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Abstract. The absorption process has been confirmed as the most important process in absorption
refrigeration machines in terms of improving their total efficiency. One of the key research directions is the
selection of absorber structure which is expected to be fabricated in Vietnam without demand of new
infrastructure investment. In this study, a local model of the coupled heat and mass transfer during
absorption process of NH3 vapor by a NH3-H»O diluted solution flowing over horizontal round tubes of an
absorber was made. The heat transfer coefficient obtained from the coupled heat and mass transfer
mathematic model. This heat transfer coefficient is used to calculate the variation of the simulated value of
heat load. The correlations which give the heat transfer coefficient and mass transfer coefficient in the
absorption process in range of solution concentration ® = 28% + 31%, solution mass flow rate per unit tube
length T' = 0.001 + 0.03 kgm™'s™!, coolant temperature tyaer = 28 °C + 38 °C are set as two functions. The
practical decrease of wetted ratio analyses were taken into account when the solution flow from the top to
the bottom of the parallel tube bundle. The deviation of theoretical heat load and experimental heat load is
about 12.3%. Based on these simulations, the theoretical studies were done for absorption refrigeration
system in order to narrow the working area where the experiments later focused on. The results of this study
will be the basis for subsequent application research of falling film absorbers.
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Nomenclature

Tangential coordinate along solution flow direction, m

Local radial coordinate normal to solution flow direction, m

Non-dimensional tube half-circumference

Non-dimensional film thickness

Circumferential velocity, ms’!

Normal velocity, ms!

Film thickness, m

Solution concentration

Temperature, K

Enthalpy, kJkg™!

Solution mass flow rate per unit length, kgm's™!

Convective heat transfer coefficient from interface to bulk, Wm2K"!

Olbw Convective heat transfer coefficient from bulk to wall, Wm2K"!

HET HE < E3 o< x

2
=3

Oliw Heat transfer coefficient from interface to wall, W m2K"!

Olw Convective heat transfer coefficient of cooling water, Wm2K!
U Heat transfer coefficient from film to water, Wm2K!

hm Mass transfer coefficient from interface to bulk, ms-!

v Kinetic viscosity m?s™

WR  Wetted ratio, %

] Angle, radian

m Mass flow rate, kgs™

Do Outer diameter of the tube, mm

© 2020 Trudng Pai hoc Cong nghiép Thanh phd HS Chi Minh



112 AFFECTING PARAMETERS TO THE HEAT AND MASS TRANSFER OF NH3-H20
SOLUTION FALLING ON THE HORIZONTAL ROUND TUBE

Di Inner diameter of the tube, mm
qr Heat flow rate, Wm™
mg Mass flow rate, kgm?s™!

Q Heat load, kW

1 INTRODUCTION

The performance of the absorption refrigeration system depends on the absorber. Heat and mass transfer
processes occurring between liquid and vapor phases are key points in sizing and designing the absorber
[1], [2]. The falling film absorbers include the following main types: 1. The falling films flow on two
cooling walls. In wall structure, the mass transfer efficiency of the bubble form is better than of the falling
film form. 2. The falling films flow over the circular wall. 3. Dilute NH3 solution from the dispenser is
sprayed onto horizontal tubes which are arranged unequal. 4. The tubes are arranged parallel and connected
with the grid for increasing the contacting surface. 5. Dilute NHj solution from a dispenser dispensed onto
parallel tubes was selected because of its simple structure, good heat transfer performance, and can be
fabricated according to the existing technology conditions in Vietnam that is no need to import new
production lines. This research focuses on the coupled heat and mass transfer of falling film absorption on
the horizontal tubes of the cooling tube bundle. Heat transfer coefficient, mass transfer coefficient, the
distribution of solution concentration profile and temperature profile of the film leaving the bottom cooling
tube having decisive role in appropriate choice between adequate size of absorbers design and system
operation. Moreover, falling film absorber is the most popular due to many advantages of heat transfer
efficiency, easy to assemble, easy to manufacture, especially well-suited to the technology conditions in
Vietnam. Therefore, the study of absorption properties of the falling film and parameters influencing on
heat transfer coefficient and mass transfer coefficient of the absorption process are urgently needed for
design, manufacture, and operation.

Two common pairs of working fluid (refrigerant-absorbent) of refrigeration absorption systems are H,O-
LiBr and NH3-H,O. Testing absorber is using dilute NH3-H>O solution concentration distributed evenly
from top to form the falling film around the tubes of parallel tube layers, NH; vapor go pass through the
tube layers from the absorber bottom [4] + [9]. Dilute solution absorb NH3 vapor to become stronger
solution generating the absorbing heat flow. This heat flow go through the tube wall to the cooling water
flowing in tubes and carrying it away. The falling film covers only one part of the tube depends on the fluid
distribution along the tube length and surface tension of the solution, as well as surface roughness of tube.

2 MATHEMATICAL MODEL
2.1 Model description

The structure and the arrangement of the flows in the absorber: A tube bundle consists of the horizontal
tube rows stacked on a vertical axis. The diluted NH3-H,O solution flow and NH3 vapor flow are in the
opposite directions. The tube diameter is 9.6 mm, the vertical step is 20 mm and the horizontal step 13
mm

NN

Figure 1: The structure of the selected falling film absorber
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Each cooling tube is divided into k control volume elements. After leaving the control volume element of
the upper tube, NH3-H»O solution enters to the next below control volume element of the next below tube
with the same temperature and concentration profiles during leaving the previous element. Once the cooling
water temperature enters the absorber is known, the calculation method will be started with each control
element. This procedure continues until the entire tube length is finish. The next progress for the next tube
model is repeated until the last tube is finished. The cooling water temperature calculation leaves the
absorber will be compared with experimental value. If the deviation exceeds the allowable value, the entire
calculation process is repeated with a new value of the cooling water may be anticipated until the calculation
converges.
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Figure 2: Spatial discretization of falling film solution

A control volume element has 100% wetted ratio. 3D physical models become 2D physical model has dilute
solution flow direction along the tube circumference by coordinate x. Film thickness direction is from the
tube center by coordinate y. Any points on the film are determined by coordinate 6, y respectively.
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Figure 3: 2D physical model

2.2 Mathematical description

The continuity, momentum, energy, transport equations of the solution falling film on the tube bundle are
described 2D [2] + [13].

For a given solution mass flow rate per unit tube length I' = ri1/L. Film thickness is expressed as equation

(.

awr 13

6= [1 (WR)pgsinG] (1)

The velocity component u along x direction is belong to flow direction as equation (2).
in6

u=222(28y - y?) )

The velocity component v along y direction is normal to flow direction as equation (3).
—_9 2[4 Lls=2
v=—_y [dx sinf + o (6 3) cose] 3)

The phenomenon of coupled heat and mass transfer in steady state is described by the energy transport
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equation (4) and the spicies transport equation (5).
aT ar _ 9T

u£+vay aa—yz (4)
dw dw %w
ua+va—Dﬁ (5)

Concentration and temperature boundary conditions at the inlet (6).

X = Xin T = Tin
{OSysa_’{w=win 6)
Concentration and temperature boundary conditions on the tube wall surface (7).
{Xin S XS Xoue T ;) Twau %)
y= 0 @ =0
Concentration and temperature boundary conditions at the liquid-vapor interface (8, 9, 10).
. pD dw '
m=————aty = 0§ (concentration) (8)
(1 — ) dy
{xm S X< Xoyr . dT
y==6 q=m'hy, = ka at y = § (heat flow) (9)

Tine = f(p, wint) at y = 6§ (equivalent) (10)
The local heat transfer coefficients from the interface to bulk solution along the film flow (11) and from the
bulk solution to tube wall surface along the film flow (12) in terms of Nusselt number.

aip6 [ ar
Nuib = k_l; = (Tint_st)E at y = 6 (1 1)
Nuy, =2wl—_ 08 4T .- (12)

kf  (Tsp-Tw) dy
The mass transfer coefficient from the interface to bulk solution along the film flow (13) in terms of
Sherwood number.
hpmb m's

Sh = Dap B Dapp(®int—Wsp) (13)
The heat transfer coefficient from the interface to cooling water flow can be expressed as (14) [2], [3].

1 _ 1 1 5wa”

0= a Faw  wan o
The physical domain has a complex geometry. Moreover, the film thickness is in micro-size vs the half
circumference length 0.0157 m. This ratio make the domain can not be meshed directly which must be
transformed from sliding coordinate Xy to non-dimensional coordinate en making the computational
domain rectangular.
The counter-flow absorber is presented schematically as shown in figure 2. Applying the conservation law
of energy to the control volume element, the following equations are obtained (figure 3):
Heat load removed on the coolant flow for a control volume element, W

Odz=m,.c,, dT,

W pw (15)
The outer wall temperature of a control volume element, °C
_ 1 In(Do/Dy)] dTw
Twatto = T = My Cpu [ + 5220 T (16)
Ty g = ~Ho0 (17
dTy = Tywo — Twi (18)
T, s expl 4o (i) | (19)
wallo = In(Do/D;)
1—exp[dz/{mwcpw( Z“ktval; +iw711Dz)}]
The heat flux transferred into a control volume element, W:
dA * qp = dA * (m'igp) = dA * (ks Z—i) (20)
The absorber head load, W
Qr=qr* A 21)
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The absorber mass flow rate, kgs™

Mgy =My x A (22)
Mathematical model is developed for the falling film flowing on horizontal round tubes absorber derived
from the mathematical model of the control volume element. The control volume element is simplified into
two-dimensional physical model in many previous studies. Cooling tube diameter is 9.6 mm. The liquid
mass flow rate per unit length of tube is low to get droplet mode.

3 RESULT AND DISCUSSION

3.1 Numerical validation

The parameters used in this study are presented in table 1 [10].

Table 1: Input parameters

Parameters Values
Inlet solution temperature Ti, 316.15K
Inlet solution concentration wi, 0.295

Absorber pressure p 2 bar

Solution density 880 kgm™
Dynamic viscosity p 3.958*10"-4 Nsm™
Solution flow rate T’ 0.005 kgm's™!

Out tube radius R, 0.005 m

Thermal diffusivity a 6.7%10"-8 m’s™!

Mass diffusivity D

4.4%10%-9 m?s™!

Wall tube temperature Tyan

303.15K

Thermal conductivity of solution k¢

0.384 Wm''K"!

Figure 4 shows the mass transfer phenomenon as NH3 vapor is absorbed in order to become a stronger
concentration solution of a control volume element.

© 1
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Film solution Concentration, w
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Non-dimensional tube half-circumference, ¢
Non-dimensional film thickness,

Figure 4: Concentration profile, ®

Figure 4 is the three-dimensional distribution of the concentration  in the solution film domain of a control
volume element. Concentration of dilute solution when the solution has not contact the tube assumed
without absorption phenomenon so the concentration equals the inlet concentration. Interface temperature
is saturated to solution concentration. At tube wall, solution temperature equals wall temperature. When
absorption phenomenon occurs, concentration of the liquid-vapor interface increases along g-axis (x), then
diffuses into the tube wall along n-axis (y). This absorption generates heat making liquid-vapor interface
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temperature increases along e-axis (x). Due to the temperature difference between the interface and tube
wall, heat transfer to the wall along axis 1 (y).

Average concentration of the film leaves the wall @ = 0.3537; increases 0.0587. Average temperature of
the film coming in the tube is 317.6 K (44.5 °C), average temperature of the film leaving tube is T = 304.8
K (31.7 °C), decreases 12.8 °C. Temperature of the liquid-vapor interface coming in the tube is 332 K
(58 °C), temperature of the liquid-vapor interface leaving the tube is T = 306.5 K (33.4 °C), decreased
24.7 °C. Difference temperature between liquid-vapor interface leaving the tube and the tube wall is 3.4 °C.
Simulations based on the geometry structure and operating conditions of the absorber in the machine. The
cooling tube bundle is arranged in 28 parallel rows (8 pass). Each row has an area of Al =7 * Do * 1 * n=
7 *0.0096 * 0.18 * 6 = 0.0326 m?. The following figures show the heat and mas transfer process in the
absorber. Typical values when absorption refrigeration machine operates in ice-making mode with the weak
solution flow rate is 0.0171 kgs™' or I' = 0.008 kgm's™!; the weak solution inlet @ = 29%; the inlet and outlet
of cooling water temperature are 31 °C and 34.2 °C respectively.
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Figure 5: Variation of temperature & heat transfer coefficient
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Figure 6: Variation of temperature & mass transfer coefficient

Figure 5 shows the variation of the solution average temperature, water coolant along the horizontal tube-
type falling film absorber design. The solution flows down from the top of the absorber (28 tube rows) to
the bottom of the absorber. While water coolant flows in the upward direction. The heat transfer coefficient
is approximately constant U = 927 Wm2K"!. The mass transfer coefficient is approximately constant hy, =
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1.3657*10~-5 ms™' (Figure 6).

3.2 Evaluation of numerical and experimental result
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Figure 7: Measured state point values

Figure 7 shows the measured state point values for a specific working condition. The measured value of absorber heat
load Qa_meas = 3.270 kW is compared with the computed value Qa_compute and numerical model Qa_sim.

The input for the machine computation program are the condensing temperature tc = 30.2 oC, absorbing temperature
of strong solution leaving the absorber ta = 36 oC, evaporating temperature te = -19 oC, and the heat supply capacity
Qg =3.762 kW. The optimal generating temperature will be tg =120 °C.

Heat flows of the components: evaporator, condenser, absorber, generator, rectifier, work input to the solution pump,
coefficient of performance are Qe = 1.52 kW; Qc=1.727kW; Qa=3.412kW; Qg=3.762kW; Qr=0.41 kW; Qp_out
=0.362 kW; COP = 0.413 respectively. The heat load of the absorber Qa_compute = 3.412 kW.
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Figure 8: Variation of temperature and heat load

Figure 8 shows the variation of the simulated value of absorber Qa sim = 3.671 kW, the solution average
temperature t;, water coolant t,, along the horizontal tube-type falling film absorber design. While water

coolant flows in the upward direction. The heat transfer coefficient is approximately constant U =863 Wm"
K
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Table 2: Numerical and experimental heat load of the absorber

Head load | Value (kW) | Deviation (%)
Qa_meas 3.270 0
Qa_compute 3.412 4.3
Qa_sim 3.671 12.3

The heat transfer coefficient and mass transfer coefficient as functions of the initial solution concentration,
solution mass flow rate per unit tube length, and cooling water temperature are derived as U = f(w; ['; T) =
£(0.308; 0.008; 306.3) = 0.863 kWm2K''; hy, = f(w; I'; T)= £(0.308; 0.008; 306.3) = 1.45%¥10-5 ms
respectively.

Table 3: Comparision of heat and mass transfer coefficient with other literatures

Analysis | UWm2K- hm ms™! Note
1
D, = 1.575; D; = 1.168.
[14] 545-940 m=0.0151 = 0.0266, t =52 & 81; ® =28
+35.
D, = 1.575; Di= 1.168
[15] 540-1160 [ = 0.00138+0.005 or m = 0.0189 +
0.0284
Do=15.88 or 12.7 or 9.52
[16] 571-831 | 2.1944*10° = | Sim. "= 0.008 = 0.05
3.2222*10° Exp. I' = 0.0143 + 0.0303
me=0.01453 m =0.0095 =+ 0.0191 or I'=0.03 + 0.06;
[17] 852 me=0.01847 t=39.8+49.7; ® = 39.6%.
[18] 753-1853 | 0.55*10° +|D,=95
3.31%10°
Present 488 +976 | 0.967*10°3 + | ®=30%; Tw=306.3K;I"=0.001-+0.03
study 1.65*107°

In addition, heat transfer and mass transfer coefficients of this research are compared with previous studies.
Sangsoo Lee, Lalit Kumar Bohra, Srinivas Garimella, Ananda Krishna Nagavarapu [ 18] found heat transfer
coefficient U = f(C; T'; P) = £(0.25; 0.008; 2.5) = 0.88 kWm™K"' and mass transfer coefficient h,, = f(C; T;
P) = 1(0.25; 0.008; 2.5) = 1.65*10-3 ms™'. Correlations of heat transfer and mass transfer coefficients of the
absorption process to: (i) solution concentration ranging from 28% to 31%, (ii) solution mass flow rate per
unit tube length ranging from 0.001 kgm™'s™! to 0.03 kgm's™ and (iii) cooling water temperature ranging
from 301 K to 311 K were established.

3.3

The effects of the solution concentration, solution mass flow rate per unit tube length, and cooling water
temperature to the heat transfer coefficient and mass transfer coefficient in the absorption process.

Correlation of heat and mass transfer coefficients
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Figure 9: Effect of cooling water temperature on U and hy,

The cooling water temperature decreases 1 °C the heat transfer coefficient increase 0.95% and mass transfer
coefficient increase 3.7%. Figure 9 also shows the combined effects of the cooling water temperature
variation and solution mass flow rate per unit length.
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Figure 10: Effect of solution concentration on U and hy,

The solution concentration decreases 1%, the heat transfer coefficient increase 1.46% and mass transfer
coefficient increase 1.39% (figure 10).
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Figure 11: Solution distribution on U and hy,

The solution mass flow rate per unit tube length decreases 1%, the heat transfer coefficient increase 0.65%
and mass transfer coefficient increase 3.27% (figure 11).

A correlation which gives the heat transfer coefficient and mass transfer coefficient in the absorption
process in range of solution concentration ® = 28 + 31 (%), solution mass flow rate per unit tube length I'
=0.005 + 0.015 (kgm's™"), coolant temperature t = 28 + 38 (°C) are set as two functions.

These functions are derived to estimate the overall heat transfer coefficient U and mass transfer coefficient of
NH;s vapor into NH3-H>O solution hy, taking the form as function (23) from the results of the individual
studies on the effects of heat and mass transfer of related studies and assumptions limiting the operating
conditions of absorber.

U or hp = A + B*w + C*T + D*Tyu+ G*I™? + K*Tya® (23)
Table 4: Constant of U and hy, correlation
Constant | U Wm2K"! hm ms™

A -16374,2444 | -0.0009451752

B -3999,9999 -0.0000629999

C 47142,4463 0.0006066080

D 126,7608 0.00000686285

G 97578,4861 | -0.0120566076

K -0,2211 -0.0000000120

4 CONCLUSION

The effects of the solution concentration, solution mass flow rate per unit tube length, and cooling water
temperature to the heat transfer coefficient and mass transfer coefficient in the absorption process are given
by table 5.

Table 5: The effects on U and hy,
Variable U W m?K! hn ms™!

I" decrease 1% | decrease 0.56 % | decrease 3.27%

tw decrease 1°C| increase 0.95% increase 3.7%

o decrease 1%/ increase 1.46% increase 1.39%

The correlation which give the heat transfer coefficient and mass transfer coefficient in the absorption
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process in range of solution concentration ®w = 28 + 31 (%), solution mass flow rate per unit tube length I'
=0.005 + 0.015 kgm™'s™!, coolant temperature t = 28 + 38 (°C) are set as function 23.
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CAC THONG SO ANH HUONG DPEN SU TRUYEN NHIET - TRUYEN CHAT CUA
DUNG DICH CHAY TREN ONG TRON NAM NGANG

Tém tat.Qua trinh hip thu duge xem 1a qua trinh quang trong nhat trong cac may lanh hap thy vé
phuong dién ning cao hiéu suét téng ciia may. Mot trong nhitng hudng nghién cru mau chét 1a chon
lra duoc ciu triic bo hap thu phit hop véi diéu kién ché tao tai Viét Nam, khong can dau tu co sé ha
tang moi. O nghién ctru nay, mét moé hinh cuc bd ctia sy truyén nhiét — truyén chat két hop trong qua
trinh hap thy hoi NH3 vao dung dich NH3-H2O loang chay trén cac ong tron nam ngang cua bo hép
thu duoc thue hién. Hé sb truyen nhiét tim duoc tir mé hinh toan truyen nhiét — truyen chat két hop. Hé
s6 truyén nhiét duoc st dung dé tinh gi4 tri mé phong cua tai nhiét. Hé s6 truyén nhiét, hé sé truyén
chét trong qua trinh truyen nhiét tim dugc trong pham vi nong d6 dung dich ® = 28% + 31%, luu lugng
khéi lwong theo chiéu dai I'=0.001 = 0.03 kgm-1s-1, nhiét d¢ nudce giai nhiét twater = 28 oC + 38 oC
duoc thiét lap thanh hai ham s6. Su giam ti 1¢ udt bé miit theo cac phan tich dugc dua vao tinh khi dong
dung dich chay tir dinh xuéng day ctia chiim 6ng song song. Sai s6 giita tai nhiét theo 1y thuyét va theo
thuc nghiém khoang 12.3%. Dua trén nhitng mé phong nay, céc nghién ctru 1y thuyét dwoc thue hién
cho hé théng lanh hép thu dé g161 han pham vi thye hién thi nghiém. K ét qua cua nghién ctru nay la co
ban cho cac nghién ciru ing dung tiép theo ctia cac bo hap thu dang mang.

Tw khéa.qua trinh hép thu, Dung dich NH3-H20, lam lanh hép thu
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