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NUNTAWATT PIRUCHVET : A NUMERICAL STUDY OF THE EFFECT OF
THE CONVECTIVE HEAT TRANSFER COEFFICIENT ON THE PRODUCTION
RATE OF TUBULAR-ICE. THESIS ADVISOR : CHITTIN TANGTHIENG, Ph.D.
82 pp. ISBN 974-17-3918-4.

This research concerns about a numerical study of the behaviors and effects of
convective heat transfer coefficient on the production rate of tubular-ice making process.
This research creates a computer program by using finite difference method with fully
implicit scheme for simulating ice formation inside a smooth pipe made of stainless

steel in the tubular-ice making machine, which uses ammonia as the refrigerant.

This study found that the agreement between the ice thickness, which is
obtained from the numerical results at the end of process, and the data from a field
measurement has an error of 4%. The convective heat transfer coefficient, the ice
formation rate and the cooling load decreases significantly in the first 10 minute of
process. Thereafter, the reduction rate starts to decrease until it approaches a constant
because the ice has low conductivity and behaves as like an insulator. The ice
thickness increases; therefore, the overall conductivity of system is decreased. The
convective heat transfer coefficient, as a function of the saturated ammonia
temperature, has a major effect on the production rate. This study shows that at the
saturated ammonia temperature ‘of -7.5 oC, decrease of 0.5 °C of the temperature
results in an increase of production rate by 8%. The energy intensity decreases at the
beginning of the process until it reaches the minimum value at 4 minutes. Afterward it
rises ‘up until getting the maximum value at the end of the process. In overall, the
energy intensity is almost constant, whereas the mean value is 0.36 MJ/kg and the
different of peak value is +7.5% and -4%. From these results, it indicates the efficient

way to improve the energy consumption of the tubular-ice making process.
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PPIANLANIZRY PAITNINIUINTZUIBNTLTIAINL AT N D FTIILUUIIRaING
a 6 A a dy %] [ 1 gd

AMAMEA Tzl aULAZIUNUFIUAGN 9asda lffa

1. myfsandgwidumadfswsnmels 1 Sfuuuifowudasanunam

2. MINTNURIIAN BN IR IR DUENFD U AUTALIUIZAINIFDUE
VBIUTIUAZVDILART (sharp - interface) WAz AN b JoBuLITzRININIFBIED U]
mmﬁwi'lﬁ'uqm%gﬁl,ﬁamﬁﬁa

3. nmaRTdaratdunisatainaliuianuuuniiiinl usan (heat

. a a 1 :’ ~ { % a ; a ' d
conduction)  luuTImvaINtIviaLazdiiude lagnniswianuenaziiaduuninrian
é’ucTaﬁ'umsv‘hmmLﬁusﬁaﬁqmmgﬁmﬁmwﬁu 75°C

=) o v v d. = J = 1 v
4. MR Tandawiiivuelvanusawitiaduliawizdrnnusowurslunie

R IURDIUSLAANSAUFNHNFIINATLUR pugmnlivasin WD ILVINTh A

T 95 N ABYaINTZUIRNITUDIAIBWINLT 99 A A UR Ut a N NN LA UA Y

a ] s gﬁ % 1 a v a 3 a - -
ANMNRUIVAINITID muuwm‘na%omm‘mamgmlmﬂumnmmauu@T (semi-infinite
domain) 32084l uTEUURANALEITIERA TN IHINANwsz D uialania w3 oy 39vn 19

susnwidaauvaidym lalasitanudianssaluszuuAnaain laassda i

a { & s [ .
Ustamniniands (Ice Region)

RUNIAIAU (governing equation) tia. T, = f(x,t)

1\aT. ) @,
EANRILL @.1)
a, ot OX
AAUa bt
a, = ks (4.2)
) pstS '
Wauluwauiaa (boundary condition)
TO1) 5k Dok, D (4.3a)
OX OX

ST =T, (4.3b)



oT ds
T(-0,t); -k,—=p,Ah—
(=6.t) = pAh
; Ts :Tf
(Jowlutaan (initial condition)
T.(x,0) ;6=0
wuds e

=
waxlaiie

o /)
pd

VY,

o)

Pl ~
N 7

N7

37U 4.1 nafaondaymlasisanaudian 3

a { & C ),
UstImnLinuiksna (Wall Region)

RUNIAIGH e T, = f(xt)

10T, o7,
a, ot o
fnua ¥
kW
a, =
pWCpW
Gewlyveuiva
T,(0,t) 5k, gt Kk, .,
OX OX
; T =T,
T,(Dt) ; T, =T, ;D>
Gouluiam
T,(x0); T, =T,
frualw
) LT,
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(4.4a)

(4.4b)

(4.5)



ew :TW _TO
Tf _To
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4.12)

(4.13)

= A : = o ' o @ : o
I@]EJ‘YI o A8 A1AINYBINILLINUTERING & NU ast ﬁ]’]ﬂ@]’]LLﬂi@]’Nﬂ‘ﬂﬂ?%u@]

& { A a ' . . . . a
PUBRINIIN LﬂaU%Eﬂ'ﬂ’mﬁwﬂ’ﬁm{iﬂ%wufﬂaﬂ (partlal differential equatlon) Li‘juﬁuﬂ’ﬁL"N

o ¢ % . . 2 4 A v o A
auWUDIRINTY (ordinary differential equation) Tz lavsuuaNNIa IR (MANWKIN N)

A A & &
U awn L witude
FUMIIGH Lila 6, =1(n)
2 2
40, (22198 2,
dn 2 )dy
Gouluvaviae

2
n =-1 a0, =~ Z ste
dz
; O =1
k, do, dé,
n=0 =
k, dpn dn
6,(0)=6,(0)
e L
Stefan number (Ste) = -
pS Tf _To

a A& o 1
ULl wawIna
FuMIIaW Lo 6, = f (1)
d?a, +&[G—277Jdgw Z0

dn®  «a,| 2 dnp
Gouluvavie

k. do, do,

k, dp dn

: 6,(0)=16,(0)
n—o>owo ;6,=0

w

(4.14)

(4.15a)

(4.15b)

(4.16a)

(4.16b)

4.17)

(4.18)

(4.19a)

(4.19b)
(4.20)
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PNITULRUMITHARENNTDLITIDTNNITBUALATA (integration) TumsuAszUY

a ! o Y o g
allﬂ’]i@ﬂﬂﬂ’]’lsﬁﬂﬁlzvlmizllﬂﬁwﬂqi@]ﬁ@la‘lﬂu (MANWIN D)

a A & s [~
STET TS TSI FFST S TI K]

erf (an
0.(n)=0.(0)+[6,(0)-1—7- (4.21)
erf (j
d@_cTW@%ﬂfﬂﬁﬁj
()
2
USaiilwatiena
6,(n)= (HW(O)){l—erf[\/Z: %nﬂ (4.23)

do. __ fo | a0 o 13
dn (HW(O))(\/;J( i Jerf( o« 2" j (4.24)

PMNANUFNANUTVIFNANTEI0% [UVBLLUA (4.19a) LAz (4.19b) f13NTOLT U

UMY ot

0)=6.(0)= : (4.25)

1+ /R, R, erf [:)

ﬁmu@é’mﬂimuquﬁaﬁ

0

w

k
R, =% 4.26
" (4.26)
C
RZ:M (4.27)
psC.

AR NURNABTNNFNNT (4.22) Uaz (4.25) Iunuasluaunsidewlvvauiaa
(4.15a) 32 laaunsasit

ZQﬁiﬁ?*”[‘ifj
Jr ,a.Ste.(l +R.R, erf (ZB

1- =0 (4.28)
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AN 4.1 LLamqmauﬁa"uaaﬁﬂw‘ﬁa

qmauﬁ'ﬁmmm{w‘ﬁq ﬁqmﬂgéﬁ 75°C ﬁqmﬂgﬁ 0°’c Aade
p. (kg/m?) 920 920 920

k, (W/mK) 1.935 1.880 1.908

C,s (I/kgK) 2005 2040 2022.5
Ah - (kJ/kg) 333.7 333.7 333.7

PN an
AINNN 4.2 LLEWNQRLETSJUGI‘IJ DIREAWLAR

qmauﬂ'@maaammaa ﬁqmﬁgﬁ -7.5 0C
po (kg/m?) 7900
k, (W/mK) 13.913
Cow (I/kgK) 439.09

119NN TN 4.1 uae 4.2 indrwmmdamnlinuaudng g ldasdalld

R, = 7.289 (4.29)
R, =1.865 (4.30)
Ste = 22.008 (4.31)
Bi =0.075 (4.32)

el snedu lunwluaunis 4.28) PNUWIIMIAIW M RawA18 o
lasande3svasiiau-1Wau (newton-raphson method) a2 16t

o =0.1446 (4.33)

nntwihe o, Ry, R,uaz Ste luunulusums 4.25) azlddngmnnilumay
55aAs s @ asnan g suRsHE e ds it

6,(0)=6,(0)=0.769 (4.34)

ateanauns (4:34) lunusslusunis (4.21) way (4.23) wivinmiIazy

ﬁNﬂ"IT‘ﬂZVL@%’LL‘LIUﬁWﬂﬂdﬂ?ﬂﬂfﬁ@ﬂﬂﬁ@%ﬁdﬁ

u,fuua'i'maama@1tﬁmﬁ1ﬁm§ﬁm%’uu’%nmﬁu“]mfmﬁa
0, (r7)=0.769 — 2.836erf (0.07237) . 7 =[-10] (4.35)

LULS IR INNATRAAEATEWSUUSI AL waIbTIe
6, (r7)=0.769 —0.769erf (0.03667) . n7=0,0) (4.36)
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a A & s [
STET TS TIGIFFST S TIR K]

RUMIAIAW e T, = f(x,1)

1T, T,
a, ot  ox?
Gouluvaviae
oT
T.(0,t ; kg—=
0 1
; T =T
Ts(_ 5’t) ; _ks
1 P
Gawlum
T.(x,0) ; 0=0
s

|
|
|
I
|
|
|
|
|
|
! O(t)

&
~N

o2
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(5.1)

(56.3a)
(5.3b)
(5.4a)

(5.4b)

(5.5)

=1
wauluiite

Ty, hy

A =) ad ' A = a e
3‘].]“(] 5.1 ﬂﬁiWﬁ]'ﬁmqﬂfy‘ﬁ']I@El']ﬁNﬂ@]']x‘iﬁ‘]JL%ﬂdl%izUUWﬂ@]%’lﬂ

a A & o 1
ULl aIna

RUMIAIGW L T, = f(xt)

1T, o,
a, ot ox°
Gouluvauiae
oT
T (0O,t ; kg —
00 kT
;T =T,

S w

(5.7a)

(5.7b)
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TW(D’t) ;T kw aTW = hO(TW _TO) (58)
. OX
Ganlum
T,(x.0) T, =T, (5.9)

B lanaunIdenlaauiaa (5.8) ITLANGIINFNMTIIaU IV LUa (4.9)
PaINIINANIN AL DTU ARG IINAINNNUIVAINIIY VWA INA lasN ANy D

g; o dl o vaa o ' dq,
mﬂuummﬂ,ﬂazlugﬂawmﬂ@ﬂmﬁu@maﬂmmma 9aada U

-t
=% (5.10)
D
X
== 5.11
=5 (5.11)
~ X
g =2 5.12
v D (5.12)
)
_9 5.13
?=5 (5.13)
T.-T
0, == (5.14)
Tf _To
0, = Tu=To (5.15)
Tf _TO
k
R, =—% 5.16
" (5.16)
C
Rzzpw = (5.17)
pCy.
Ah
Stefan number (Ste) = (5.18)
Cpsin -T,)
Biot number (Bi)= hlzD (5.19)

w

mﬂmaw"l%ﬁaiﬁaéfummsnﬂs:qn@iiﬁﬁuaumsm&ﬁuﬂuu’%nmﬁL‘ﬂuﬁmﬁa LAY Wb
1 U Qs dq‘
Yialdasfh (ManuIn A)

a ° [ a { & [
sruudgNMINsAmaAAIansamIULSaLHuiude
RUNIAIGU We 6, = f(X,,1)

0%6 .~ dp)oo, 06
— 4 Rp—2 | s 2
OX dt ) oX, ot

S

=0 (5.20)



Gawlaveuive
00 00
t ; ——R.p.—"=0
0,(0.t) R, ? X,
, 0,=0,
R 00 de
0,(-11) xSt
; 0, =1
Gaulaan
0, (%.,0) ; =0

STULANNIIN W ARAFIAA IR ITUUS AN LT wHITTiD

RUNIAIOW Wa 6, = F(X,,[)

0%, R, 00,
ox,’ R, ot
Geuluvavie
00 00
{ ;, ——-R.p.——=0
0.(0.1) Ry - 5 X,
, 0, =0,
00 X
; . S gig =0
0,L1t) R,
Gawlum

ew()zwio) ; 0W = O
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(5.21a)

(5.21b)

(5.22a)

(5.22b)

(5.23)

(5.24)

(5.25a)

(5.25b)

(5.26)

(5.27)

o Qs U v v =) a é g; Y
FUMITINUTIawRINIIauA ['lalas 1t T ua T EIaY F9lumsanunasInas

wa A 1 A d‘ dll g; L2 | aa a . . .
ITQ‘ENG@HGFIUL%@\‘] LAY LHhD991NFUNNIAIA UL nFUNITUUUDRUGN (elliptic equation)

v '
o =)

v a a o [ asf =3 A % ad '
AIWTENW al‘ﬁ FNALRT Uiﬂ’?WI%ﬂ’]'ﬁ‘ﬂ’N’]%‘U 2388Na37N- Lﬂﬂﬂl"ﬁﬂ?ﬁﬂix&l’mﬂ@ PIDHANT

A dl ad 2 e g; e dln ] - VXY
ﬁUL%QGI@U’]’ﬁLLUUﬂ?U"IU muumuﬂi‘ﬂ@magiugﬂau‘,wuﬁ‘luaumi QZ@WNW?HLLW%VL@@')U

M3tz masaa bl

620 B 0n+l _ 20in+l + eir:[l

i+1

ox? (AR)°
00 _ 07y - 0%
& 2A%

00 6/ -0

o Af

(5.28)

(5.29)

(5.30)
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n+1 n
do _o —o (5.31)
dt At
n+1 n

WathaumsnaaaduLitasasna lWunuasluszuuaumsniadiamaasueing
2 yinnudhmsudaunsnieansinmsdagdaunislud (meawuwan 9) azlagunns
HadsFuLitadlasudsauduniianadenunngaduulawussimadwinaadalud

) melwusmiiug
T e A 8 .
( ( n+l l ) s esin_ll—l_ 1+( n+l n)2 s )2 esinl
+ o) (a%,)’ o+ | (A%,)
t+

( =9 )A Jem_en

[4A \
(¢n+l+¢' ) (AXS) si+l si

-

o&)
ho)
3,
©
Sh.
©

ele.

(5.33)

2. Qﬂ@iaﬁa%imﬂ‘luu%nmwﬁa
RlAf n+l 2R1Af n+1 RlAf n+l n

_[R AR 2)6’””‘1 A Roar s Rz i = O (5:34)
2 w 2 W 4 w

1 { 1 1 & [ o
3. "i‘l‘ﬂﬂaﬁaﬂﬂ%ﬂaﬂiz%%ﬁﬂﬂ%tﬁm%ﬁ LLUILLAS NI

L g M A (BCIOfgna{BD) - (5.35)
(A+CD) (A+CD) (A+CD)
BRUA b
( _n+1 + ¢_n )2 A)? 2
== 3 Alf : (5.36)
B= Riéxs (5.37)
R,ARAR.,
= T (5.38)
n+l n o n+1 n n+l _ _n
D — ((0| 2+ ¢| ) Xs (¢| + (DI gA(tl ¢| )Axs (539)
afan %i umaumnmwmﬂnnwmmmau
2RA g 0+ ZRlFfAﬁ » 2R,Biat O, =0, (5.40)
R,AX,, R,AX,
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N+l n2 Af n+l n+l
o =P "{M](‘gmz —40,., +3)

Ice region
AX¢ AX
- o N N
~ N Pt o 7
n+1 n+1 n+l
00 ae - ae
N\ n+1
At
V. n
‘ b n
i—1 i i+1

A 1A 1 a :’ I A o
Eﬂﬂ 5.2 ﬁg(ﬂ(ﬂE’J“Vlagﬂ’]FJI%U?L"Jm%’]LL‘HdI%izUUWﬂ@%’]ﬂ

Wall region
AX,, AX,,
s N & N
N 7N 7
n+l n+1 n+1
‘ewi—l £0Wi £0Wi+l
i n+1
i
At !
| n
“[’)wi n

i1 |

i+1

A C oA A o o o
3‘]_]“{] 53 ’fg(ﬂ(ﬂEmE]%Jlﬂ’]UI%U?L’JMN%Gi%ﬁtUUWﬂ@Q’]ﬂ
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(5.41)
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