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PEMBEKUAN = Pengawetan pangan

Aspek engineering

— Design (keperluan refrigerasi, AT)
— Laju pembekuan (the rate at which
freezing progress)

Mutu produk
Produktivitas
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PEMBEKUAN

e Penyimpanan produk pada T < suhu beku

e Selama pembekuan = melepaskan energi (sensible heat dan
latent heat)

e Umumnya pada T < 28 °F (-2 °C), atau khususnya pada < 0
°F (-18 °C)
¢ Sebagian besar air (~95%) membeku

e Aktivitas air menurun

e Daya awet produk beku : bbrp bulan — tahun

e Laju pembekuan dipengaruhi oleh bbrp faktor : perlu
dikendalikan

¢ Pertumbuhan mikroorganisme dihambat, bbrp bahkan dirusak

Purwiyatno Hariyadi https://phariyadi.foodreview.co.id/

PENGARUH PEMBEKUAN PADA
PRODUK PANGAN

PENGARUH POSITIF

e Menurunkan/menghambat pertumbuhan m.o.
e Menurunkan laju reaksi kimia/biokimia
e Meningkatkan daya simpan produk
¢ (3-40 lipat untuk setiap penurunan suhu 10°C)

PENGARUH NEGATIF

e Kerusakan kimia
e Kerusakan fisik (fextural)
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Sifat Produk Pangan Beku

- Penurunan titik beku = f (konsentrasi, BM)

B Rg TA02 BM,.m dimana:
m=molalitas [

AT; = mol solut ]

1000mg pelarut
ATy =K.m T = titik beku pelarut murni (A)= air °K), 273K

R4 =konstanta gas =8.314 J
mol .K
kJ

Lar. X dlm air A =panas laten pembekuan,t—‘j—mir =335—

- g kg
T;=(1.86 m)°C BM, = Berat Molekul pelarut

K = konstanta molal titik beku

} =InX, X, = fraksi mol air
> A!'=panas laten pembekuan
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Contoh :

Ice cream mix dengan komposisi sbb:
10% butterfat
12% solid-not-fat (54.5%: laktosa)
15% sukrosa
0.22% stabilizer

37.22% Air = 62.78%

Ditanya AT, = ? Asumsi bahwa hanya gula
2 (laktosa+sukrosa) yang memp.
_RgTao BM\.M  Efek menurunkan titik beku) !!

Solut? Sukrosa BM = 342
laktosa BM = 342

— solut lain diabaikan !!
kg solven
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Contoh : (lanj)

. Fraksigula=0.15+ 0.12 (0.545) = 0.2154 g/g
Fraksi air = 0.6278 2154 g gula

Konsentrasi gula dim air = =0.3431
0.6278 g air

g gula
3431 =Sl

— " mol gu|a 1000 g air

m=_%___ _1003m

1000 g air

[8.314J] [1"‘0'] (73K} [189j [1.003’“0']
mol K ) { 18g mol kg

1000. 3355*

g

ATf =

AT, = 1,86 K
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Panas Laten Pembekuan

Air mumi A = 335 %
Larutan solid x dim air %= (335 m,) %

m,, = Fraksi massa air
Kadar air A [QJ
¢
Selada 94.8 316.3 (317.6)
Strawberi 90.8 289.6 (304.5) | Perhitungan
Kacang panjang 88.9 297.0 (297.8) |"berdasarkan

(
(
(
Kentang 77.8 258.0 (260.0) » pd rumus
(
(
(

Contoh:

Daging kambing 58.0 194.0 (194.3)
419) | A=335m, X

Kacang merah, biji kering 12.5 41.9
80.4) kg

Kurma kering 24.0 79.0

Air: 5 =335 kJ
kg

_33510° J[18 10‘3]

kg ~ 1mol

A =6030 =
mol
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Contoh:

Buah anggur (grape) > kadar air 84.7%
>T,=-1.8°C (271.2°K)

M1 1 A = 6003 ELm
=InX,

R

g TAO TA y

1 _
= ]— In XA
J 273K 271.2K
8314 —— '
mol .K
Ln X, =-0.01755

X, = 0.9826 (effective mol fraction of water ~ ™ grape
ml
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X, = fraksi mol air = 0.9826

84.7

18
847 153

18 BM
E

X, = 0.9826 =

BMg = 183.61
Juice anggur dapat dianggap
bertingkah laku mirip/sama dgn

- lar. x dlm air
I
_ BM, = 183.61 ?

- X, =09826
= dst
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Solubility
line

(o] EES
Sugar
crystal

é eutectic

Sugar- |
Ice solid |
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Kurva Pembekuan

Suh \
\—
Titik beku

Super cooling = f(waktu)

Air
Titik eutetik
Larutan
Waktu
Driving force for nucleation/crystalyzation
(i.,e. ?2AT=T-T)
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Titik Beku air
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Freezing process

AB: Food is cooled below its
Erecezing point (Tf), below
(o]

Suhu

B : water remains liquid
although temp below Tf >
supercooling

BC : Temp rises rapidly to Tf
as ice crystals be?in to form
and latent heat o
crystallization is released. —
CD : heat is continued to be TiErc beku
removed from foods = f(waktu)
—>freezing point is depressed

DE: solute be?jomeds Air
supersaturated an - -

crystallize > eutetic point. Titik eutetik
EF: Freezing continuous to
freezer temperature Waktu

Titik Beku air

Larutan
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Kurva Pembekuan u/ Prod Pangan

i Setelah terjadi pembekuan, konsentrasi
. solute pada sisa larutan menjadi lebih

[ tinggi
RS penurunan titik beku lebih besar

You can't freeze all of the water
(Still have unfrozen water : 5-10%)
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Freezing time

m Freezing time: time required to lower the
temperature of a food from an initial value to a
predetermined final temperature at the thermal
center.

m Freezing time depends on:

= Size and shape of the product

= Thermal conductivity of the food material

= Area of the food available for heat transfer

= Surface heat transfer coefficient of the medium

= Temperature difference between the food and
freezing medium

= Type of packaging film in the case of packaged foods
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FREEZING OF WATER

[+
[=]

T-t Diagram :
A schematic
freezing curve
for water,
displaying
sensible heat
Region 111 loss (Regions I
and III) and
latent heat loss
(Region II).

Region |

=]
(=]

.Y
o

Region Il

N
o

Temperature (°F)

[=]

|
N
[=]

1 2 3 4 &5
Time (hours)
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ENERGY REMOVAL ASSOCIATED WITH FREEZING

[
o

Removal of heat (Q) from Region |
(sensible heat), Il (latent heat),
and lll (sensible heat) :
Region Il (1) Q = mC,AT,

Jogron it m = weight of food
C,, =specific heat of food
above freezing
3 2 % AT = temperature difference

Time (hours)

Region |

N H =]
o [=] [=]

Temperature {°F)

[=]

> m,, = weight of water

>\ = latent heat

> m = weight of food

> C,, = specific heat of frozen food
> AT, = temperature difference
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PERHITUNGAN PEMBEKUAN (DESIGN)

- Pendugaan keperluan pembekuan
e ukuran sistem “mechanical compression”
e evaluasi beban refrigerasi/pembekuan

-Disain peralatan + proses, untuk :
e memperoleh pembekuan yg diinginkan
- koef pindah panas
- laju pembekuan

Purwiyatno Hariyadi https://phariyadi.foodreview.co.id/

CATATAN KULIAH — Landasan Teknik Pangan - Pembekuan Pangan Food Freezing)
https://phariyadi.foodreview.co.id/



Hubungan antara % air beku vs. suhu

100

% air beku

-40°C 0°C Suhu
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LAJU PEMBEKUAN

® EQUIPMENT RELATED
® rate of heat transfer
® size of refrigeration unit

® FOOD/PRODUCT QUALITY

® slow freezing
® result in formation of few, large ice crystals
® damaging to cell structure/quality

® rapid freezing
® results in many small ice crystals
® gives best product quality
® |eads to IQF techniques

® water - ice: ~ 9% increase in volume
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FREEZING TIME

® Time-temperature method +

® Time required to freeze between two

temperatures (usually T = -5°C or —10°C)

® \/elocity of ice front

- rate of freezing

- must be able to see ice front
® Appearance of specimen

- internal conditions
® Thermal methods

- calorimetric techniques

- not real-world condition

+ 7ime-temp.
methods most
common

+ many people use
time to freeze to —
10°C as standard.
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PERHITUNGAN WAKTU PEMBEKUAN

® Panas laten adalah energi utama yang hrs
diperhitungkan pada proses pembekuan
® ~ 75% total energi pd proses pembekuan
333.3 kJ/kg air
144 BTU/Ib air

® Terjadi perubahan sifat fisik bahan selama proses
pembekuan ~ f (T,m)
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Plank’s Method (for infinite slab)

Ti = suhu awal produk

Ts = suhu permukaan
produk
Tf = suhu pembekuan
unfrozen ,
L = panjang produk

g = energi yang
dibebaskan

X = bagian produk yang
telah membeku
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Plank’s Method (for infinite slab)

Convection:
BTU _ ~,
q m =Qt=hA (F T) Pers. 1
.
h = convective heat transfer coeff. at the product surface.

Conduction:

Pers. 2
«—X

Tr= initial freezing point frozen
x=x(t)

unfrozen frozen

Combine 1&2:
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Plank’s Method (for infinite slab)

Jumlah energi yang dibebaskan selama proses
pembekuan

qdt = m; ;= p; dV A
qdt = p; A;Adx

SO, g =psAsAdx/dt Pers. 4

«X

frozen frozen

unfrozen

Ingat Pers 3 :
(1“‘ )

q=
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Plank’s Method (for infinite slab)

Kombinasi Pers. 3 dan 4

Pembekuan selesai
lempeng jika x =L/2

L
2 x 1] T

frozen unfrozen

Suhu Pembekuan
Suhu ruang pembeku
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GENERAL FLANKS EQUATION

o _pths [RL?  PL |
T T ki +hJ

Where:
Infinite slab ~ Sphere Infinite cylinder
P 1/2 1/6 z
R 1/8 1/24 1/6
L Thickness Diameter  Diameter

A ¢= latent heat of fusion [=4::7J
g

kJ
A water = 333.22~ = 144BTY
kg [

t; = freezing time (detik)
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GENERAL FLANKS EQUATION

P dan R untuk bentuk bata

a : dimensi terpendek
c : dimensi terpanjang

B, =c/a
B, = b/a

Lihat chart/diagram :
dengan diketahui nilai g, dan 3; maka
dapat dibaca nilai P dan R
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P dan R untuk digunakan dalam persamaan Plank
untuk produk berbentuk balok (brick-shape)
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Contoh Soal

Daging sapi berbentuk balok dibekukan pada
freezer tipe konveksi bersuhu -30°C. Suhu awal
bahan 5°C dan dimensi ukuran produk = 1 m x
0.25 m x 0.6 m. Tentukan waktu yang dibutuhkan
untuk membekukan produk sampai -100C
demham menggunakan persamaan Plank.
Diketahui @=1050 kg/m3, L = 248,25 kJ/kg, k =
1108 w/meK, h. = 30 w/m%°K, T, = -1.75°C
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Jawaban

Waktu pembekuan ditentukan dengan
menggunakan persamaan Planck sbb:

h

[RL?2 PL |
¢ —prAt (RL L
ST K T h

Nilai P dan R dapat diperoleh dari Gambar
hubungan B1 dan 2

https://phariyadi.foodreview.co.id/

Jawaban

= Dari grafik diperoleh:
B1 = Dimensi terkecil kedua = 0.6/0.25 = 2.4

Dimensi terkecil
B2 = Dimensi terbesar = 1/0.25 = 4
Dimensi terkecil

Dari grafik diperoleh : P =0.3, R = 0.085
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Jawaban

Emso kg/m} [248.25 kJ/k§ Emoo J/k\ﬂ 0.3 (0.25 m) , 0.085 (0.25 m)?
oo T I T 30 wimek) 1108 wimK)
f [-1 75°C — (-30°C)(3600 s/h)}

= £2563.05 Jh/m3°C} £0.0025 m3°K/w + 0.0048 m3°K/W}

=18.7 jam
Ingat Watt (w) = Joule/detik
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Limitation of Plank’s method

no superheating or supercooling

thermal properties are constant

can’t incorporate a variable heat transfer
coeff.

can't handle varying freezing point

Purwiyatno Hariyadi https://phariyadi.foodreview.co.id/

CATATAN KULIAH — Landasan Teknik Pangan - Pembekuan Pangan Food Freezing)
https://phariyadi.foodreview.co.id/



Nagaoka model

m Plack’s equation gives a satisfactory estimation
of freezing time as long as the product is initially
at its freezing temperature.

m Nagaoka modifies the equation to account for
the initial product temperature above its freezing
temperature and the final product temperature
below the freezing point.
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Nagaoka’s equation

In ST system (Temp in Kelvin

) : ) I PL RIL2
t = [Cou(Ti- Tp) + AX, + Cpe(Te = D1 + 0.008(T; — Tp] x ETt—T,n) [ o I l\t}]

t; = freezing time to below the freezing point C,¢ = specific heat of frozen food

T = freezing point of a product A= latent heat of fusion

X, = water weight fraction (wet basis) k; = thermal conductivity of frozen

o material
T; = initial product temperature

. . = density of frozen material
T,, = temperature of freezing medium ’
T = final product temperature When metric unit is used, 0.008 is

. s - . - replaced by 0.0045 (temperature in °C
C,, = specific heat of unfrozen food P - (tem )

pu
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When product to be frozen in a package, the
convective heat transfer h is replaced by an overall
heat transfer coefficient (U) to account the
resistance to heat flow offered by packaging
material

1
U_

- Xp/kp +1/h
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Cleland and Earle model

Modify Plank’s equation to a dimensionless form:

Npo = —— Ny, = ot/L2

(xR
€= L0 NaNg | N

Nj; = Biot number = hL/k

= Fourier number

Ny, = Stefan number = C (T¢T,)
N, = Planck number = C_(T; - T /A
o = thermal diffusivity = k/BCp
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Cleland and Earle model

For a slab :

P = 05072 + 0.2018N,, + Ng,(0.3224Np,) + 0.0105/Ny; + 0.0681
R = 0.1684 + Ng,(0.274Np, + 0.0135)

For a cylinder:

P =0.3751 + 0.099Np, + Ng,(0.4008N,,) + 0.0710/Ny; — 0.5865
R = 0.0133 + Ng,(0.0415N,, + 0.3957)

For a sphere:

P = 0.1084 + 0.0924Np, + N (0.2310N,) - 0.3114/Ny; + 0.6739
R = 0.0784 + Ng,(0.0386Np, - 0.1694)
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Contoh Soal

Daging sapi berbentuk balok dibekukan pada freezer tipe
konveksi bersuhu -30°C. Suhu awal bahan 5°C dan
dimensi ukuran produk = 1 m x 0.25 m x 0.6 m. Tentukan
waktu yang dibutuhkan untuk membekukan produk
sampai -10°C. Diketahui @=1050 kg/m?, A = 248,25
kJ/kg, k = 1108 w/m°K, h. = 30 W/mZOI\ T, =-1.75°C.
Calculate by using Nagaoka’s model Il Diketahui C,,, =
3.52 kJ /kgk; Cpp = 2. 05 kJ/kgK; ke = 1108 W/mlx
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Exercise 1

m A 0.30 mx 0.60 m x 0.90 m rectangular block of
lean beef (water content: 68%, T; = -1.7°C) initially
at 15°C is to be frozen by immersion freezing in
liquid refrigerant R-12 (-29.8°C) to a final
temperature of -15°C. Compute the freezing time
for the following cases: (1) the meat is unpackaged;
(2) the meat block is packaged in 1.0 mm-thick
cardboard (k, = 0.04 W/mK); (3) the meat block is
immersed in liquid nitrogen at -196°C.
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m The physical and thermal properties of the product
being frozen are as follows:

X, = 0.68 Ti = 15°C
C,, = 3.5k /kgK

A= 332.7 k] /ke

C,¢ = 2.05 k] /kgK

2 = 1050 kg/m?

h =170 W/m?K = 0.170 kW/m?K
ke = 1.1 W/m.K = 1.1x10 kW/mK

T, =-1.7°C
T =-15°C
Tm = -29.8°C
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m Since the initial and final temperatures of the
product are different, the use of Nagaoka’s
model is more appropriate than Plank’s model.
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m Calculate P and R:
B1 =0.60/0.30 = 2.0; B2 = 0.90/0.30 = 3.0
From Ede diagram : P = 0.275; R = 0.078

" By using Nagaoka’s model:

tp = [Cou(Ti- T + AX, + Co (T — T)][1 + 0.008(T; — Ty] x [ 2 EPI 4 RI H

(Tf — Tm)

h ke

t = [3.5(15 + 1.7) + 0.68(332.7) + 2.05(-1.7 + 15)].[1 + 0.008(15 + 1.7)][1050/(-1.7 + 29.8)].
[(0.275)(0.30)/0.170 + (0.078)(0.30)2/1.1 x 10-3] = 14.844 s or 4.1 h

Purwiyatno Hariyadi https://phariyadi.foodreview.co.id/

CATATAN KULIAH — Landasan Teknik Pangan - Pembekuan Pangan Food Freezing)
https://phariyadi.foodreview.co.id/



When the meat is packaged, h is replaced with U. The

value of U is obtained from the following data:

X, = 1x10° m

k, = 0.04 W/mK
U = 1/[(0.001/0.04) + (1/170)] = 32.38 W/m?K =
0.03238 kW/m’K

m Substituting h with 0.03238 kW /m?K

t; = [3.5(15 + 1.7) + 0.68(332.7) + 2.05(-1.7 + 15)] [1+0.008(15 + 1.7)][1060/(-1.7 + 29.8)]
[(0.275)(0.30)/0.03238 + (0.078)(0.30)2/1.1x10%) = 42,180.6 s or 11.7 h

m Calculate when meat is immersed in liquid nitrogen.
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Exercise 2

m Hitung waktu yang diperlukan untuk membekukan
baso (diameter 2.5 cm) dengan kadar air 83% hingga
suhu -15°C. ”Blast freezer” yang digunakan mempunyai
udara pendingin dengan suhu -35°C dan koefisien
pindah panas konvektif (h) adalah 150 W/m?°K.
Konduktivitas panas baso (k;) adalah 1.1 W/m°K dan
densitasnya adalah 1075 kg/m?. Baso mulai membeku
pada -1.8°C. Panas jenis baso adalah 3.5 kJ /kgK
(unfrozen) dan 2.05 k] /kgK (frozen). Panas latent baso
adalah 332.7 k] /kg.
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Exercise 3

m Tentukan waktu yang dibutuhkan untuk membekukan
sepotong daging berbentuk slab dengan ketebalan 0.025
m yang dibekukan dalam air blast freezer. Suhu awal
daging 20°C dan suhu medium pembeku -30°C. Produk
dibekukan sampai -10°C. Tentukan waktu pembekuan
tersebut menggunakan Cleland and Earle model jika
diketahui B=1050 kg/m? AH = 240 kJ /kg; C,, = 3.0
kJ/kgl; Cop = 1.75 kJ /kgl Ty = -2.75°C, k = 1.35
W/mK; h, =20 W/m?K
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Homework

1. Suatu sistem refrigerasi berdaya 2,36 HP digunakan
untuk mempertahankan suhu ruang pendingin sebesar
36°F. Refrigerant yang digunakan adalah R12. Suhu
evaporator dan kondensor masing-masing adalah 23 °F

dan 104 °F Jika diasumsikan efisiensi kompresor
adalah 100 %, hitunglah :

m Laju alir refrigerant.
= COP
= Beban pendinginan yang dapat ditanggung.

. Ruang pendingin soal no.1 tersebut di atas digunakan
untuk menyimpan bahan pangan yang bertemperatur
awal 25°C dengan kadar air 74%. Hitunglah jumlah
bahan pangan yang dapat didinginkan dalam ruang
pendingin ini. Asumsi: Cp = 33 47 (Ka) + 837 ] 7 kg.
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Homework

3. Suatu produk baso akan dibekukan di dalam azr blast
wind tunnel yang bersuhu —15°C. Diameter produk
adalah 7 cm dengan kerapatan 1000 kg/ m3 dan
konduktifitas panas 1,2 W/m°K. Koefisien pindah
panas konveksi dan panas laten pembekuan masing-
masing adalah 50 W/m? °K dan 250 kJ/kg. Hitunglah
suhu akhir produk beku yang dihasilkan, jika produk
dibekukan selama 2 jam. Diketahui: Panas jenis baso
adalah 3.5 kJ /kgK (unfrozen) dan 2.05 kJ /kgK
(frozen).
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