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ABSTRACT

The principle of operation, characteristics and heat transfer process of horizontal tube falling film evaporators were
introduced. Previous experimental correlations of the heat transfer coefficient on the outside of the evaporative tube
and the heat transfer coefficient on the inside of the horizontal tube falling film evaporator was summarized.
Analysis was conducted on the flow of the liquid film on the inside and outside of the evaporator tube under steady
working conditions and the effects of evaporation temperature, heat transfer temperature difference, and tube
diameter on the local heat transfer coefficient and the total heat transfer coefficient. The experimental correlation
between the heat transfer film coefficient of the condensation side and the evaporative side of the horizontal smooth
tube was compared. An empirical formula relating the condensation heat transfer film coefficient and the
evaporation heat transfer film coefficient was derived which was suitable for the initial engineering design of
horizontal tube falling film evaporators.

Key words: horizontal tube; falling film evaporation; heatarnsfer coefficient; experimental correlations;
evaporation temperature;

INTRODUCTION

The mechanical vapor recompression (MVBvaporator is a new type of highly efficient ancergy saving
evaporator. It uses a compressor to compress tundary steam, raising its heat and pressure ierdodincrease
the internal energy before sending the steam batckthe evaporator for condensing heat transfer wtiohately
saving enerd}. This new type evaporator is widely used in cheinjsharmaceutical, food, waste water treatment,
desalination and other industries. Evaporators, oh¢he key parts of MVR evaporation technologyn dae
classified into different types including climbinigm evaporator, falling film evaporator, forcedrailation
evaporator, horizontal tube evaporator, etc. TheRV&vaporation system often uses vertical or hotaotube
falling film evaporatoF. The horizontal tube falling film evaporator whesmpared with the vertical version not
only has lower power consumption, reduced equiprheight requirements, and smaller heat transfep¢gature
difference due to the high heat transfer coefficerd low vapor phase resistance caused by thdidhid film.

For the smooth tube, the heat transfer coeffiairitorizontal tube is three times that of flashtid&ion and twice
that of a vertical tube evaporative devite The high heat transfer coefficient of horizontabe falling film
evaporator, the required heat load of the same thaasfer area can be greatly reduced. Due todbethat the
horizontal tube falling film evaporator can transfeeat with small temperature differences, the eegof
superheating of the tube surface is lower and ¢hérgy on the surface of the tube also can be estiudorizontal
tube falling film evaporators are widely used bessaof these advantages over other evaporatorszatbal tube
falling film evaporator has only been developed dorelatively short amount of time and inadequasearch has
been done. There exists large differences betweeresearch on heat transfer coefficients on tsidénand outside
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of the tube where the applicability of empiricatrfwlas is insufficiedt. This paper conducts comparative analysis
on several classic formulas in order to find therenadaptive empirical formulas to provide guidarcethe
theoretical design evaporators.

1. THE HEAT TRANSFER PROCESS OF THE HORIZONTAL TUBE FALLING FILM EVAPORATOR
For the horizontal tube falling film evaporatoreteteam flows on the inside of the tube while thkeitson flows
outside the tube. Steam condenses on the insitfe ¢fibe to release heat which is then absorbebebgolution on
the outside. In Fig. 1, the solution is preheatefbte entering the evaporator; the pressure iretaporator is then
reduced by suction from the compressor which resitice boiling point of the solution and allows swution to
first become saturated liquid and then subsequendyorates into saturated steam. The saturatenh stedergoes
compression and then goes through the heat exchiahgeio become superheated steam. Superheated gtes
into the evaporator heat exchange tube to exchaege with the tube solution before condenSingVith the
operation of the system, heat is continuously serthe evaporation device and the temperature énid device
will gradually rise. Pressure inside the evaporatifirrise along with the temperature and afterctéag the energy
equilibrium, the system achieves a stable workingdition. From this point, only the state changethiw the
evaporator under the stable working condition issiered. The heat exchange process inside olutieedan be
divided into three stag& During the first stage, the high temperature high pressure superheated steam cools
into saturated steam. During the second phasesatuated team releases its latent heat to chamgesaturated
water. During the final stage, the saturated watels into cold water. The heat exchange procesth®mutside
involves saturated water transforming into satula¢am.
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Steam inlet
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Fig.1 Schematic diagram of horizontal tube falling film evapor ator

The heat transfer coefficient of horizontal tubbirfig film evaporator can be expressed as follows:

1
k= (1)
1 +&|n&+ Dl

h, 21 D, hp,

Whereh; is tube condensing heat transfer coefficient, kif#/(1); h, is tube evaporation heat transfer coefficient,
kW/(m? 1), D, is outer diameter of heat exchange tubgijs inner diameter of heat exchange tubis, coefficient

of thermal conductivity of the heat exchange tUd&/ (m-1). The heat exchange tube’s thermal conductivity ca
be found in relevant references based on the tudderial, and determining the condensing heat tearesfefficient
inside the tube and evaporation heat transfer icieit outside the tube is the key to the study.

2. CONDENSATION HEAT TRANSFER INSIDE A HORIZONTAL TUBE

The condensation heat transfer process inside dhizomtal tube is more complex due to the steandensation
and flow changes. Factors, including two phasesfmamation, inter-atomic forces, and gravity, havbig impact
on theoretical analysis. A layer of liquid film céorm on the inner wall of the evaporator tube. Whige steam flow
rate is large and the condensation water flow iamall, condensation water will be evenly disitddl along the
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tube internal wall and a circular flow is creatés. the condensation process occurs, condensed imateases,
steam flow rate drops and condensed water gathére Aottom of the tube due to gravity to forntratified flow.
For the annular flow, the annular liquid film ca@ tonsidered to be symmetrical axially and the traasfer can be
considered to be uniform along the circumferentlabection because the liquid film is spread evewljich
simplifies the calculation. In terms of stratifiidw, the liquid membrane is thicker at the bottofithe tube, which
hinders the heat transfer and changes the heafdracoefficient, causing the heat transfer coieffiton the steam
side and condensation side to be calculated separdhe following models are used to model theudemflow:
Nusselt model, shear force model, and boundary lanpelel.

1) The Nusselt modé&l considers the heat resistance to be concentrati iliquid film layer and is related to the
liquid film thickness. The heat transfer correlasare as follows:

h=2p

Tt

1
F.p. (o -pv)ng "

lul D2 (ts _tw)

J1is thermal conductivity of the condensed liquidnfil W/(m-1); p, is water density, kg/f p, is steam density,
kg/m®; g is the local acceleration of gravity, /s is the latent heat of vaporization, kJ/kgis water dynamic
viscosity, kg/(m-s);D, is the inner diameter of the tube, m;is steam temperature; t, is wall surface
temperature,].

Chatd® thought thay depends om and in the range of 0.72-0.91. Taking into accafrthe fact that the liquid
condensed on the wall is super cooled liquid, dterit heat has been modified in the above equationsy:

N

3 _ r
hl:o.555{"' Alp pv)gr} 3)
IUI D2 (ts_tw)

r'=r+gcp(ts—tw) 4)

whereCris condensate liquid heat capacity at constanspreskJ/(kg-7). Nusselt also proposed a formula for the
average heat transfer coefficient of the film carsdgion, the equation is shown as follows:

1
_ N X ]“
=0.934 208~ (5)
n ‘{ML(ts—m

WherelL is the characteristic length, m.
2) The sheer force model, put forward by Carpenter@oithurrt”, assumes that the heat resistance is concentrated

in the liquid membrane layer. The inner side oftillee and the annular liquid membrane creates $hezes and
the shear stress affects the thickness of thedifjun. The formula for the shear model is as falto

0.5 0.5
h = 0.04@ 7, ©)
|

WherePr is the Prandtl number of wategis the sheer force between the steam and condehsdtéPa.

3) Boundary layer model is also called stratifiémrf model. The flow distribution of this model ismplex and
currently there is no clear formula to calculateCiavallini™® believes that when the condensation flow ratenialls
the heat transfer coefficient of the flow in thepap strata should be calculated by Nusselt modéewhe heat
transfer coefficient of the lower strata of condmhsvater should be calculated based on convecgan thansfer.
Condensing film heat transfer coefficient formuasmmended by Kef is as follows:
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080, 13 0.14
1 ﬂw

where Re is Reynolds number of the fluid inside the tukig; is heat transfer outer tube diameter, upis the

dynamic viscosity of water at the wall temperatiugd(m- s). Condensation heat transfer coefficierete calculated
at different evaporation temperatures using ther@alfiormulas under the following conditions: the thieansfer tube
has an inner diameter of 0.015m and an outer d&méD.019m; the tube has an inner steam flowaa@e2ni/h.
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Fig.2 The condensation heat transfer coefficient calculated at different evaporation temperatures

From the calculation, the Nusselt model and thenkmpdel had similar results. The Colburn model fates the
largest differences in the heat transfer coeffiidrom the other models. The results shows tr&Cblburn model
should not be used to estimate experimental datarat the Nusselt or Kern model should be usedheoretical
calculations during evaporator design. The falliihg evaporation outside the horizontal tube isvdni by gravity.
Unevaporated residual water from the upper horadnbes drip down to lower horizontal tubes, fargna liquid
film in order to achieve the process of evaporation

In the process, the liquid forms a gas-liquid tWwage flow state on the heat exchange tube. Thig lafuthe liquid
film flow on the horizontal tubes has three maitess: droplet flow, columnar flow, and laminar flol\he state of
the liquid is dependent on liquid velocity, tubeasing, and the properties of the liquid. When tiggiitl flow
velocity is small, the form of the liquid film isaplet flow; when the liquid velocity increasese torm of the liquid
film is columnar flow; and when the liquid velocitycreases even more, the form of the liquid figmaminar flow.
Many factors influence horizontal tube falling fikewaporation and there is still no consensus omeiét transfer law.
Nusselt studied falling film evaporation earlieathmost other studies but the resulting experinheraelations
had poor applicability. Most studies are basedhensemi-empirical formula of experimental regressidich has
some limitations. This paper compares some widelduexperimental correlations. The Coop@rformula is
applied widely at the present and is as follows:

h, =900°M°R" (= IgR)** ®)

m=0.12- 0.23R, ©)
05 0.25

q=0.14900°[og(n -p,) | (10)

whereq is heat flux, W/rf; M, is the relative molecular mass of the liquijs the ratio of the pressure of liquid and
the critical pressure of liquids is the average surface roughness (0.3 is usdusipaperum; J is the surface
tension of the liquid-steam interface, N/m.

Chur® concluded the following formula after research tbe horizontal tube falling film evaporation on the
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outside of the tube.

1
39 )3
h, = 0.822(—/1' Zgj Re %% (11)

WherelL is the characteristics constant which is assumethe outer diameted;, m. B. Son§* obtained the
following tube outer membrane evaporation heatsfieancoefficient calculation formula through expeental
analysis:

0.5
h =0177 A _ (12)

2/ \V3
(Vl / g)
wherey, is the kinematic viscosity of the liquid 2fs.

Nusselt® obtained the following tube outer membrane evajmréaeat transfer coefficient calculation formbia
experimental analysis:

_ 3
h, =0.72€{ ga(a-p)A } (13)
:uIDl(tw_tb)

FNIY

Wherey, is dynamic viscosity of the liquid, Ba

Evaporation film heat transfer coefficients werécakated at different evaporation temperatures ating to the
above formulas, with the assumptions that, the reasfer tube has an inner diameter of 0.015mamauter
diameter of 0.019m, and the tube has an inner sfieanate of 0.2riYh conditions. The results are shown in Fig.3
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Fig.3 Calculated evaporation heat transfer coefficient at different evaporation temperatures

From the above graph, the results provided by Cdo@nd B. Song's formulas (12) were similar. Froinis
comparison Cooper’s or B. Song’s formulas are renended.

3. THE FACTORSAFFECTING TOTAL HEAT TRANSFER COEFFICIENT
This article selects Nusselt's formula and B. Serfgrmula to analyze the factors that influences tital heat

transfer coefficient.

Nusselt's formula for condensation heat transfeffanent inside the tube:

2783



Guochang Zhaoet al J. Chem. Pharm. Res., 2014, 6(6):2779-2785

Ao )
h=0934 4 AT (14)
#L(t-t,)
B. Song’s formula for the evaporation heat transtefficient outside the tube:
Pr®°A
h,=0.177—2- (15)

(v?/9)”

Total heat transfer coefficient formula:

k = (16)

Heat transfer coefficient was calculated at différevaporation temperatures according to the abmweulas, with
the assumptions that the heat transfer tube hasandiameter of 0.015m and an outer diameter@f®m, and the
tube has an inner steam flow rate of O¥#nconditions, in order to understand the effeat\aporation temperature
on the heat transfer coefficient.
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Fig.4 Effect of evaporation temperature on heat transfer coefficients

The graph above shows that(The heat transfer coefficient on the inner swgfatthe tube)h, (The heat transfer
coefficient on the outer surface of the tube) &r{the total heat transfer coefficient) increaseshasevaporation
temperature increases. Total heat transfer coeficivas calculated at different inner tube diansetacording to
formula (16), with the assumptions that the wateaperates in the evaporator, the evaporator's eadipo
temperature is 70, and the tube has an inner steam flow rate of Yt2eonditions, in order to understand the effect
of tube diameter on the heat transfer coefficient.
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Fig.5 Effect of outer diameter of heat exchange tube on heat transfer coefficients

It can be seen thé (The heat transfer coefficient on the inner swfatthe tube) decreaséds,(The heat transfer
coefficient on the outer surface of the tube) remaklatively constant, ard(the total heat transfer coefficient)
decreases slightly as the tube diameter increases.

CONCLUSION

Through the comparison of heat transfer correlatinalysis draws the following conclusions: (1) Q@amative
analysis found that the applicability of the Nusdermula is better for calculating the condengat®de heat
transfer coefficient and its use is recommendedeftimation purposes at the beginning of the deg@nFor the
evaporation side heat transfer coefficient formthe, applicability of the formula which B. Song aimied through
experimentation is better and its use is recomnmefafeestimation purposes at the beginning of tegigh; (3) The
analysis found that the total heat transfer coieffick increases with increases in evaporation temperaaand
decreases slightly with increases in inner tubendiar.
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