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TOM TAT

Bai bdo trinh bay mé hinh héa va mé phong dong lwc hoc ciia qud trinh sdy bom nhiét dong
khi thang dimg doi véi vt lidu bdt c6 nguy co chdy né cao. M6 hinh todn dwoc thiét Idp diwa trén
phirong trinh cdn bang ndng heong — khoi lwong két hop mé phéng déng luc hoc chat lwu (CFD),
nham phan tich trieong nhiét — am va phdn bé vin toc dong khi trong buéng say. Két qua mé phong
cho thdy dong khi thang dirng gitip phdn bé nhiét déu, én dinh gradient dm theo chiéu sau 16p bét,
han ché tich nhiét cuc bé. Lop bot co chiéu day 2-4 mm dat hiéu sudt sdry cao nhdt, rut ngdn thoi
gian sdy 20-25% so vdi sdy ngang truyén thong. Hé s6 hiéu sudt nang lwong COP dat 3,4-4,2, véi
mikc tiét kiém dién ndang trung binh 18-25%. Hé thong duy tri an toan nhiét cdp 11 theo tiéu chudn
ATEX, khéng xudt hién viing qud nhiét (>85°C) trong suot chu trinh sdy. Két qua nghién ciru cung
ccfp co 56 khoa hoc cho thiét ké va ché tao hé théng sdy bom nhiét tw dong, tiet kiém nang lwong va
ddam bado an toan chdy né cho vit liéu bot dé chay.

Tir khéa: Sdy bom nhiét; Mé hinh CED; Bt dé chdy né; Dong khi thang dimg; Péng lyc
hoc nhiét — am.

ABSTRACT

This paper presents the modeling and dynamic simulation of a vertical air-flow heat pump
drying process for powder materials with a high risk of explosion. A mathematical model was
developed based on the energy — mass balance equations combined with Computational Fluid
Dynamics (CFD) to analyze the temperature — moisture field and air velocity distribution inside
the drying chamber. The simulation results show that the vertical airflow ensures a uniform
temperature distribution, stabilizes the moisture gradient along the powder layer, and prevents
local heat accumulation. Powder layers with a thickness of 2-4 mm achieved the highest drying
efficiency, reducing the drying time by 20-25% compared to conventional horizontal airflow drying.
The Coefficient of Performance (COP) ranged from 3.4 to 4.2, corresponding to an average energy
saving of 18-25%. The system maintained thermal safety level Il (ATEX standard), with no overheat
zones (>85°C) observed during the entire drying cycle. The results provide a scientific basis for
the design and development of automatic, energy-efficient, and explosion-safe heat pump drying
systems for fine and flammable powder materials.

Keywords: Heat pump drying; CFD modeling, Explosive powder materials; Vertical
airflow; Thermo — moisture dynamics.
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1. PAT VAN PE

Trong linh vuc ché bién vt liéu dang
bot dé chay nd (nhu bot kim loai, bot ning
luong, bot hitu co tinh che) cong doan say
va dinh lugng luon tlem an rui ro cao vé chay
bui. Céac hé thdng siy cudng birc truyén thong
thuong xuét hién diém néng cuc bd va tich tu
nhiét, dan dén nguy co chay nd khi ndng do bui
vuot gi6i han chay nd ha (LEL) [1-4]. Ngoai
ra, trong qua trinh say ddi luu thong thuong, su
phan bd nhiét va 4m khong dong déu trong khbi
bot din dén hién twong tao von cuc, bién tinh
san pham va lam giam chat lugng cu01 cung [2
3]. Viéc phat trién cac cong nghé siy tién tién
c6 kha nang diéu khién chinh xac nhiét do, do
am va dong khong khi dang 1a huéng nghién
clru trong tdm cua nhiéu nhoém trong va ngoai
nudc [5, 6]. Trong d6, cong nghé sy bom nhiét
(Heat Pump Drying — HPD) dugc xem 1a mot
giai phap hiéu qua do c6 thé thu hoi va tai sir
dung nhiét an ctia khong khi thai, giup tiét kiém
nang luong 30-50% so véi sdy dién tro thong
thuong [6-8]. Nguyén ly hoat dong dua trén
chu trinh nén — ngung — gian — bay hoi, cho
phép duy tri nhiét do sdy thap (40-70°C) nhung
van dam béo tdc do truyén nhiét cao nho kha
nang tuan hoan khong khi kin [5, 7]. Mot sb
nghién ctru trude ddy nhu cia Tran Vin Pha
(2002) [1], Hoang Van Chudc (2006) [3] va
Alves-Filho & Stommen (1996) [4] da chung
minh rang viéc t6 chic dong khi thang ding
cudng buc gitp giam dang ké gradient nhiét
theo chiéu day vat liéu, ting tinh déng déu cta
qué trinh trao d6i nhiét — 4m. Tuy nhién, cac
cong trinh nay chu yéu tap trung vao vat liéu
nong san hodc sinh khéi, chua xem xét ki yéu
t6 an toan chay nd khi say vat liéu c6 kha ning
tu bdc chay hodc phat tia lira.

Trén co s& do, nghién ctiru nay tap trung
mo phong va danh gia dac tinh truyén nhiét —

am cua hé thong sdy bom nhiét dong khi thang
dung cho vat liéu dang bot d& chay nd, véi muc
tiéu: (i) xay dung mo hinh toan mo ta dong luc
hoc truyén nhiét — am; (ii) phan tich phan bd
truong nhiét do, do 4m va van tdc dong khi
bang phuong phap md phong CFD; va (iii) dé
xuat cau hinh van hanh t6i vu dam bao hiéu
sudt nang lwong cao va an toan nhiét trong moi
truong c6 nguy co chay nd cao [7-9].

2. CAU HINH THIET BI VA NGUYEN LY
HOAT PONG

H¢ thong sy bom nhiét dong khi thang
dung duoc thiét ké dudi dang budng siy kin,
sir dung chu trinh bom nhiét tudn hoan cudng
buec, trong d6 ludng khi nong kho duogc thoi tir
duéi 1én xuyén qua 16p bot vat lidu. Cau hinh
tong thé gdm bén cum chinh: Cum bom nhiét
(Heat pump unit): GOm méy nén, dan ngung,
dan bay hoi va van tiét luu; st dung méi chét
lanh R134a. Hé théng thue hién chu trinh nén —
ngung — gifin — bay hoi, cho phép thu hoi va tai
su dung nhiét tir khi thai, déng thoi duy tri nhiét
d6 6n dinh 40-70°C trong budng siy.

Buong sdy ddi luu thang dimg: Co kich
thudc 1000 x 600 x 800 mm; vo hai 16p inox
— composite cach nhiét. Ludng khi néng duoc
phan phdi déu tai diy budng, di xuyén qua
khay sy chira 16p bot day 2-10 mm. Nhiét do
duoc kiém soat tu dong voi sai s6 £1°C. Cum
dinh luong — san chiét: Cho phép dinh luong
khéi lugng 50-200 g mdi chu ky, sai s6 +0,3%.
Sau sdy, san pham dugc chuyén dén phdu dinh
luong va san chiét tu dong.

Hé¢ théng didu khién va giam sat
SCADA: Gdm cam bién nhiét, am, ap suit va
khdi lugng; bo PID diéu khién cong sut nén;
man hinh hién thi va luu trir dir liéu thoi gian

thue. Hé thng c6 chirc nang canh bao qua nhiét &
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(> 90°C), van x4 ap tu dong va ngit mach khin
cap, dam bao an toan cép II theo tiéu chuan
ATEX.

Hinh 1. So d6 nguyén Iy hé thong sdy bom nhiét
dong khi thang dimg.

Hinh 2. Cdu tao buong sdy va hé thong dinh lrong
ty dong.

Nguyén 1y hoat dong: Khong khi am tir
16p bot duoc dan qua dan bay hoi dé tach nudc,
sau d6 duogc gia nhiét tro lai trong dan ngung
tu va phan phdi déu trong buong sdy. Qua trinh
nay lap lai cho dén khi d6 4m cua vat say giam
dudi 1%. Chu trac dong khi thang dimg gitp
giam gradient nhi¢t, ngan hi¢n tugng “chay
16p” thuong gip trong siy ngang.

3. MO HINH TOAN VA PHUONG PHAP
MO PHONG

3.1. M6 hinh toan hoc

Qua trinh séy duoc mo ta dya trén hé
phuong trinh truyen nhiét — truyén khi két hop
trong moi truong xp, cd xét téi su bién thién
am va nhiét theo thoi gian va khong gian [1, 5,
10, 117]:

aT dw
Psﬂsa = -1~e.f.fv2T - Lva
dw dw
— =D VW — v —
gt~ YT,
Trong do:

* T: Nhi¢t do (°C);

« w: Do 4m vat liéu (%);

* psC, Khéi luong riéng va nhiét dung
riéng cua vat liéu;

¢ ko HE s6 dan nhiét hiéu dung
(W/meK);

*D . H¢ s6 khuéch tan 4m hiéu dung
(m?/s);

*v :Van toc dong khi thing dung (m/s);

. L Nhiét 4n hoa hoi ciia nudc (kJ/kg).

Cac hﬁng s6 vat Iy dugc xac dinh theo
thuc nghiém va tham chiéu theo mo hinh truyén
nhiét — 4m [10, 11].

3.2. M6 phéng CFD

Mo hinh CFD duoc xay dung trén phan
mém ANSYS Fluent 2024R 1, chia luéi khong
gian 3D theo khéi dang cau tric (structured
grid), véi kich thudc 6 1 mm trong vung 16p
bot (2 + 10 mm). M6 phong sir dung md hinh
dong rbi k-& chuan (Standard k-¢), két hop véi
mo hinh Discretized Evaporation dé mé phong
su thoat hoi am tir bé mat hat bot [12].
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Diéu kién bién md phong:

Nhiét dg khi vao: 40+ 70°C (ndi suy tdi 100°C).
D6 4m twong dbi khi vao: 20%.

Tbc do dong khi: 0,5 + 1,2 m/s.

Do day 16p bot: 2, 4, 6, 10 mm.

Céc dai luong duoc trich xudt sau mo phong:
Phan bd nhiét do trong 16p bot theo thoi gian
(T-z-1).

Bién thién d6 4m trung binh (w-t).

Gradient nhiét do va 4m theo chiéu sau (dT/dz,
dw/dz).

Danh gia 6n dinh dong nhiét va nguy co tich tu
nhiét cuc bo.

Dir liéu mé6 phong duoc dung lam co sé dé vé
céc biéu d6 2D va 3D vé:

Bién thién nhiét do theo thoi gian;

D06 4m giam theo thoi gian;

Phén b nhiét d6 — d6 4m — chiéu day 16p bot.
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Két qua nay 1a nén tang dé xay dung
biéu d6 dic trung dong luc hoc sdy (drying
kinetics) va phan tich do on dinh nhiét — an toan
phong nd.

4. KET QUA VA THAO LUAN

4.1. Bién thién nhiét do theo thoi gian va
chiéu day lop bot

Két qua mod phong (Hinh 3) cho thiy
nhiét d6 phan bd déu trong toan 16p bot. Giai
doan dau (0-30 phat): nhiét d6 ting nhanh tir
25°C 1én 50°C. Sau 120 phut, chénh 1&ch nhiét
do gitra mat trén — dudi 16p bot chi con 0,8-
1,2°C. Lép bot day 2 mm dat trang thai on dinh
nhiét sau 60 phit, 16p 10 mm can ~180 phut.
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Hinh 3. Biéu dé bién thién nhiét A trung binh theo thoi gian ¢ cdc 16p bot (2, 4, 6, 10 mm).
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Hiéu qua nay chimg to dong khi thang
ding cho hi¢u suat truyén nhiét cao hon 15-
25% so véi say ngang.

4.2. Bién thién d6 4m va mé hinh dong luc
hoc say

Do am giam nhanh trong 100 phat dau
— giai doan say toc do khong doi, sau do giam
cham dan (Hinh 4).

0 50 100 150
Thei gian

R

e oo
6 S0 10 150 200 0
Thii gian
Hinh 4. Quan hé giita @6 am twong doi (MR) va
thoi gian sdy o cac muc nhiét dg khdac nhau
(40-70°C)

50 00 150
Thii gian

M6 hinh Henderson — Pabis hiéu chinh
duoc str dung:

MR =Ae-kt

Trong d6: A ~ 1, k thay d6i tir 0,0042-
0,0095 min~' (40-70°C).

Hé sb twong quan R? > 0,99 chung to
md hinh mé phong phu hop thuyc té.

4.3. Phan b6 nhiét — 4m 3D trong budng siy

Két qua mo phong (Hinh 5) thé hién
truong nhiét déu va gradient thap: Gradient

nhi¢t trung binh: <1,2°C/cm; Gradient am:
<1%/cm sau 200 phit. Co ché “day am lién
tuc” (Continuous Vapor Lifting) giup tranh tich
am vung siu, ting ddng déu chat luong séy.
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Hinh 5. Phan bé trieong nhiét va dé am 3D trong
buong sdy bom nhiét dong khi thang dimg.

4.4. Phan tich nang lwgng
Hé sd hiéu suét nang luong COP xac

dinh theo:

CG.P - Q:r.h'fuf

'H__."J ripet

Trong do:

* Q_.;; Nhiét luong c¢ ich truyén vao
vat li¢u (kJ);

* W._ : Dién nang tiéu thu cta h¢ bom

input”

nhiét (kJ).

Két qua cho thay: O 60°C: COP = 3,8-
4.2: O 70°C: COP = 3,4-3,6. Mirc tiéu thu nang
luong giam 18-25% so vai say dién tré cudng
burc.

4.5. Panh gia an toan chay nd

Mo phéng trudng nhiét cho thiy khong
xuat hién ving qua nhiét (> 85°C) trong toan
bo thé tich sy, ké ca voi 16p bot day 10 mm.
D6 am khi thai ludn duy tri dudi 20%, giup
giam kha nang tich dién tinh va chay bui. Ap
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sudt budng sdy dugc diéu chinh 6n dinh nhd co
ché xa am tuan hoan kin. Hé thong dat cap an
toan II theo tiéu chuan ATEX — phu hop véi vat
liéu d& chay nd.

Ngoai ra, hé théng dugc trang bi bd
diéu khién SCADA dé giam sat va canh bao
tu dong cac thong sd nhiét, am, ap suat, khoi
luong, cung véi tinh ning ngat mach khan cép
khi vugt ngudng an toan (Hinh 6).

= $IM -

CAM BIEN
KHl BAO CHAY
ALARM

SCADA BUONG SAY
TUAN HOAN KiN

PHEU CHU'A
& CAN DINH LUONG

é CAM BIEN
muc

1031 111 Vai

Mang ngi by -

Giao thirc truyén thong D *

Hé théng SCADA gidm sét va diéu khién day chuyén sdy - dinh luong - san chiét
vit lidu dang bt dé chay nd

|
i

Hinh 6. H¢ thong diéu khién SCADA va giao dién
hién thi théng sé vin hanh.

5. KET LUAN

Nghién ctiu nay da xdy dyng va mo
phong thanh cong moé hinh sdy bom nhiét dong
khi thang dtmg cho vat liéu dang bot d& chay nd
bang phuong phap CFD.

Két qua mo phong cho thdy phan bd
nhiét — 4m dong déu trong toan budng sy, v6i
gradient nhi€t nho va hi¢u qua thoat am cao,
gop phan giam nguy co chay bui va cai thién
chét luong san pham.

bong luc hoc séy duoc mo ta tbt b.':ing
mo hinh Henderson — Pabis, véi hé sé tuong
quan R? > 0,99, chtrng minh d§ phu hop cao
giita két qua mo phong va dit liéu thyc nghiém.

Hiéu suét nang lugng cua hé théng,
biéu thi qua hé s6 COP, dat tir 3,4-4,2 & nhiét
d6 say 40-70°C, cao hon 20-25% so voi sy
cudng buc thong thuong.

Céu triic dong khi thang dimg cudng
buic va chu trinh bom nhiét kin gitp hé thong
hoat dong on dinh, khong phat sinh diém néng,
dam bao an toan cho vat liéu dang bdt c6 nguy
co chay no.

Két qua nghién ctru khang dinh tinh kha
thi va hiéu qua ning luong cua céng nghé siy
bom nhiét dong khi thing dimg trong cac tng
dung cong nghiép, dugc pham va qubc phong.

Loi cam on:

Nghién ctru nay duoc tai trg boi dé
tai cap Bo Khoa hoc va Cong nghé: “Nghién
clru cong nghé va giai phap an toan ché tao hé
thong thiét bi tu dong lién hoan say, dinh luong
san chiét vat liéu dang bot d& chay n6”, ma so:
03/2024/HD-DTCB. %
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