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LOOP HEAT PIPES WITH A STEAM JET PUMP

V. Kiseev and O. Sazhin  UDC 536.248.2:532.529.5

Some confi gurations of cooling systems based on two-phase loops with control of the fl ow rate of the liquid and 
steam in them as well as experimental data obtained with these systems are presented. A model of an ejector-assisted 
loop heat pipe has been developed, and the results of calculations with it were compared with the corresponding 
experimental data. 

Keywords: heat transfer device, two-phase loop, steam jet condensation, steam jet pump, ejector-assisted loop heat 
pipe. 

Introduction. A steam jet pump (SJP) is a simple mechanical device designed for pumping a liquid, a gas, or a slurry 
in industrial processes. Despite the long history of use of such pumps, an accurate explanation of the physical processes 
occurring in them remains a subject of current research on simulation of two-phase fl ows. A SJP comprises a convergent-
divergent nozzle, in which a liquid supplied to the pump is contained, a mixing section that can be called the SJP heart with a 
very complex hydrodynamics of the two-phase fl ow in it, and a diffuser that serves to increase the pressure of the liquid at the 
SJP exit (Fig. 1). In the SJP, a steam moving through the convergent-divergent nozzle is accelerated to a sonic or a supersonic 
velocity to create a negative pressure beyond the nozzle exit. As a result, the liquid being pumped is entrained and mixed with 
the motive fl uid (steam), and the transfer of mass, momentum and heat from the motive fl uid to the entrained liquid aids in 
accelerating the liquid fl ow. 

Steam jet pumps have been investigated by many researchers both experimentally and computationally for improving 
their operational characteristics [1], especially those concerning the cooling of a high-temperature fl uid or the heating of a low-
temperature fl uid in them [2] for the purpose of using such a fl uid in heating systems [3] and in the water supply systems of 
advanced nuclear reactors [4–9]. The majority of the recent investigations on  steam ejection technologies were concentrated 
on the internal heat exchange in a steam jet pump and on the fl ash tank cycles in it [10]; however, these technologies have 
not been clearly defi ned as yet. 

At present, heat-transfer devices based on two-phase loops (TPL), such as loop heat pipes (LHP) [11–15] and loop 
thermosyphons [16], are used in different space-based [17, 18] and earth-based [19] technologies. Among them, of particular 
importance are TPL devices with circulating steam and liquid fl ows, especially those based on loop heat pipes with an ejector 
condenser (ELHP) in which a SJP is a key element [20, 21]. The condensation of a steam in an ELHP and the use of it in the 
ELHP ejector condenser for the provision of liquid circulation and heat transfer in it at a pressure lower than 100 kPa call for 
additional investigations. An understanding of the indicated processes can be useful for the development of capillary pump-
based heat transfer devices with a high resistance to the unfavorable acceleration of the liquid fl ow in them. 

The heat transfer in an ELHP is realized in the following way. The steam generated in the evaporator of the ELHP 
fl ows through its nozzle and enters the ELHP ejector condenser, in whose small cavity it is condensed and mixed with the 
liquid supplied continuously into the ELHP. As a result of the energy exchange between the steam and the liquid, the thermal 
and kinetic energies of the steam are converted into the potential energy forming a hydraulic head (a pressure difference 
between the liquid inlet and the steam nozzle exit (Fig. 1). This pressure difference forces the working liquid to circulate 
in the closed loop. The circulation of the liquid is determined by its ejection coeffi cient or the circulation fl ow multiplicity 
U representing the ratio between the mass fl ow rate of the circulating liquid liq m  and the mass fl ow rate of the steam v.m  
The ejection coeffi cient of the liquid can be calculated by its heat balance equation m⋅ vhliq,v = m⋅ liqcliq(Tliq,out – Tliq,inp) where 
Tliq,inp and Tliq,out are the temperatures of the liquid at the inlet of the SJP and the liquid at its outlet (exit), respectively. The 
heat transfer through a desired distance is provided by a heat exchanger (heat sink) installed in the loop. Thus, the circulation 
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of the working liquid in the ELHP proceeds with a maximum utilization of the kinetic and thermal energies of the submerged 
steam jet. 

In the present work, a novel technique has been developed for investigating the condensation of a steam in the ejector 
of a TPL based on a capillary pump, and it has been realized with the use of a special hardware and fi eld tests. The aim of 
this work is to determine the performance of the indicated TPL depending on the rates of the heat fl ows at its inlet and outlet, 
the orientation of the TPL, and its operational characteristics under the conditions of unfavorable acceleration of the liquid 
fl ow in it. 

Experimental. Figure 2 shows a scheme of an ELHP comprising an evaporator (at the top), a heat exchanger (at the 
bottom), and a loop pipe providing the circulation of the working liquid between them. The length of this loop is suffi cient 
for the transfer of heat through a desired distance. An ejector condenser can be positioned outside the evaporator (ELHPE) 
or inside it (ELHPI). The wicks used in the investigations were made of porous nickel and titanium with pores of average 
diameter 1 and 10 μm, respectively (Fig. 3). They served as a capillary pump joining the evaporator, the ejector condenser, 
and the heat exchanger in a closed loop of arbitrary confi guration. This loop comprized steam channels having smooth walls 
with steam escape ducts, a nozzle of inner diameter 1.4 mm, and liquid channels of inner diameter 2 mm. Water was used as 
a working liquid. The LHP, the steam and water nozzles, the mixing section, and the diffuser were made of a stainless steel 
and represented separate parts connected by an argon welding. The maximum fl ow rate of the liquid in the capillary pump 
was 0.79 kg/h at a heat load Q = 500 W, and the maximum pressure in it was 0.70 bar. During an experiment, this pump 
continuously supplied a saturated steam into the ELHP, the temperature within which was measured by T-type copper and 
constantan thermocouples and was recorded by am OWEN data acquisition system. Inside the SJP, the steam and water came 
into direct contact with each other, and heat, mass, and momentum were transferred between them. The local hydrodynamics 
of the liquid fl ow in the ELHP is substantially determined by the geometry of the mixing section of the SJP. The physical 
parameters of the steam and water in the SJP and its geometric char acteristics were as follows: inlet steam pressure 
20–70 kPA, inlet steam temperature 323–363 K, inlet water temperature 293–323 K, steam nozzle outlet diameter 1.4 mm, 
water nozzle outlet diameter 2.7 mm, mixing section neck diameter 2 mm, diffuser outlet diameter 3 mm, steam nozzle length 
10 mm, mixing section length 10 mm, diffuser length 15 mm, and total length 35 mm.

Results of Experiments. The operational characteristics of an ELHPE with a nickel wick, having an unfavorable 
orientation (the condenser and evaporator are positioned vertically, φ = 90o), were measured under different conditions 
of cooling the water in it. The characteristics of an ELHPI No. 1 with a titanium wick, having an unfavorable orientation 
(φ = 90o), were measured at an acceleration of the liquid fl ow in it as high as 9g with the use of a centrifuge com prising a 
rotation axis with a location for a heat pipe (Fig. 4). The infl uence of an increase in the effective heat transfer distance from 1 
to 3 m in an ELHP on its performance characteristics T = f (Q) was investigated for ELHPI No. 2 with a nickel wick, having 
an unfavorable orientation (φ = 90o). It was established that the indicated increase leads to an increase in the resistance to 
the circulation of the liquid in the loop. The heat exchangers in ELHPI No.1 and ELHPI No. 2 were cooled by a water with a 
temperature of 20–40oС and a fl ow rate of 80 liter/h. 

Figure 5 shows the dependences of the temperatures at the reference points A–E in the ELHPE with a nickel wick, 
having an unfavorable orientation, and the ejection coeffi cient of the liquid in it on the hea t fl ow and the heat load at the 
heat input under different cooling conditions. Fig ure 6 presents the operational characteristics of ELHPI No.1 at liquid fl ow 
accelerations of 1g and 9g, and the change in the operational characteristics of ELHPEI No. 2 with increase in the effective 
heat transfer distance in it from 1 to 3 m. The results presented in this fi gure have been obtained for the most unfavorable 
orientation (φ = 90o) of ELHPI No. 1 and ELHPEI No. 2. Note that the reference temperatures at φ = 0o and φ = –90o are 

Fig. 1. Diagram of a steam jet pump.
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lower by 5–10% than those at φ = +90o. It is seen from Fig. 6 that the nine-fold increase in the acceleration of the liquid fl ow 
in ELHPI No.1 (Fig. 6a) and the three-fold increase in the heat transfer distance in ELHPI No. 2 (Fig. 6b) weakly infl uence 
the temperature of the liquid in them but markedly change their ejection coeffi cient. The indicated changes are caused by the 
small uncompensated columns in the steam escape ducts and in the ejector nozzle, and they increase the minimum heat load 
at the start-up of an ELHPI. The temperature of the liquid in an ELHPI and its ejection coeffi cient, presented in Figs. 5 and 6, 
were measured at its minimum start-up heat load. It should be noted that the start-up of an ELHPI depends on the temperature 
of the liquid entering the ejector. As this temperature increases to 40–50oC, the operation of the ejector becomes impossible 
since the steam leaving the steam nozzle cannot be condensed fully. This effect is explained by the fact that the ejector has 
fi xed sizes. Therefore, to make the operation of the ejector possible, it is necessary to cool the liquid at its inlet to 25–30oC. 

Computational Model. The capillary structure (CS) of an ELHP can be improved by optimizing its effective radius 
with account of the pressure drops at all the ELHP elements [15]. The capillary limit of the ELHP is equal to

 v
, max

eff

2 ( ) ,TP
rσ
σ

Δ =  (1)

Fig. 2. Experimental ELHPE (a) and ELHPI (b): 1) evaporator; 2) wick; 3) steam escape 
ducts; 4) compensation cavity; 5) liquid channels; 6) steam collector; 7) injector nozzle; 
8) mixing section and diffuser; 9) liquid line; 10) heat exchanger (heat sink); A, B, C, D, 
E, F, and K are reference points for temperature measurements.

Fig. 3. Electron microscope scans of porous wicks used in the experiments.
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Fig. 4. Centrifuge with a heat pipe installed on it.

Fig. 5. Dependence of the tempera tures at the reference points A–E inside the ELHPE 
with a nickel wick and an unfavorable orientation (φ = 90o ) on the power density 
of the heat fl ow in it and the heat load at its inlet under different cooling conditions: 
I) Tamb = 20oC, Тc.w = 20oC, m⋅ c.w = 80 L/h; II) 20 , 40, 80.
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Fig. 6. Dependences of the heater temperature (1, 2), the temperature of the liquid at the 
ejector exit (3, 4), and the temperature of the liquid at the evaporator inlet (5, 6) in ELHPI 
No. 1 with a titanium wick at w = 1g (1, 3, 5) and 9g (2, 4, 6) (a) and in ELHPI No. 2 with 
a nickel wick at D = 1 (1, 3, 5) and 3 m (2, 4, 6) (b) and their ejection coeffi cient U on the 
power density of the heat fl ow in them and their heat load.

Fig. 7. Integral pore-size distribution function F(r), measured by a mercurial pore meter 
for the nickel (a) and titanium (b) wicks at Πb = 0.66 (1), 0.61 (2), 0.54 (3) and 0.58 (4).
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and the capillary pressure in the LHPE in the process of its operation is determined by the expression

 v eff
ex in

eff men

2 ( ) , 1 ,T rP P P
r rσ
σ

Δ = β = Δ + Δ β = ≤  (2)

where reff is the effective radius of the largest pores in the CS, and rmen is the radius of the menisci evaporating in the capillary 
structure of the ELHP. The integral function of the size distribution of pores in this structure is presented in Fig. 7. The value 
of reff can be determined by the air bubble method and by the known pore distribution function; the difference between the 
results obtained in these ways usually does not exceed 10%. The parameter β in (2) ranges from 0 to 1, and it represents a 
physical estimate of the degree to which the pumping potential of the indicated menisci is used. When the maximum transport 
performance of the loop is achieved, β = 1. A further loading of the system leads to the penetration of menisci to the CS bulk 
and, consequently, to the movement of steam to the liquid core, with the result that the LHPE ceases to operate. In this case, 
β = 0.75 at a nominal heat load at the inlet of an ELHP. 

We consider a model capillary pump representing a region of a wick saturated with a liquid in which the menisci 
serve as pumping elements. A pressure drop in the porous structure of the wick is considered as its internal pressure loss 
ΔPin , and the other pressure losses of the loop form its external pressure loss ΔPex . A set of large pores in the upper part of 
the wick provide comfortable hydraulic conditions for the exhaustion of steam, and they serve as minicollectors of steam at 
the steam outlet. Therefore, we consider this part of the hydraulic drop CS,vPΔ  as a component of the external pressure loss. 
The pressure-drop components are determined by the expressions

 ex v v CS,v liq h( , M) ,P P T P P PΔ = Δ + Δ + Δ ± Δ  (3)

 in CS,liq ,P PΔ = Δ  (4)

where v v( , M)P TΔ is the pressure drop in the steam nozzle, CS,vPΔ  is the steam pressure drop in the two-phase zone formed 
by the evaporating menisci in the collector pores of the CS, Δ Pliq is the pressure drop in the liquid transport line, Δ Ph is the 
hydrostatic pressure drop, and Δ PCS,liq is the liquid pressure drop in the small pores of the CS. 
The basic pressure drop in the steam channels of an ELHP is due to the pressure drop in its steam nozzle, where the motive 
fl uid is accelerated to a sonic velocity representing a sound limit of the heat transfer capacity of the ELHP. The pressure drop 
in the steam nozzle of the ELHP and its components at the nozzle exit (Fig. 8) are determined by the expressions
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Fig. 8. Isentropic fl ow of a perfect gas through a convergent nozzle.
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The rate of the steam mass fl ow at the exit of the steam nozzle v2 v( , M)m T  and its critical heat load Qcr(Tv, M) are determined 
by the relations

 
2

v2 v v2 v v2 v cr v v2 v liq,v v, M , M , M ,( ) ( ) ( ) ( ) ( , M , ) ( .)M
4

dm T T V T Q T m T h T= ρ π =  (7)

At M = 1 (the sound limit of the LHPE), max
cr v v2 v liq,v v, 1 (( ) ( )., 1)Q T m T h T=  The pressure drop in the laminar fl ow of the 

liquid in its transport line in the ELHP is defi ned as

 eff,liqliq
liq 4

liq liq liq,v v liq

( )128( ) , ( ) .
( ) ( )

l LT U
P D U Q D U

T h T d
η

Δ = =
π ρ
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The gravitational acceleration of the liquid fl ow is determined from the expression

 h liq liq v v( ( ) ( )) ,P T T HngΔ = ± ρ − ρ   (9)

where n is the dimensionless acceleration coeffi cient (micro- or macrogravity) and H is the height of the liquid and steam 
layers on the primary evaporation surface of the evaporator in the loop. 

The hydraulic losses in the liquid in the CS, making a signifi cant contribution into the pressure drop balance of the 
ELHP, are determined by the Darcy law with the use of the permeability coeffi cient K depending on the effective radius of 
the CS pores reff . The functional dependence between K and reff was determined on the basis of experimental data obtained 
for different wicks made of sintered metal powders. The parabolic dependences constructed coincide with a standard deviation 
of 6%. Thus, the permeability of the liquid in the CS can be defi ned as

 2 b
liq 0 eff 0, ,

18
K K r K Π

= =  (10)

where K0 ≈ 0.035 for the small pores of radius reff = 0.5–15 μm, and Πb = 0.55–0.75. The effective pore radius reff  determines 
the difference between the small and large pores in a wick, as illustrated in Fig. 7 where the pore size distributions measured 
by a mercurial pore meter for the wicks being considered are presented. It is assumed that the small pores of radius smaller 
than reff belong to the liquid phase, and the large pores of radius larger than reff belong to the gas phase. In this case, the 
permeability of the gas phase in the CS is determined by the relation

 eff,max men 2
v 0 eff,max

eff,max

( ) ( )
,

( )
r r

K K r
r

Π − Π
=

Π
 (11)

which is true for the values of rmen changing within the range reff ≤ rmen ≤ reff,max. As rmen approaches reff, Kv reaches its 
maximum, and Kv = 0 at rmen > reff,max. The porosity of the CS is determined by the radius of its pores: b( ) ( ).r rΠ = Π ϕ  
From this equation follows the expressions eff,max b( )rΠ = Π  and liq,p men eff( ) ( ).r rΠ = Π − Π

With the above defi nitions, we represent a pressure d rop in the CS as a function of its heat load Q. For the liquid 
phase we have the expression

 liq
CS,liq 2

eff
.

B
P Q

r
Δ =  (12)

The coeffi cient Bliq depends on the CS geometry and, for the cylindrical geometry, it is defi ned as
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The pressure drop in the gas phase in the CS is determined from the expression

 v
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,BP Q
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Δ =  (14)
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Π η ξ
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where ξ > 1 is a coeffi cient determining the decrease in the cross section of the CS in the zone of the steam grooves: 
inp inp v,g/( ),A A Aξ = −  inpA  is the heat input area, and v,gA  is the total cross-sectional area of the steam grooves. In the 

case where rmen > reff,max, Bv = 0. 
Of great importance for an evaporating system with "inverted menisci" is the presence of large pores in it and 

the number of these pores. On the one hand, an increase in the number of large pores in a wick of an ELHP increases the 
probability of the breakthrough of team through it, which disturbs the operation of the ELHP, and on the other this increase 
is favorable for collection of steam. The effective length of a steam fl ow in the two-phase zone of the CS of the ELHP was 
determined by the experimental dependence

 eff eff(8, , 10) ,l r= ψ…  (16)

where ψ is the tortuosity of the pores determined experimentally, and ψ = 4–6 for the CS used in the present work. Substitution 
of (16) into (15) and then substitution of the expression obtained into (3) give
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.BP D Q P P
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 (17)

As a result of the solution of Eqs. (2)–(17), we obtained the relation for the heat load
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Fig. 9. Comparison of the sound and hydrodynamic limits of a water ELHP (a) and a 
methanol ELHP (b) at M = 1.0 (1), 0.8 (2), 0.6 (3), and 0.4 (4): 5) max

cr .Q
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Formula (18) gives the hydrodynamic limit of the ELHP. 
Figure 9 presents results of calculations of an ELHP with parameters given in Fig. 2. The data obtained show that a 

water ELHP reaches a sound limit earlier than the hydrodynamic one, and the opposite is true for a methanol ELHP, which is 
well consistent with the experimental data presented in Fig. 6.

Discussion. Aanalysis of the experimental data obtained shows that the problem on substantial increase in the 
distance between the source and heat receivers (the heat transfer distance) in an ELHP without signifi cant loss in its heat 
transfer effi ciency can be solved by increasing the ejection coeffi cient of the ELHP (U > 1, Fig. 2). 

Actually, in an ELHP, having an unfavorable orientation (φ = 90o), with a single circulation fl ow (U = 1), the 
evaporation–condensation region along the heat transfer distance is divided by an uncompensated liquid column with a 
maximum hydrostatic pressure. An increase in the heat transfer distance in the ELHP leads to an increase in the hydrostatic 
pressure in the liquid column, with the result that the capillary action of the ELHP wick, causing the working liquid to move, 
sharply decreases, which leads to a substantial decrease in the heat transfer in the ELHP. 

In an ELHP with a multiple circulation (U > 1), condensation takes place in the close proximity to the evaporation, 
while the region of evaporation and heat removal is divided by a liquid circulation loop of length suffi cient for realization 
of heat transfer. In particular, at φ = 90o, the uncompensated liquid column is insignifi cant in comparison with the heat 
transfer distance, Therefore, this distance can be substantially increased without a risk of large increase in the resistance 
of the circulation loop to the liquid fl ow. As follows from Fig. 6b, a threefold increase in the heat transfer distance causes 
insignifi cant changes in the operational characteristics of ELHPI No. 2, markedly decreases its ejection coeffi cient, and 
increases the minimum heat load Q to the value suffi cient for the start-up of the ejector. The effects of increasing the 
unfavorable acceleration of the liquid fl ow in ELHP increase the heat transfer distance in it.

An ELHP with a large injection coeffi cient (U > 15–20) is more suitable for the use in practice, e. g., in the cooling 
of heat sources by liquid. Heat sources and sinks each with a capacity not higher than that of the main heat source in the 
evaporator of the ELHP are positioned in series along its circulation loop. The number and total capacity of these heat sources 
and sinks are limited by the heat transfer capacity of the ELHP. In a series of experiments, ELHPI No. 2 was supplemented 
with a fl at electronic circuit board and an additional heat exchanger. The working liquid fl owed through the grooves in the 
inner cavity of the board. Experiments have shown that, at an evaporator heat load Q = 300–600 W, an ejection coeffi cient 
U = 10–40, and a circuit board temperature of 50oС, the circulating liquid can take off heat loads as high as150 W from the 
plane electronic plate, which allows the conclusion that such a ELHP can be used as a part of distributed thermal control 
systems in devices operating under space and earth conditions. 

Conclusions. The possibility of using loop heat pipes with an ejector condenser in cooling systems with an increased 
heat transfer distance, operating under unfavorable conditions where the use of other heat pipes can be problematic, has been 
demonstrated for the fi rst time. The experimental data obtained for different ELHPs show that they have a high resistance 
to the effects of unfavorable acceleration of the liquid fl ow in them, make it possible to construct thermal control systems 
with temperature pickups at any spatial points, provide a relatively high heat energy density (as high as 100 kW/m2) in 
combination with a low thermal resistance (about 0.1 K/W) in the operation under conditions not suitable for other heat 
pipes, and are diffi cult to startup at high temperatures (about 50oС), in particular, in the heated state immediately after the 
stop because of the insuffi cient condensation of the steam jet in the ejector condencer. The results of calculations performed 
by the model developed agree well with the corresponding experimental data. 

Acknowledgment. The authors express their gratitude to the Ministry of Education and Science of the Russian 
Federation for support of their work within the framework of the State Task for Higher Educational Institutions (Project 
FEUZ-2020-0057).

NOTATION

c, specifi c heat, J/kg/K; C, velocity of sound, m/s; D, effective heat transfer distance, m; d, steam nozzle outlet 
diameter, m; g, gravitational acceleration, m/s2; H, height of the liquid and steam layers in an ELHP, m; hliq,v, specifi c latent 
heat, J/kg; k, adiabatic constant; L, length of the ELHP, m; M, Mach number; m⋅ , mass fl ow rate, kg/s; P, pressure, Pa; Q, heat 
load, W; q, heat fl ow, W/m2; R, universal gas constant, J/mole/K; T, temperature, oC, K; U, ejection coeffi cient; V, velocity of 
a steam jet, m/s; w, acceleration of the liquid fl ow, m/s2; η, dynamic viscosity, m2/s; μ, molar mass, mole; Πb, bulk porosity 
of the capillary structure; σ, coeffi cient of surface tension, N/m; φ, angle of inclination of the ELHP about the horizontal, deg. 
Subscripts: amb, ambient; b, bulk; h, hydraulic; cr, critical; c.w, cooling water; ex, external; g, groove; in, internal; inp, input; 
out, output; liq, liquid; p, pore; v, vapor.
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