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Abstract – The paper presents estimation model 

for thermal parameters of evaporation chamber of 

experimental plant for nanoparticle powder mate-

rials production. Generated by industrial accelera-

tor a powerful electron beam is used as energy 

source. With using of special extracting device, the 

beam was extracted into atmosphere and entered 

into the evaporation chamber. Such parameters as 

thermal radiation density in the chamber, chamber 

internal walls temperature and evaporated mate-

rial temperature are estimated at the conditions 

when heat consumptions for material evaporation 

can be neglected. The calculations demonstrated 

possibility of evaporation of most refractory mate-

rials. Tantalum carbide was considered as example 

of such material. The calculations of thermody-

namic parameters that responsible for evaporation 

are introduced for this material. A conclusion 

about sufficient increasing of efficiency of evapo-

rating chamber due to covering of its walls by 

powder layer and due to refraction of heat radia-

tion flows from the chamber walls was made. 

1. Introduction 

In BINP SIB RAS the facility for nanodisperse pow-

ders production by means of matter evaporation with 

the use of focused up to 100 kW power electron beam 
is developed [1–3]. The feature of this method com-

paratively alternative ones [4] is electron beam evapo-

ration in the atmospheric pressure medium. The beam 

is generated by electron industrial accelerator com-

mercially produced in the Institute. After being ex-
tracted from accelerator tube, the beam passes through 

extraction device into atmosphere. Evaporation cham-

ber in which evaporant is placed (Fig. 1) is attached to 

the extraction device. As a result of evaporant heating 

by the beam in the lower part of evaporator the molten 

pool is formed. Above the molten pool an air or inert 
gas flow, depending on evaporated matter type, organ-

izes. It serves for transportation of generating aerosol 

containing nanopowder towards the place of its collec-

tion. Beam diameter at the level of evaporant is de-

termined by electrons scattering with air or inert gas 

molecules on the way of beam passing. For transition 
distance of 10 cm the specific beam diameter is 1 cm.  

  The facility functioning principle enables to make 

the cycle of gas transportation to be closed inside the 

facility. The advantages of closed cycle are resulted in 

saving of inert gas and prevention of evaporated prod-

ucts output into environment. The last fact is impor-
tant in case of toxic substance nanopowder produc-

tion. Additional inert gas containing vessel is (not 

shown in Fig. 1 to simplify it) is needed for providing 

of small exceeding of inert gas pressure with respect 

to atmospheric pressure. 
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Fig. 1. Facility for nanopowder production scheme. Numer-

ated: 1 – ELV-6 industrial electron accelerator; 2 – magnetic 
electro-discharge pumps, beam envelope; 3 – differential 

pumping; 5 – focused electron beam extraction device; 6 – 
magnetic lens; 7 – air supply for blocking the inert gas pene-
tration in extraction device; 8 – chamber water cooling; 9 – 

evaporating chamber with evaporant; 10 – intermediate nano- 
powder cooling chamber; 11 – powder collection chamber 

with hose filter 12; 13 – providing of inert gas circulation 
  ventilator 

2. Equations of energy flow balances 

The following parameters are introduced:  

Tw – nanopowder wall surface temperature; 

Trb – maximum temperature at the molten pool surface 

(in the center of it); 
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drb – diameter of effective spot of radiation in the cen-

tre of the molten pool surface, having a temperature 

Trb in such a way, that radiation may be considered to 

be active from this spot only; 

dw – diameter of chamber cylinder wall (cupped wall); 

dl – diameter of liquid molten pool at the evaporant 

surface, in a model dl = dw; 

Tm – temperature of chamber metal walls surfaces, 

ε – emissivity of powder wall; 

εl – emissivity of surface layer of liquid molten pool, 

in a model εl = 1; 

λm – heat conductivity of chamber metal wall; 

λp – heat conductivity of powder; 

Tml – evaporant melting temperature; 

Δхm – thickness of metal between interior and water 

cooling surfaces of chamber walls; 

Δхp – thickness of powder layer at chamber walls; 

hw – height of chamber space above melt; 

Sw – area of chamber walls above melt; 

P – electron beam power; 

Pbt – power output by heat conductivity through melt 

towards a bottom and walls contacting with melt; 

Pw = P – Pbt – power output by heat conductivity 

through chamber walls in a space above a melt being 

relieved by water cooling. 

The calculations were performed at following hy-

pothesis. 

1. Evaporation energy consumption was not taken 

into account. 

2. All temperatures, radiation fluxes, beam power 

input, water power outputs are stationary. 

3. Radiation fluxes falling onto chamber internal 

walls are distributed uniformly due to high walls re-

flection factor. The hypothesis may be explained with 

the help of simple numerical estimates, which are not 

performed in the article. 

Balance equations of energy flows through se-

lected specific three-dimensional contours in evapora-

tion chamber were set up. Those contours may be se-

lected to be four. 

To estimate beam power output through the cham-

ber borders the contour passing inside accumulated on 

the chamber walls powder layer and, further, along the 

walls touching with evaporant was chosen: 
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Equation of energy flows balances at molten pool 

near-surface layer is obtained at choosing the contour 

embracing the near-surface layer of evaporated mate-

rial. Upper contour surface is located straight above 

evaporated matter; lower contour surface is inside 

evaporated matter straight under the layer of light and 

electron beam absorption. Complete radiation flow 

extracting from bottom area through upper surface of 

the chosen contour Prd is performed with the following 

integral: 
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where T(r) is the dependences of evaporated surface 

points temperature on the distance from a centre of 

this surface. Then equation of balance is: 
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Radiation flows balance in a cylinder volume of 

chamber above evaporated matter is formulated at 
choosing a contour embracing this volume inside. 

Constituent light fluxes through the surface of this 

contour are as follows: 
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is the radiation flow outgoing from the contour; 
4

εσ
w w
T S  is the radiation flow ingoing into contour due 

to walls irradiation; (1 – ε)WSw is the radiation flow 
inside selected contour due to reflection from the 

walls of radiation falling onto them; Prb is the radia-

tion flow ingoing into selected contour from chamber 

bottom (i.e., evaporated matter surface). 
Equation of energy flows balances through se-

lected contour is the following: 
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Energy flows balance through unit of area of 

chamber cupped walls above evaporated matter is 

determined at choosing of thin closed contour embrac-

ing unit of area of cupped walls. One contour face is 

placed inside a barrel not far from dusty walls; another 

one is placed in a body of dust layer. The contour is 

enclosed by thin edges perpendicular to cupped wall. 

The dispersed light flow W enters into contour from 

internal volume of cup. Issued from contour flows are: 

reflected from the dusty walls light flow (1 – ε)W, 

irradiated from the walls inside the cup light flow 
4

εσ
w
T  and heat flow is issued through cup wall due to 

heat conductivity towards outside Pw/Sw. Equation of 

energy flow balance is 

4
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whence 
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It is useful to note, from above-derived balance 

equations (1)–(4), only three ones are independent. 
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3. Evaluation of evaporator parameters values 

Three type of evaporation chamber used for nanopow-
der production. They are differed each other, in addi-

tion other characteristic, by size. The medium one of 

15 cm diameters is considered. In this chamber, the 

production of hard-to-be evaporated matters powder is 

effectually to be produced. Beam transition distance 

from extraction device up to evaporated matter surface 
is chosen to be 10 cm that corresponds to 1 cm beam 

diameter at a matter. Below, the data of process pa-

rameters taken from experimental measurements or 

from reference data are performed. The parameters 

were measured experimentally are as follow: beam 

power, power output by water from side, top and bot-
tom chamber walls. The term bottom walls mean 

walls contacted with evaporator material.  

The data are as follows: dw = dl = 15 cm, Tm = 373 K is 

the temperature of chamber wall in a place of contact 

with cooling water, ε = 0.8, εl = 1, λm = 0,16 W/(cm · K), 

λp =2.5 · 10–3 W/(cm · K), Δхm = 0.3 cm, Δхp = 0.1 cm, 
hw = 10 cm, Sw = 650 cm2, P = 50 kW, Pbt ~ 15 kW. 

  Main evaporation chamber characteristics can be 

derived from equations (1)–(4). Following (1),  

 
⎛ ⎞ΔΔ

= + +⎜ ⎟⎜ ⎟λ λ⎝ ⎠

pw m

w m

w m p

xP x
T T

S
. (5) 

Substitution of numerical values give Tст = 2350 °С. 
  This value should not exceed melting temperature 

of evaporated matter. Otherwise, there will be peeling 

of fused crust or draining of condensate along the 

walls, and, correspondingly, pollution of a matter in  

a pool, for example, by oxides from evaporator walls. 
  Typical experimental value of power output by 

water from chamber walls, involving an area above 

evaporated powder P – Pbt is equal to 35 kW. Thus, 

power output by water density from chamber walls is 
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That extra-satisfies water cooling technical require-

ments. The density of diffuse radiation power flow in 

chamber W is determined in accordance with (4). Sub-

stitution of numerical values gives W = 340 W/cm2. 

Power irradiated by evaporant material at the chamber 
bottom Prb is expressed from (2): 
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and equal to Prb = 95 kW.  

It is useful to add a parameter, so called effective 

radiation spot dimension at molten surface drb. It is 
estimated on the basis of the formula 
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Substituting values Prb from (6) into (7) and, fur-

ther, W from (4), we will get 
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Estimation of effective diameter drb is a difficult 

task requiring the knowledge of several additional 

parameters. However, we could suppose that drb is 

comparable with beam size at melting surface, but 

some more of it due to effective spot radiation have to 

include the whole evaporant radiation. To make esti-
mations reliable we had accepted conservative value 

drb = 5 cm, which is significantly more than a beam 

size. For this value, following (8), we get Tи = 5100 °С 
for the temperature of effective radiation spot, that is 

quite acceptable for evaporation of any refractory ma-

terials. 

4. Evaluation of thermodynamic characteristics  

of refractory materials evaporation 

As a model matter, TaC was chosen. Obviously, it is a 

most refractory and hard-to-be-evaporated matter. The 

possibility of its evaporation at the facility means that 
there is no temperature limits for any material. More-

over, for this matter there are state functions [5] data. 

Following them the vapor pressures of evaporated 

components, theoretical limit of matter output at 

evaporation, as well as possible chemical transforma-

tions at evaporation and other features were derived. 
  The estimation results are shown in Fig. 2. Two 

evaporation mechanisms are considered: one is with 

decomposition of initial tantalum carbide by way 

TaC → Ta + C with atomic vapors formation and other 

by 2TaC → 2Ta + C2 

with atomic gas Ta and di-carbon 
gas formation. In both cases, further condensation with 

TaC synthesis from the formed vapors is presumed.  

  Evaporation without decomposition was not con-

sidered, as for gas phase TaC thermodynamic data 
were not found. Moreover, as it was found in estima-

tions of high temperature oxide evaporation performed 

earlier [6], evaporation without decomposition at such 

high temperatures is unlikely. In present work vapors 

condensation at final stage of product formation with 
reproduction of initial formula TaC is presumed. Con-

densation with particular separation of initial com-

pound into Ta and C is also possible. But for high 

temperature oxides practically complete reproduction 

of initial formula is experimentally observed. 

Theoretical extreme productivity of evaporation 
corresponds to complete vapor evacuation from evapo-

ration surface. It is determined through vapor pressure 

of decomposition components of initial evaporated 

material in accordance with known formula of mo-

lecular physics. Numerical values for evaporation by 

reaction TaC → Ta + C are shown in Fig. 2. However, 
from considerations of kinetics, complete evacuation 



Poster Session 
 

679 

of evaporated molecules is not possible and typical 

process productivity, in experiments, is about three 
order of magnitude less than ultimate one. 
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Fig. 2. Total vapor pressure of components P at evaporant 

TaC for the evaporation according of reactions TaC → 

→ Ta + C ( ), 2TaC → 2Ta + C2 (■) and mass-transfer 

intensity throw the evaporant surface q for the evaporation 

  according of reaction TaC → Ta + C (▲) 

As it was shown above, the temperature inside 

chamber should not exceed melting temperature of 
evaporated matter to avoid collection of liquid con-

densate on chamber walls. At the same time, the tem-

perature of evaporated matter surface should be as 

high as possible, closer to boiling point. Under such 

conditions vapor cannot leave evaporator itself. It will 
be condensed and will return back into the pool. There 

is only one possible variant of vapor extraction kinet-

ics: it is necessary to supply enough big amount of 

inert gas into chamber. Inert gas capture evaporated 

matter, cools it and transport towards collection place 

as aerosol. 
It is important to estimate the beam power portion, 

which is spent straight for evaporation in comparison 

with the portion spent for irradiation and heat conduc-

tivity through chamber walls. Experimental productiv-

ity for high temperature evaporators does not exceed 

20 g/(h ⋅ cm2). On the assumption of this value, the en-
thalpy difference of removed vapors at evaporation 
temperature and initial TaC enthalpies at room tem- 
 

perature gives beam power expenditure for evaporation 

at 5100 °С equal to 52 W. This value is incommen-
surable less than molten pool radiation power, which  

is 95 kW. 

5. Summary 

1. The comparison of evaporation in big size chamber 
(open evaporator) with that in optimal size chamber 

shows significant advantages of the use of the last one 

in the view of power consumption. Total beam power in 

case of open evaporator taking into account the con-

sumptions for radiation and heat conductivity from the 

molten pool, would be P = 110 kW to support evapo-

ration spot diameter dи = 5 cm at 5100 °С. Due to ra-
diation utilization by reflection from the walls covered 

with dust, beam power may be more than twice decrease 

(to 50 kW) to get the same evaporation conditions. 

  2. Within the considered model, it is possible to 

get evaporation temperature up to 5100 °С that allows 
evaporation of hard-to-be-evaporated refractory mat-

ters, such as heavy metals carbides. 
3. Theoretical ultimate productivity reaches, here, 

huge value of about 10 kg/(cm2 · h), however, typical 

experimental productivity is so low in comparison 

with it, that power consumptions for powder forma-

tion is nearly three order of magnitude less than the 

summary consumption for radiation into evaporator 
vessel (95 kW) and heat conductivity through its bot-

tom part (15 kW). 
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