A small copper
ball can be
modeled as a
lumped system,
(a) Copper ball but a roast beef
cannot

(b) Roast beef

fhe increase in the
=| energy of the body
during dt
hA (T, - T )dt = mC dT
d(T _Too):_ hAs dt
T-T, pVCp
InT(t)_Too - _ hAs t
T.-T, pVCp
T(t)_Too — e—bt
Ti _Too

Heat transfer into the body
during dt

O =hAJT,. - T(1)] hA,
The geometry and parameters involved b=
in the lumped system analysis. pVC p




The temperature of
a lumped system
approaches the
environment
temperature as time
gets larger.

Q(t)=hA[T(t)-T,]
Q=mC,[T(t)-T,]
Qmax =mC p (roo _Ti)

Q=0 = me (T;-T.) V
A
. hL
Bi = —
Heat transfer to or from a body reaches k
its maximum value when the body
reaches the environment temperature.




i h AT _Con\}ection at the surface of the body
k/L, AT Conduction within the body

Convection

\ &

1

_ heat convection

Bi= -
heat conduction

Bi_Lc/k_ Conduction resistance within the body
Yh  Convection resistance at the surface of the body

h=15W/m?.°C

1 3
_Vv_g™ 1,
L=j=ir=§P=00m
Bi= e _ 15%0.02 _ 60075 < 0.1
3 401

Small bodies with high thermal conductivities and low
convection coefficients are most likely to satisfy the
criterion lumped system analysis.




Analogy between heat transfer to a solid
and passenger traffic to an island.

Convection

h = 2000 W/m?-°C
When the convection coefficient h is high and k is low, large
temperature difference occur between the inner and outer
regions of a large solid.




Thermoéouple
wire
Gas
_.. .
T =" Junction
e
e
—_—
D=1 mm
T(1)
Schematic for Example 4-1.

Assumption
*The junction is spherical in shape with a
diameter of D = 0.001 m.
Thermal properties of the junction and the

heat transfer coefficient are constant.
eRadiation effects are negligible




Analysis

1

Lo

L=Y -6 _1p_1(0.001m)=167x10"m
A~ D 6 6
2.0 -4
gi - Nl _ (210w /ms C)(l'f”lo ™) _0.001 <01
k 35W /m e°C

In order to read 99 percent of the initial temperature difference

T, — T, between the junction and the gas, we must have

TO-T. o0

Ti _Too

Analysis
The value of the exponent b is
2.0
210W / m“e”C )= 04625

hA h
b= = = 3 ) )
pCNV ~ pC,L, (8500kg /m*)320J /kge°C )1.67x10*m

T (t) _Too —e —bt 5001 =¢ —(0.462s 1)t
T, -T. '
=) t =10s




Schematic for Example 4-2.

Assumption

.The body can be modeled as a 30-cm-diameter, 1.70-m-long
cylinder.

.The thermal properties of the body and the heat transfer
coefficient are constant.

.The radiation effects are negligible.

.The person was healthy (!) when he or she died with a body
temperature of 37 °C.




Analysis

A 7(0.15m)*(1.7m)
A 2mL+2m}  27(0.15m)1.7m)+27(0.15m)

~=0.0689m

5i _ ML, _ (8w /m?«°C)}0.0689m)

—0.89>0.1
K 0.617W / me°C ”

2_0
A h AW imeC = 2.79%10°5"
pCV  pC,L,  (996kg/m*|4178J /kge°C |0.0689m)

Analysis

T (t) _Too —e —bt N 25-20 —e —(2.79x10 755 1)t
T, -T, 37 - 20

EE) t=43860s=122h




i) A large plane wall {b) A long eylinder i) A sphere

Schematic of the simple
geometries in which heat
transfer is one-dimensional.

Dimensionless time

ot

T:L—Z

. To T. i T.
0 h h h T
eﬁ
.
— .
Ta
I I

Dimensionless temperature

T (x,t)-T,
Dimensionless distance
from the center

X ==
L

Dimensionless heat transfer
coefficient

d(x ,t)

Bi = 1=
K

Plane wall Toxt) T
X I LY By
T ~< o O(X 1), :?:Ale ATcos( 4, x /L), 7>0.2
g 7\ Cylinder )T
= o r, Ty -2t
T N Ay =T A (A, 7202
i rx e T(rt)-T in(,/r,)
t) - _zesin(A, r/r
. Initially a(r ,t), =Q:Ale Ar o/ 7>0.2
T=|T.- ::? " T -T, A/t
' Center of plane wall T,-T, Re
| (x=0) ’ O =77 = Ae
Transient temperature i *
profiles in a plane wall Center of cylinder P T, -T. _ Ag A
exposed to convection (r=0) oot T T,
from its surfaces for T,> To_T
T,. Center of sphere Oy o = =2 e _ Ae *7
(r=0) T, -T,




R TR
/ I/;;/'/;’f/f / -

Transient temperature and heat transfer charts for a plane wall of
thickness 2L initially at a uniform temperature T, subjected to
convection from both sides to an environment at temperature T
with a convection coefficient of h.

Transient temperature and heat transfer charts for a long cylinder
of radius r initially at a uniform temperature T, subjected to
convection from all sides to an environment at temperature T with
a convection coefficient of h.
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Transient temperature and heat transfer charts for a sphere of
radius r, initially at a uniform temperature T, subjected to
convection from all sides to an environment at temperature T with
a convection coefficient of h.

Quax =MC, (T, -T))
=pVC, (T, -T,)

(k) Infinite convection coefficient

The specified surface temperature corresponds to the case of
convection to an environment at T_ with a convection coefficient h
that is infinite.

11



The fractlon of total heat transfer
Q/Q,,. up to a specified time t is
determined using the Grober charts.

inu

{a) Maximum heat transfer (1 — =) Plane Wall (
0

sin
] =1- Ho,wall Al
wall

Q max A

%, (%)

Cylinder [

"
=1-26,,
Qmax y 0,cyl

Bi=.. 0 Sphere
"k_‘“ =Bitt=--- | Qi ]
(Grisber chart) Q _ 1 300 ) Sin /11 - ;li CcoS /11
Sp 3
(&) Actual heat transfer for time ¢ Q max ./ sph /?'1

L Fourier number at time t can

L be viewed as the ratio of the
' rate of heat conducted to the
CQeonauciea  Tate of heat stored at that time.

: Ocondue
Fourier number: T = E,t S
Q.\;lnred

The rate at which heat is conducted

_ a_t_ kLz(l/L) AT across L of a body of volume L°

|_2 - pch3/t AT The rate at which heat is stored °
in a body of vulume L®

12



Schematic for Example 4-3.

Assumption

«.The egg is spherical in shape with a radius of r,=2.5cm.

«.Heat conduction in the egg is one-dimension because of thermal
symmetry about the midpoint.

».The thermal properties of egg and the heat transfer coefficient
are constant.

*The Fourier number is ©>0.2 so that the one term approximate
solutions are applicable.

13



Analysis

2 0
5 _Mr _ (1200w /me CX?)'OZSm)=47-8 o1
k 0.627W /m ¢°C

The coefficients A, and A, for a sphere corresponding
to this Bi are, from table 4-1,

1,=3.0753
A,=1.9958
10 _Iw =Ag o 7; _9?55 —1.9958¢ 3083)°r _y +_(.209 > 0.2

| 0

Analysis

2 2
‘t _ g _ (0209)0.025m ) _gec 14 4min

a 0.151x10°m?/s




1 =300
h =120 W/m?2.°C

2L=4cm

Schematic for Example 4-4.

Assumption

». Heat conduction in the plate is one-dimensional since the plate
Is large relative to its thickness and there is thermal symmetry
about the center plane.

*The thermal properties of the plate and the heat transfer
coefficient are constant.

*The Fourier number is t>0.2 so that the one-term approximate
solutions are applicable.

15



Analysis

1k 100W/meC

Bi hL ([120W /mZe°C)0.02m) 8
ot (33.9x10°m?/s (7 x60s )
.

-2 =35.6
L’ (0.02m ¥

LT, _ 0.46
T -T

i ©

1 K _ 48
Bi hL

Analysis

= =0.46 x0.99 = 0.455
T, T,-T,T,-T

hA, h(2A) h 120W /m?e°C 4
- - = = . : =0.00185s
pCN  pC,(2LA)  pC,L  (8530kg/m*)380J /kge°C )0.02m)




Analysis

T (t) -T, —p bt _)T (t) —500 —e —(0.00185 s *)(4205 )
T, -T, 20 —500

EE) T (t) = 279°C

T, =200°C

h =80 W/m?.°C

Schematic for Example 4-5.




Assumption

*Heat conduction in the shaft is one-dimensional since it is long
and it has thermal symmetry about the centerline.

*The thermal properties of the shaft and the heat transfer
coefficient are constant.

*The Fourier number is >0.2 so that the one-term approximate
solutions are applicable.

Analysis

1 K 14.9W /m °C

=1.86

Bi hr, (80W/mZe°C)0.1m)

r 0.1m ¥

_at (3.95x10°m? /s )45 x 60s )

T,-T,
T, -T

I 0

=0.40

T, =T, +0.4(T, =T, )=200 +0.4(600 —200 )= 360°C

18



Analysis

m = pV = parlL = (7900kg /m* }r(0.1m ¥ (im ) = 248.2kg

Quee =MC, (T, —T,) = (248.2kg )0.477kJ / kg «°C J60O — 200 FC = 47,354kJ

Bi= - = 1 -0537
1/Bi  1.86
h 2ot . 2
% =Bi’r =(0.537 ¥ (1.07) = 0.309
Q =0.62
Qmax

Q =0.62Q,,, =0.62x(47,354kJ )= 29,360kJ

Analysis Alternative solution

hr, (80w /m2e°C)0.1m)

Bi =- == > = 0.537
k 14.9N /me°C
A4, =0.970 A =1.122
00 ::II:O _IOO — Ale ’Aff :1122e 7(0.970)2(1.07) — 041

I 0

T, =T, +0.41(T, -T,)=200 +0.41(600 —200) = 364°C

19



Analysis Alternative solution

Q _1_2g, L) 1 50419430 L 636
0.970

‘ Q =0.636Q,,, =0.636 x(47,354kJ ) = 30,120kJ

_Txt)-T, T&.t)-T,

1-6(x,t) =1
T, -T. T, -T,
T(x,t)-T, X hx  h?at X hat
oc%:erfc[z\/aJ—exp[T+ % j{erfc(zﬁ+ . J
2 ¢ 2
erfc =1l-—|e™"du
6) J;jo
T(x,t)-T

Schematic for a semi-infinite body.




0.5
04

03

=1-8(x,f)

[
1|
=1
=1 pes
~ 004
0.03
002
0.01
0 75
= X
VoL

Variation of temperature with position and time in a semi-infinite
solid initially at T, subjected to convection to an environment at T |

with a convection heat transfer coefficient of h (from P.J. Schneider,
Ref. 10).

( TS = —1OOC

[l ol

AT, : 15‘5C_ o

Schematic for Example 4-6.

21



Assumption

*The temperature in the soil is affected by the thermal conditions
at one surface only, and thus the soil can be considered to be a
semi-infinite medium with a specified surface temperature of —
10°C.

*The thermal properties of the soil are constant.

Analysis
hvat
kK
1_T(x,t)—Tw i 0-(-10) 056
T, -T, 15 - (-10)
X
= =0.36
g 2+ at

s t =(90days )24h /day ¥3600s /h)=7.78 x10°s

X =2&at =2x0.364(0.15x10°m 2 /s 7.78 x10°s ) = 0.77m

22



Analysis alternative solution

T(x,t)—T. X
————=erfc| —=|=0.60
T, -T (ZJEFJ

S i

>

X =2&Jat =2x0.37/(0.15 x10°m 2 /5 [7.78 x10°s ) = 0.80m

(T )-T) (T -TL) (T -T,
T, -T. short T, -T, plane T, -T, inf inite

cylinder wall cylinder

a) Long cylinder

(E) Shon cylinder (two-dimensional )

The temperature in a short cylinder exposed to convection from all
surfaces varies in both the radial and axial directions, and thus heat
is transferred in both directions.




Plane wall
T(X,t)-T,
ww ewall( ) ((T-—)TJplane
: * wall

0, (1 1) = (T(r’t) E

s

T, =T, )infinite
cylinder
T(x,t)-T,
‘&‘“ LOllg gseml —inf (X 't ) ( )
T- T semi —inf inite
cylinder : * solid

A short cylinder of radius r, and height a is the intersection of along
cylinder of radius r, and plane wall of thickness a.

T(Xyt)-T,
( ( T-y—-l)- J feotangular_ 6""&" (X t) wall (y’t)

bar

/ Plane wall

[Qj [Qj [Q] 1_(Q]
Qmax total ,2D Qmax 1 Qmax 2 Qmax 1

A long solid bar of rectangular
profile a X b is intersection of two
Plane wall  plane wall of thicknesses a and b.

g PO g | 8 ot e 5 ot
o

24



I =25°C
h =60 W/m?-°C

Schematic for Example 4-7.

Assumption

*Heat conduction in the short cylinder is two-dimensional,
and thus the temperature varies in both the axial x- and the
radial r-directions.

* The thermal properties of the cylinder and the heat transfer
coefficient are constant.

*The Fourier number is t > 0.2 so that the one-term
approximate solutions are applicable.

25



Analysis
(@)
_at_(839x10°m?/5)900s) .
2 0.06 my? T _
( )o gwall(olt)_ T(O)t) Tw :08
1k 110W / me°C T-T,

=== =306
Bi hL (60w /m2°C)0.06m)

-5 2
oot (3.39x10°m /2)(900 S) 199
r (0.05m)

1 k 110 W / me°C

Bi hr, (60W/m?°C)0.05m)

36.7

Analysis
(@)

(Igfikﬂﬁlmn =0,.(0,1)x8

— Ywall cyl

(0,t)=0.8x0.5=0.4

cylinder

T(0,0,t)=T, +0.4(T, -T,)

i = 25+0.4(120-25)=63°C

26



Analysis
(b) X _006m _,
L 0.06m
1k 110W /me°C
== 5 =30.6
Bi hL (60w /m?.°C)0.06m)

T(L t)-T, _0.98
T,-T,

6,

wall

(L, t):T(L’t)_Tw{T(L’t) T j(T TJ 0.98x0.8=0.784
T-T, T -T, \T-T

Analysis
(b)

(Mj =0, (L,t)x6,,(0,t)=0.784x0.5 = 0.392
short

cyl
cylinder

T(L,0,t)=T,+0.392(T, -T,)

i = 25+0.392(120 - 25) = 62.2°C

27



R TOOZ=-150C
h =120 W/m?-°C

Schematic for Example 4-9.

Assumption

*Heat conduction in the semi-infinite cylinder is two
dimensional, and thus the temperature varies in both the
axial x- and the radial r-directions.

* The thermal properties of the cylinder and the heat transfer
coefficient are constant.

*The Fourier number is t > 0.2 so that the one-term
approximate solutions are applicable.

28



Analysis
20
g _ M _ (20w /m?. C}O.lm)ZOIOS
k 273W /me-C
-5 a2
ot (9.71x10°m /S;X5x60 S) 5015002
K (0.1m)
0, = 0,,(0,t) = A~ =1.0124e 02725 — 0,762

X hx h’at X h/at
1-6. . . (X, t)=erfc, —— |—exp| — + erfc +
seml—mf( ) (2\/&] p( k k2 J|: (2\/& k J:|

Analysis
X 0.15m
4

X ~0.44
2Jat  2,/(0.71x10°m? /5 )5 60s)

hwat _ (120w /m?-°C)\(9.71x10°m? /5)300s)

~0.086
k 237TW / m-°C
2 o
hx _ (120w /m C;XO.lSm) 0,075
Kk 237W /m?-°C
2 2
h'at _(hat ) _ (4 g6 ) = 0.0074
k? K

29



Analysis
o

semo—inf

(x,t)=1—erfc(0.44)+exp(0.0759 + 0.0074 )erfc(0.44 + 0.086)

=1-0.5338+exp(0.0833)x 0.457
=0.963
[M 0 (xt)<8

semi—inf inte cyl
T —TOO semi—inf inte
cylinder

(0,1)=0.963x0.762=0.734

T(x0,t)=T, +0.734(T, -T,)

‘ —15+0.734(200-15)=151°C

Schematic for Example 4-10.




Assumption

*Heat conduction through the steaks is one-dimensional
since the steaks from a large layer relative to their thickness
and there is thermal symmetry about the center plane.

* The thermal properties of the steaks and the heat transfer
coefficient are constant.

*The Fourier number is t > 0.2 so that the one-term
approximate solutions are applicable.

Analysis

TO _Too _(_ )
L K 45
Bi hL

20
‘ ho LXK _DAWIeM-C a5y emeoc
1.5L  1.5(1/100m)
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Microorganism
population
A

Exponential
growth —«—— Death

«— Lag

>

Time
Typical growth curve of microorganisms.

ENVIRONMENT

0
Temperature Oxygen Relative
level humidity

Air motion

NENEy

The factors that affect the rate of growth of microorganisms.

32



Rate of
growth

Temperature
The rate of growth of microorganisms in a food product

increases exponentially with increasing environmental
temperature.

7 ¢ Microorganisms '/ :
!

Freezing may stop the growth of microorganisms, but it may
not necessarily kill them.

33



Recommended refrigeration and freezing temperatures for
most perishable foods.

Temperature

Cooling
Beginning (above
of freezing freezing)

/

Freezing

>

End of
freezing

Cooling
(below
freezing)

Time

Typical freezing curve of food item.

34



| —— Maximum carcass témp (deep round)

! i

/;/

i
[ ]

|_—— Avg. carcass temp (hll parts)

AN K | |
g \ \\< ﬂ\Minimum carcass temp (chuck surface)
o
é- 10 \\ ><‘"“'--.. \h"" —
N Vi e iy S
Ne Room air temp.
10 | 1| |

Chuck  Rib

Brisket
Foreshank  Short plate

\

Short  Sirloin

loin

Various cuts of beef (from National Livestock and Meat Board).

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72
Time from start of chill, hours
Typical cooling curve of a beef carcass in the chilling and

holding rooms at an average temperature of 0°C (from
ASHRAE, Handbook: Refrigeration, Ref. 3, Chap. 11, Fig. 2).
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Tenderness scale
N

=)

Time in days
Variation of tenderness of meat stored
at 2°C with time after slaughter.

Meat freezer

Air
—40 to -30°C
2.5t05m/fs

The freezing time of meat can be reduced considerably by
using low temperature air at high velocity.

36



Refrigerated
truck

A refrigerated truck dock for loading frozen items to a
refrigerated truck.

Air chilling

H,0
1000 g 980 g

D-D-W

1000 g il =~ 77| 1050g

Air chilling causes dehydration and thus weight loss for
poultry, whereas immersion chilling causes a weight gain as
a result of water absorption.

37



Storage life (days)

0 1 1 1 1 1 1
-2 0 5 10 15 20 25
Storage temperature, °C

The storage life of fresh poultry decreases exponentially with

increasing storage temperature.

9

o Giblets ’
® [nside surface
7 @ 13 mm depth
® Under skin

Freezing time, hours
. =

0

-84 =73 -62 -51 40 -29 -18 -7
Adr temperature, degrees Celsius

Note: Freezing time is the time required for

temperature to fall from 0 o —4°C. The values

are for 2,3 to 3.6 kg chickens with initial

temperature of () to 2°C and with air velocity

of 2.3 10 2.8 m/s.

The variation of freezing time of poultry with air temperature
(from van der Berg and Lentz, Ref. 11).
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/

Giblets

Inside surface

Temperature, °C

] 38 mm depth
“‘___';—-__3— 25 mm depth
—ﬁh*_%q 13 mm depth

6.5 mm depth
\ Under skin

Skin surface

Y
~
——

0 25 50 75 100 125 150 175 200 225 250

Time, min.

The variation of temperature of the breast of 6.8-kg turkeys
initially at 1°C with depth during immersion cooling at -29°C
(from van der Berg and Lentz, Ref. 11).

' : [F—

Lights, 3 kW

13 kW
” Evaporation
0.080 kg/s
Refrigerated
:ur
Fan'. 26 kW
. .

ch:np

Schematic for Example 4-5.



Assumption

*Water evaporates at a rate of 0.080 kg/s.
All the moisture in the air freezes in the evaporator.

Properties

C, =1.68+2.51x (water content)=1.68+2.51x0.58 = 3.14kJ / kg -°C

Analysis (a)
M.« = (Total beef mass cooled )/(Cooling time)

= (450 carcasses (285 kg / carcass)/(10x 3600 s)=3.56 kg / s

Queer = (MCAT),., =(3.56 kg / s)3.14 kJ / kg°C (36 —15)°C = 235 kW

‘ Qtotal .chillroom = Qbeef + Qfan + Qlights + Qheatgain

=2354+26+3+13=277 kW

40



Analysis (b)

Qbeef \evaporative = ( mhfg )Water - (0080 kg / S)(2490 kJ / kg ) 199 kW

277kW

_ Qair

=102.0kg /s

e (e,AT,.) " Lo06 K0 Tkg- o7 (-]
Em) v, =T D20 7somts
pu 1.292kg/m
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