HX EFFECTIVENESS
q _ q

Ormex B Coin (T = Tc)
_ Ch (Th,i _Th,o)

B Cmin (Th,i _Tc,i)

C, (Tc,o _Tc,i)

- Cmin (Th,i _Tc,i)

g

C

max

C, =(me)h G = (me)c —>0q= (mcp)cold AT,

cold = (me)hot AThot

Crin (Toi = T.;) & MAXIMUM POSSIBLE FLUID HEAT TRANSFER

e —> F(NTU Cﬂ) NTU = Number of Transfer Units (Dimensionless)




1.0

1.0
0.8 0.8
0.6
0.6
w
V]
0.4
0.4
0.2 Counter Flow
Parallel Flow '
0.2
0
0 1 2 3 4 5
0 NTU
0 1 2 3 4 5
NTL!“:;_; or T, e 1" e
I T et IITAITre~IlZazon '—’lﬁ = o ‘:I:-I I T OF Ty
. bt
€ Q|—|7%} 7., or T}, \
‘F SN e% Tars@ .t es T Tuens el o7 3a i P |
Tyoor T, ( d ¥ = I . T ,or Ty,
Lo W T T :
Lo 0.25
0.8 O 0.50
o 0.75
e 1.00
0.4
0.z
o
o 1 z 3 a 5
NTU
UA(TOTAL)
NTUTOTAL =
C (TOTAL)

UA = TOTAL RESISTANCE--ALL TUBES
C = TOTAL CAPACITANCE--ALL TUBES

C

min TOTAL

A=TOTAL AREA = zDL e #tubes
Length A

TOTAL

 tube- pass " 72D e #ttubes e #shells e pass / shell




NTU RELATIONSHIPS
" [sometimes easier)

C = Cmm =0 —> ALL EXCHANGERS

E=1—exp(—NTU),NTU =—In(1—-¢)

COUNTER FLOW(C, =1.0) Parallel Flow

NTU = £ gzl—exp[—NTU(l +C)]
1+C,

—exp[-NTU(1-C,)] A 1 i e—1
—C, exp[-NTU(1-C,)]’ C —1

E SHELL PASS (n=2,4,8,16..tube passes)

2
E—1 g_(HCr) F—1
=(1+C?) "’ In(—), E == e =— F=

eC —1
c—1

1/n
j NTU =n(NTU), ¢/



Appendix B s Mathematical Relations and Functions

B.2 Gaussian Error Function

1

929

w erf w w erfw w erfw
0.00 0.00000 0.36 0.38933 1.04 0.85865
0.02 0.02256 0.38 0.40901 1.08 0.87333
0.04 0.04511 0.40 0.42839 1.12 0.88679
0.06 0.06762 0.44 0.46622 1.16 0.89910
0.08 0.09008 0.48 0.50275 1.20 0.91031
0.10 0.11246 0.52 0.53790 1.30 0.93401
0.12 0.13476 0.56 0.57162 1.40 0.95228
0.14 0.15695 0.60 0.60386 1.50 0.96611
0.16 0.17901 0.64 0.63459 1.60 0.97635
0.18 0.20094 0.68 0.66378 1.70 0.98379
0.20 0.22270 0.72 0.69143 1.80 0.98909
0.22 0.24430 0.76 0.71754 1.90 0.99279
0.24 0.26570 0.80 0.74210 2.00 0.99532
0.26 0.28690 0.84 0.76514 2.20 0.99814
0.28 0.30788 0.88 0.78669 2.40 0.99931
0.30 0.32863 0.92 0.80677 2.60 0.99976
0.32 0.34913 0.96 0.82542 2.80 0.99992
0.34 0.36936 1.00 0.84270 3.00 0.99998

"The Gaussian error function is defined as

The complementary error function is defined as

N [
erfw=—fe”dv
\/7—70

effcw=1—erfw



Appendix B m Mathematical Relations and Functions

8.4 Bessel Functions of the First Kind

931

X Jo(x) Ji(x)
0.0 1.0000 0.0000
0.1 0.9975 0.0499
0.2 0.9900 0.0995
0.3 0.9776 0.1483
0.4 0.9604 0.1960
0.5 0.9385 0.2423
0.6 0.9120 0.2867
0.7 0.8812 0.3290
0.8 0.8463 0.3688
0.9 0.8075 0.4059
1.0 0.7652 0.4400
1.1 0.7196 0.4709
1.2 0.6711 0.4983
1:3 0.6201 0.5220
1.4 0.5669 0.5419
155 0.5118 0.5579
1.6 0.4554 0.5699
1.7 0.3980 0.5778
1.8 0.3400 0.5815
1.9 0.2818 0.5812
2.0 0.2239 0.5767
2.1 0.1666 0.5683
2.2 0.1104 0.5560
2.3 0.0555 0.5399
24 0.0025 0.5202




TABLE 5.1

Coefficients used in the one-term approximation to the series
solutions for transient one-dimensional conduction

Plane Wall Infinite Cylinder Sphere
G & G

Bi¢ (rad) C; (rad) C, (rad) C,
0.01 0.0998 1.0017 0.1412 1.0025 0.1730 1.0030
0.02 0.1410 1.0033 0.1995 1.0050 0.2445 1.0060
0.03 0.1723 1.0049 0.2440 1.0075 0.2991 1.0090
0.04 0.1987 1.0066 0.2814 1.0099 0.3450 1.0120
0.05 0.2218 1.0082 0.3143 1.0124 0.3854 1.0149
0.06 0.2425 1.0098 0.3438 1.0148 0.4217 1.0179
0.07 0.2615 1.0114 0.3709 1.0173 0.4551 1.0209
0.08 0.2791 1.0130 0.3960 1.0197 0.4860 1.0239
0.09 0.2956 1.0145 0.4195 1.0222 0.5150 1.0268
0.10 0.3111 1.0161 0.4417 1.0246 0.5423 1.0298
0.15 0.3779 1.0237 0.5376 1.0365 0.6609 1.0445
0.20 0.4328 1.0311 0.6170 1.0483 0.7593 1.0592
0.25 0.4801 1.0382 0.6856 1.0598 0.8447 1.0737
0.30 0.5218 1.0450 0.7465 1.0712 0.9208 1.0880
0.4 0.5932 1.0580 0.8516 1.0932 1.0528 1.1164
0.5 0.6533 1.0701 0.9408 1.1143 1.1656 1.1441
0.6 0.7051 1.0814 1.0184 1.1345 1.2644 1.1713
0.7 0.7506 1.0919 1.0873 1:1539 1.3525 1.1978
0.8 0.7910 1.1016 1.1490 1.1724 1.4320 1.2236
0.9 0.8274 1.1107 1.2048 1.1902 1.5044 1.2488
1.0 0.8603 1.1191 1.2558 1.2071 1.5708 1.2732
2.0 1.0769 1.1785 1.5994 1.3384 2.0288 1.4793
3.0 1.1925 1.2102 1.7887 1.4191 2.2889 1.6227
4.0 1.2646 1.2287 1.9081 1.4698 2.4556 1.7202
5.0 1.3138 1.2402 1.9898 1.5029 2.5704 1.7870
6.0 1.3496 1.2479 2.0490 1.5253 2.6537 1.8338
7.0 1.3766 1.2532 2.0937 1.5411 27165 1.8673
8.0 1.3978 1.2570 2.1286 1.5526 1.7654 1.8920
9.0 1.4149 1.2598 2.1566 1.5611 2.8044 1.9106
10.0 1.4289 1.2620 2.1795 1.5677 2.8363 1.9249
20.0 1.4961 1.2699 2.2881 1.5919 2.9857 1.9781
30.0 1.5202 1.2717 2.3261 1.5973 3.0372 1.9898
40.0 1.5325 1.2723 2.3455 1.5993 3.0632 1.9942
50.0 1.5400 1.2727 2.3572 1.6002 3.0788 1.9962
100.0 1.5552 1.2731 2.3809 1.6015 3.1102 1.9990
e 1.5708 1.2733 2.4050 1.6018 3.1415 2.0000

“Bi = hL/k for the plane wall and hr,/k for the infinite cylinder and sphere. See Figure 5.6.



TapLe 11.4  Heat Exchanger NTU Relations

Flow Arrangement Relation
Infl—e(1+C
* Parallel flow Nty =2 el + G (11.28b)
1+C,
Counterflow NTU=—1 inf-£—1 c.<1)
C,—1 \eC,—1 4
NTU = 1f (Cc, =1 (11.29b)
~ Shell-and-tube
One shell pass (NTU), =—(1 + C»™?1n (—E—;l> (11.30b)
E+1
(2,4, ... tube passes)
2/e; —(1+C,)
- (11.30¢)
(1+cH”
n shell passes Use Equations 11.30b and 11.30c with
(2n, 4n, . . . tube passes) _F-1 o_ &C,— 1\t NTU - Al e d
gl—F_Cr - = —n(IIIU)l ( . - C, )
Cross-flow (single pass)
Cpax (mixed), Cpi, (unmixed) NTU = - ln[l + (CL) In(1 — sC,)] (11.33b)
Cpin (mixed), Cp,, (unmixed) NTU = — (CL> In[C,In(1 — &) + 1] (11.34b)
[‘All exchangers (C, = 0) NTU = — In(1 — ¢) (11.35b)
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TABLE A.4 Thermophysical Properties
of Gases at Atmospheric Pressure”

T p cs w107 v-10° k-10° a-10°
(K) (kg/m®) (kJ/kg - K) (N -s/m?) (m?*s) (W/m-K) (m?/s) Pr
Air, M = 28.97 kg/kmol
100 3.5562 1.032 71.1 2.00 9.34 2.54 0.786
150 2.3364 1.012 103.4 4.426 13.8 5.84 0.758
200 1.7458 1.007 132.5 7.590 18.1 10.3 0.737
250 1.3947 1.006 159.6 11.44 22.3 15.9 0.720
300 1.1614 1.007 184.6 15.89 26.3 2225 0.707
350 0.9950 1.009 208.2 20.92 30.0 29.9 0.700
400 0.8711 1.014 230.1 26.41 33.8 38.3 0.690
450 0.7740 1.021 250.7 32.39 37.3 47.2 0.686
500 0.6964 1.030 270.1 38.79 40.7 56.7 0.684
550 0.6329 1.040 288.4 45.57 439 66.7 0.683
600 0.5804 1.051 305.8 52.69 46.9 76.9 0.685
650 0.5356 1.063 322.5 60.21 49.7 87.3 0.690
700 0.4975 1.075 338.8 68.10 52.4 98.0 0.695
750 0.4643 1.087 354.6 76.37 54.9 109 0.702
800 0.4354 1.099 369.8 84.93 57.3 120 0.709
850 0.4097 1.110 384.3 93.80 59.6 131 0.716
900 0.3868 1.121 398.1 102.9 62.0 143 0.720
950 0.3666 1131 411.3 112.2 64.3 155 0.723
1000 0.3482 1.141 424.4 121.9 66.7 168 0.726
1100 0.3166 1.159 449.0 141.8 71.5 195 0.728
1200 0.2902 1.175 473.0 162.9 76.3 224 0.728
1300 0.2679 1.189 496.0 185.1 82 257 0.719
1400 0.2488 1.207 530 213 91 303 0.703
1500 0.2322 1.230 557 240 100 350 0.685
1600 0.2177 1.248 584 268 106 390 0.688
1700 0.2049 1.267 611 298 113 435 0.685
1800 0.1935 1.286 637 329 120 482 0.683
' 1900 0.1833 1.307 663 362 128 534 0.677
2000 0.1741 1.337 689 396 137 589 0.672
2100 0.1658 1.372 715 43] 147 646 0.667
2200 0.1582 1.417 740 468 160 714 0.655
2300 0.1513 1.478 766 506 175 783 0.647
2400 0.1448 1.558 792 547 196 869 0.630
2500 0.1389 1.665 818 589 222 960 0.613
3000 0.1135 2.726 955 841 486 1570 0.536
Ammonia (NH;), M = 17.03 kg/kmol
300 0.6894 2.158 101.5 14.7 24.7 16.6 0.887
320 0.6448 2.170 109 16.9 27.2 19.4 0.870
340 0.6059 2.192 116.5 19.2 29.3 22.1 0.872
360 0.5716 2.221 124 21.7 31.6 24.9 0.872

380 0.5410 2.254 131 242 34.0 279 0.869
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NET RADIATION
EXCHANGE

= Consider a small blackbody object at Temperature Ts
and completely enclosed and exchanging radiation with

the surroundings at Temperature Tsur < Ts as shown below.

The ‘net’ radiation exchange between the
blackbody and the surrounding enclosure is:

Radiation from
surroundings

\J\Nw\é"'

urface
radiation
emission

Vacuum
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REAL SURFACE RESISTANCE

Every “real” surface has a resistance to thermal radiation
emission. This resistance and net radiation heat transfer
exchange can be expressed by:

E, —-J
l-¢
cA

Where E, —J is the driving surface potential and where J is known as the surface Radiosity (W/m2) and

(%(I1€3t —

l-¢ o :
is the surface resistance to radiation emission. Note for a blackbody & =1 , and the resistance goes

cA

to zero.
6/10/2020



“n” Surfaces Exchange

To complete the exchange analysis we need to consider a radiation energy
balance for each surface shown above to the right. Due to the distance
between surface and the RELATIVE SHAPE of each surface, not all the energy
that is emitted by surface “1", say will reach surface “2".

o3
I

of the form: ——

iy

{a:n
J

This distance and geometry differences result in a “surface” resistance for surface

IIIII

. Where F; (shape/view factor) is the fraction of energy that leaves surface
directly.

, and strikes surface

;applied to every surface

So a radiation
balance of an
arbitrary surface “I”
and exchanging

//ﬂUu ) : ; . ,]}

and once J's are known:

° ° ° I 1 o n J — J E - J
radiation with “n” e g =) —r= 1”1 :
other surfaces = —4
(including itself) e AF, &4,

becomes: T s s
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Radiation Balance - 2 Surface Problem

A2,T2,£2
= J =J
1: ) I = 2
QI 1 Ny ‘91 1 A, T, &

(a)
glAl A1E2
1€ i 1-¢
2. _E/bé_tjz _JZ_JI E £1A1 Jl AF12 J2 82A2
'Q2_ 1_8 . 1 fh—)»o—/\/\/\/ho—/\/\/\/;o—/\/\/\/;o—»—qz
2 ___ T i Ebl J1 q12 » Jz Ey,
1= T —g)eA, 2~ T -ele,A,
£,4, A, F,, (b)

Two equations and two unknowns for J, and J,.

ssuming T,and T, are known.
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THREE REAL SURFACES

Consider two “real” surface that only exchange
radiation with each other. The net radiation from each
surface and the next exchange between each
surface can be expressed as:

_ 4
Ey=0T;

Step 1 Step 2 Step 3



SHAPE FACTORS

SHAPE FACTORS--RECIPROCITY

The shape factor AiFjj is the fraction of energy that leaves surface “I” and strikes surface “j”

. Of course this
must be a reciprocal relationship, i.e.:

In general for any two arbitrary surfaces
AF.=AF.

i JT i
Example, for surfaces land 2
Ak, = AF,

Also, since the “F” represents a fraction of the total energy leaving a surface and since energy is conserved
the following summation rule applies as:

Z; F,; =1;for every surface
=

for example for surface 1:
F,+F,=1;and
for surface 2, etc.

6/10/2020
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INSULATED SURFACES
AND SURFACES WITH
LARGE AREAS

this behaves “like” a blackbody and as
such the surface resistance go to zero
and Eb=J (g=0).

ise for “large” areas (i.e. LARGE
ROOM), the surface resistance

roach zero and once again the
réduction in the thermal circuit
ecomes Eb=J (g=0). For example,
consider the thermal circuit for the
following 3-surface problem with one
insulated surface.

= For insulated surfaces (re-re-radiating),

Surface "r" Balance

Jr_J1+Jr_J2_
1 1
AF AF

r— rl r- r2

0
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