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Hydraulic Optimization of an Adjustable Spiral-
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Abstract—To ensure reliability in miniaturized devices or
processes with increased heat fluxes, very efficient cooling methods
have to be employed in order to cope with small available cooling
surfaces. To address this problem, a certain type of evaporator/heat
exchanger was developed: It is called a swirl evaporator due to its
flow characteristic. The swirl evaporator consists of a concentrically
eroded screw geometry in which a capillary tube is guided, which is
inserted into a pocket hole in components with high heat load. The
liquid refrigerant R32 is sprayed through the capillary tube to the end
face of the blind hole and is sucked off against the injection direction
in the screw geometry. Its inner diameter is between one and three
millimeters. The refrigerant is sprayed into the pocket hole via a
small tube aligned in the center of the bore hole and is sucked off on
the front side of the hole against the direction of injection. The
refrigerant is sucked off in a helical geometry (twisted flow) so that it
is accelerated against the hot wall (centrifugal acceleration). This
results in an increase in the critical heat flux of up to 40%. In this
way, more heat can be dissipated on the same surface/available
installation space. This enables a wide range of technical
applications. To optimize the design for the needs in various fields of
industry, like the internal tool cooling when machining nickel base
alloys like Inconel 718, a correlation-based model of the swirl-
evaporator was developed. The model is separated into 3 subgroups
with overall 5 regimes. The pressure drop and heat transfer are
calculated separately. An approach to determine the locality of phase
change in the capillary and the swirl was implemented. A test stand
has been developed to verify the simulation.

Keywords—Helically-shaped, oil-free, R32, switl-evaporator,
twist flow.

[. INTRODUCTION

INCE the beginning of industrial production, the aim has

always been to improve the performance of processes.
Through efficient and process-oriented cooling, it is possible
to shorten the cycle time in production lines through faster
processes and thus produce more economically.

In order to save construction costs, products and its
components are becoming smaller and smaller, but often retain
or even increase their performance. This leads to the problem
of heat generation and heat dissipation in many applications.
An example for this is the increase of performance of machine
tools and the resulting process heat, which has already been
discussed by [14]. Here, large heat fluxes have to be dissipated
in a very confined space in order to guarantee the performance
increase with constant quality of the components.

Another example is the cooling of processors, which
develop extremely high heat flux even in smallest spaces and
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are therefore limited in their overclocking. More efficient
cooling with miniaturized evaporators could further increase
the performance of processors without having to develop even
smaller diodes in half-conductor technology. Therefore, the
Institute for Materials and Processes is investigating a new
evaporator form which should fulfill the above-mentioned
tasks. With the model, one should be able to make statements
about the pressure loss, heat transfer, critical heat flux.

In this paper the swirl evaporator is simulated by a
correlation-based computer model. For this purpose, suitable
correlations to the individual subprocesses occurring in the
swirl evaporator must be found. The main focus of the
calculation should be the determination of heat transfer of the
swirl evaporator. For this purpose, it is also necessary to
calculate the pressure losses that occur exactly in the swirl
evaporator and are generated by the swirl for the calculation of
mass flow. Therefore, the calculation of pressure losses is also
an essential part of this work.

The calculated results are then validated with existing
measurement data to prove the validity of the simulation
program created. The resulting recommendations for the
further improvement of the swirl evaporator are given at the
end of the report.

The objective is to be able to catry out the complete design
and scaling of the swirl evaporator with this program in order
to finally obtain a marketable product which can be precisely
adapted to the respective processes to be carried out.

II. DESCRIPTION OF THE EXPERIMENTAL RIG

As shown in Fig. 1 the swirl evaporator consists of a
cylindrical bush into which a screw with an internal bore
(capillary) is inserted. The refrigerant flows through the
capillary and begins to evaporate due to the frictional pressure
losses. At the capillary outlet, it expands as a spray channel
onto the cooling wall of the bush. The counterflow, which is
rotated by 180°, enters the screw-like swirl in two phases and
continues to evaporate. Under certain operating conditions,
overheating can occur. A detailed description of the test
facility in which the experiments were performed, as well as
the operating conditions and system uncertainties can be found
in [10]. Fig. 1 shows the profile of the testing rig with its main
parts.

Fig. 2 shows the cycle process of the refrigerant. The bold
line shows the process steps which take place in the swirl
evaporator itself. In the capillary tube which supplies the
refrigerant to the blind hole the 1-phase (1->2) and 2-phase
pressure drop (2->3) takes place. At the bottom of the blind
hole the refrigerant is sprayed from the capillary tube onto the
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hot wall. In this area of spray cooling, also called spot
evaporator (3—>4), the refrigerant evaporates almost
isobarically. The refrigerant is then fed into the swirl part of
the evaporator (4->5) where, depending on the heat load and
mass flow, the refrigerant can already overheat (5>6). After
this the refrigerant is discharged into the post evaporator to
assure a fixed overheating for comnressor safetv hefore it

housing

boreholes for thermocouples

condenser

Pressure

compressor

swirl part

evaporator

Enthalpy

Fig. 2 Cycle process in the swirl evaporator in the p-h diagram

The swirl evaporator is modeled with the Engineering
Equation Solver (EES) program and is divided into 5 regimes.
Within one regime a part of the swirl evaporator can be
unified, for which the thermohydraulic change of state of the
flow can be quantified with the same empirical calculation
model. Analytical equations are used, which are operated with
a large number of parameters. The regimes are composed of
the capillary with 1- and 2-phase area, the spray and swirl area
again with 1-phase superheated and a 2-phase area. Fig. 3
shows the considered 3 subgroups and 5 regimes. The
refrigerant enters the swirl evaporator through the capillary
tube which also causes a pressure drop due to frictional losses.
Depending on the pressure loss in the capillary tube (mainly a
function of the hydraulic diameter, length and flow velocity) a
2-phase state can occur. After being sprayed at the hot front
surface of the bore whole the refrigerant is led into the swirl
where it evaporates and, should the situation arise, overheats.
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Fig. 3 Regimes of a swirl evaporator

II. SETUP OF THE SIMULATION MODEL

in Fig. 3, the simulation model of the swirl
onsists of 5 different regimes. In regimes with 2-
erant state, gaseous and liquid phase are described
one model, ergo defined with the same flow

bcosity. For the simulation, the viscosity model
[1]is,

m ()

The pressure loss of the regime is calculated as a function of
the Reynolds number according to correlations from the VDI
Heat Atlas [2]. For a laminar flow ergo Reynolds numbers
smaller than 2320 the drag coefficient ¢ are calculated
according to Hagen-Poiseuille's law [11]

_ 64
" Re

¢ 2

For turbulent flows and in the range of Reynolds numbers
between 3000 and 100,000, (3) is used [12]:

0,3164

2o 3)

Z:

For the range between Reynolds numbers 10* and 10° the
equation of Konakov is used [13]

{=(18-lgRe—15)72 )

For the pressure loss 2-phase in a straight horizontal pipe,

only the pressure loss due to friction is used in this

application. The acceleration part is neglected due to low

evaporation in the capillary. Since the flow form is unknown,
the correlation of [2] is suitable.

Apy, = % - (0,0925 - Re~0.2534 4 ®)]
(13,98:Re~09501_0,0925-Re ~0:2534)
(™)
The mixture density is calculated according to:
pm=pL AL +pg (1 —24L) (6)
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whereby the volume flow rate A, is determined according to

A= VLKLVG ™

The mean flow velocity wy is composed as the sum of the

empty pipe gas velocity wg and the empty pipe liquid velocity
wi,.

we = V6 _ mx (8)
GCT AT pga

we = m=x) )
L™ 7% LA

Due to the dominant share of the liquid phase in the total
pressure drop, the average Reynolds number is calculated
exclusively with the viscosity for the liquid phase according
to:

wymD-
Re = M2 PL
n

(10)

For this regime, a correlation by Chisholm was used as
presented in [3]. The model considers a 2-phase state during
spraying from the capillary and the influence of the
countercurrent. The model assumes an expansion due to a
sudden change in cross-section up to half the bore diameter as
shown in Fig. 4. The 2-phase pressure drop App spray consists
of the product

Aptp,Spray = Apg - Vspray (11)
The factors are calculated according to:
12
Vspray=1+<(Z_z)_1>'(3'x'(1—x)+x2) (12)
{1\ (13)
B= (kslip)
For X,, > 1 gilt the following applies:
v 0,25
Ksiip = (v_f) (19
Otherwise, the following applies:
- (1) (15)
kslip =1+4+x (V_L_ )
The size X, is calculated according to:
_1-x ()05 (16)
Yo =25 (3)
The equation applies to the 1-phase pressure drop:
_ Sspray'Gm 17)

Apy = 2
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Gy = (- 2)-(1- (2) )
_ ey (19)
Gar = dZapillary

A correlation of [4] was used for the 2-phase range in the
swirl. The equations were determined with the fluid water, at a
helix tube diameter of 10 mm, a diameter ratio Dgyap/Dhydg,in
between 13 and 25, pressures between 5 and 35 bar and mass
flow rates between 150 and 1760 kg/m? - s . Since water and
R32 in liquid and gaseous state differ greatly, errors must be
expected. However, since the helix geometry is well suited for
this application and better alternatives were not available, this
was left. Guo modified a correlation of [5] for straight pipes
with experimental data for swirl flow. It is noticeable that the
slope of the helix was not considered.

APtpgyin = P+ Apo (20)
for G < 1000 —£-;
me:s
3 o p \062 ra\Lo% (o (21)
D =1422-1 (pkm) () (1 +x (ﬁ - 1))
for G > 1000 —£_.
m-s
b1+ x-(1-0)(B5-1) () (22)
1+x-("—L—1)
hG
x-(l—x)-(w%—l)-(p—]“) (23)

P=1+——

1+(1—x)-(;’—é—1)

The pressure loss Ap, is calculated according to the
correlations in chapter 6.2.2 of [2] for straight pipes. The
length [, i of the flow path is calculated according to:

lO,Swirl =n-m-D

24)

Oblique Jet Normal Jet

Impingement Surface

Fig. 4 Injection angle on the cooling surface [7]

The Nusselt correlation used comes from [6]. The basis is a
correlation according to [7] for the fluid air. By modification,
the correlation is also applicable to other unspecified fluids.
The result is a correlation for the Nusselt number.
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Nitgpray = (25)
- : [t )"
ReO,7 . PT% “A-e (Bru+Crvu-cos(®)) <dcapillary>
dcapillary
Anu = —1,45-107*- (—‘Wk ) +0,151 (26)
capillary.

By, = 0,18-0©2 — 0,540 + 0,78 (27)
Cnu = 0,16-0%2— 0,670 + 0,66 (28)

Since a 1-phase liquid state is implied for the correlation,
the material properties are determined according to the
viscosity model. To cause the centrifugal acceleration of the
refrigerant, a twisted band was inserted into the cylindrical
bushing.

The heat transfer in the 2-phase swirl region is formalized
according to a correlation by Yagov, [8]. This is subsumed
from the heat flow through bubble boiling and for convective
heat transfer in chapter 6.5 of [2].

- .10-% . (AT . wile . 29

qy = 34310 (M_TS) (1+ TR AT+ (29
T+ 800 Byyp + 400 - By i)

h vpe)*\*® 30

Bnutp = % ’ ( Vfﬁs ) G0

ATy =T, — Ty (31

According to Yagov [8], the share of heat transfer by
bubble boiling only becomes dominant at a heat flow density
of 8MW/m? and high mass flow velocities of more than
56.000 kg/(m? - s) dominant. For this application the heat flux
density in the spray area is 13kw/m? and in the swirl area
0,1 MW/m?. The influence of bubble boiling on heat transfer
with large differences in the absolute amounts to the
convective heat flow fraction is shown by:

1
q= (a2 +a3) (32)

At high mass flow velocity, both heat transfer mechanisms
act independently of each other and can be superimposed.

Lopina and Bergles [9] developed an empirical correlation
for the 1-phase heat transfer coefficient. Tests were carried out
with the fluid water at pipe diameters close to 5 mm. The
correlation has the best agreement with test results for heating
of liquid fluid [8]. The simulation evaluation uses diameters
Dgyaporator Detween 8 and 14 mm. From this comparison,
differences are to be expected in addition to the geometric
deviation between the screw and the twisted strip.

The improvement of heat transfer by the swirl flow was
formalized by 3 factors in the correlation. Heat flow fraction is
shown by:

International Scholarly and Scientific Research & Innovation 15(2), 2021

(33)

. = A
S_Dhyd

F- (0,023 - (Ky * Repga)™” - Pro# 40,193 -

(2 252511

First term of the equation corresponds to a common
correlation for convective heat transfer for a smooth straight
pipe, consisting of a product of Reynolds and Prandtl number
adjusted with the correction factor k; due to increase in axial
velocity.

2 10,5
b= (142) (34)

Second term of the equation considers the uneven
distribution of density in the eddy current field due to mass
forces caused by centrifugal acceleration.

The factor F considers the surface and material properties of
the ribs of the twisted strip. Since the swirl evaporator is
equipped with a threaded screw, it is not necessary to consider
F for this application. For lack of better alternatives to
formalize the physics for heat transfer in the swirl range, this
correlation was maintained.

The model quantifies the change of state between capillary
inlet and swirl outlet, considering pressure losses and heat
flux. The program consists of several procedures (subroutines)
and a main program to call them. With the implemented
correlations of the individual regimes, the simulation
calculates the pressure loss with a given starting value for the
mass flow and other operating parameters. Pressure loss and
heat transfer are determined independently. First, the mass
flow is adjusted by a defined step size of 1000 Pa in iterations
until a pre-set tolerance deviation between the target
evaporation pressure and the simulated evaporation pressure is
undershot. Then, the program begins to calculate the heat
transfer with the determined mass flow. Adjustments are also
necessary for the correlations of heat transfer in the spray,
swirl 1-phase and 2-phase regimes. According to a distribution
determined from FEM simulations, the defined target heat
flow is distributed around 5% to the spray regime and the rest
to the swirl. The simulation is deterministic. Starting from an
initial value for the mass flow, all correlations for the pressure
loss are calculated chronologically along the regimes and at
the end of an iteration the deviation from the target
evaporation pressure is calculated. Depending on whether the
deviation is positive or negative, the mass flow is increased or
decreased by one increment. This is repeated until the value
falls below a pre-set tolerance deviation. The parameterization
Nusselt-correlation for the spray is supplemented by 2
correction factors K; and K, and has the form
(35)

1
0,7-P,3

Nuspray = K1 ’ Redcapillary

: ANu,spray :

m
1
(_(BNu,spray+CNu,spray'COS(¢))‘<d va ) )‘Kz
e capillary

The correction factor K, is static. Only K; is changed by
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one increment during an iteration until the deviation is less
than 1 W. For the parameterization Nusselt-correlation of the
swirl part a correction factor K is introduced for the heat
transfer in the swirl. It is entered as a factor in:

Initialisation:
Po, P> T, Qheat, Minit
I

)

(36)

1
— 3 33 dANuswirl
Qswirl = K - (QCSWM + Abgin )3 e

For a better overview of the simulation and its correlations a
flowchart of the simulation is shown in Fig. 5.

lcap, dtapr hl

Qspray, m, x, Re, hs, p4

Pressure loss

error = Qspray — Qcorrd

lerror| < 1 W?

Heat transfer spray

Qcorrel,h4

N
capillary
|
Apcap No
v

Devap: hl » D3

rror = (p. — Ap) — P,

Pressure loss
spray

Apspray
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swirl

Qswir, M, X, Re, hy, py

. ‘error = il —
Heat transfer swirl Qswirt = Qeorre

|lerror| <1 W?

Qcorrel,h6

Apswirl

Fig. 5 Flowchart

IV. VERIFICATION OF THE SIMULATION MODEL

In order to verify the simulation model, the calculated
results are compared with the experimental measurements at
the test stand described in [10]. As shown in Fig. 6 several
penetration depths had been tested and each experiment was at
least 3 times in steady state conditions in a controlled and air-
conditioned environment.

1) 2)
P s

4)
| =

Fig. 6 Various penetration depths of the screw

The measured pressure drop is used to calculate the mass
flow of the simulation. Therefore, they also have error bars in
both cases of one standard derivation.
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Fig. 7 Comparison of the simulation to the experimental results

The experimental results show overall good correlation with
the simulated results. For penetration depths less than 25 mm
the simulation seems to overestimate the mass flow and for a
penetration depth of 40 mm the simulation is underestimating
the measured values.

V.HYDRAULIC OPTIMIZATION

The current swirl evaporator uses a screw with a constant
step size to generate the vortex flow in the swirl section. The
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refrigerant evaporates as it flows through the screw threads
and the vapor content increases. Due to the higher quality and
lower mixed density the volume flow increases:

v=" (37
p
and hence
c= v (38)
Anhyd

Also, the flow velocity increases. In order to optimize the
swirl evaporator regarding to pressure loss, the flow velocity
should be kept constant which means the cross-sectional area
Apyq needs to increase simultaneously.

v _dz _ 39
ot Tangs const. (39)
In a discretized model this means
cli] = c[i + 1]. (40)
or
VIl _ VIi+1] (41)
A[i] ~ A[i+1]
respectively.

In praxis, this means that the screw with a constant step size
as shown in Fig. 8 is changed to a screw with variable step
size as shown in Fig. 11 to maintain a constant flow velocity
of the refrigerant and therefore minimize pressure loss within
the system, which has the additional benefit of minimizing the
evaporation temperature drop without the use of azeotrope
refrigerants. The optimized screw is shown in Fig. 11.

Fig. 9 Sketch of a screw with constant step

Fig. 10 Sketch of a screw with variable step
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kil A

Fig. 11 Screw with variable step

VI. CONCLUSION

In this paper a model was presented to design a swirl
evaporator and to simulate its thermodynamic behavior. The
pressure drop in the swirl evaporator is determined with
acceptable accuracy of less than one standard derivation of the
measured values. A method was presented to design the swirl
evaporator specifically for the respective application and
minimize pressure loss in the swirl part.

NOMENCLATURE

TABLEI
VARIABLES USED FOR CALCULATION OF THE SWIRL EVAPORATOR

Symbol Quantity Conversion from Gaussian
and CGS EMU to SI
thermal diffusivity m?/s
c flow velocity m/s
deapiltary diameter capillary m
d Ay swirl swirl area m?
dL length of the pipe relevant for pressure m
loss
Lk distance between capillary outlet and m
cooling wall
kq correction factor to increase in axial -
velocity
hig Evaporation enthalpy of the fluid kJ/kg
lo,swirl length of the flow path m
m experimental factor -
n number pf revolutions of the swirl -
Dirit critical pressure of the refrigerant Pa
q heat flux W/m?
Qv heat flux by bubble boiling W/m?
Absin heat flux by bubble boiling, swirl W/m?
qc heat flux by convective boiling W/m?
Qesin  heat flux by convective boiling, swirl W/m?
We pipe gas velocity m/s
Wm mean flow velocity m/s
x quality -
Pitch at 180° rotation related to the -
diameter of the screw
A area of the flow cross section m?
Anu correlation factor for the Nusselt- -
Number-Correlation
Anuspray correlation factor for the Nusselt- -
Number-Correlation, iterative
Bnu correlation factor for the Nusselt- -
Number
Bnuspray correlation factor for the Nusselt- -
Number-Correlation, iterative
Bnutp Two-phase factor -
Cnu correlation factor for the Nusselt- -
Number
Cnuspray correlation factor for the Nusselt- -
Number-Correlation, iterative
D pipe diameter m
Deyap diameter evaporator
Dhya hydraulic diameter m
Dhydgin hydraulic diameter swirl m
D; inner diameter m
118 scholar.waset.org/1999.8/10011869
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Symbol Quantity Conversion from Gaussian
and CGS EMU to SI

F Surface and material properties factor -

of the twisted strip

G mass flow density Kg/(m?*:s)
Ky Correction factor for the heat transfer -

K, Correction factor, iterative calculation -

Qswirl Heat load in the swirl area W%

L characteristic length of the heat transfer m

task

Pr Prandtl-number -

Re Reynolds number -
Re deapiltary Reynolds—num_ber for the capillary -
diameter

R; specific gas constant 1/

Ts temperature of the Swirl flow K
Tw temperature effective heat transfer K

surface

U circumference of the flow cross section m
Xup mixed quality -

a heat transfer W/(m?-K)
a heat transfer coefficient Swirl area W/(m?*K)

Yspray factor for the calculation of the -
pressure drop of the spray

¢ drag coefficient -

spray drag coefficient spray channel -

L Dynamic viscosity liquid m-Pa-s

Ksiip correlation factor for pressure loss -

A thermal conductivity of a fluid W/(m-K)
A volume flow portion liquid phase -

v kinematic viscosity m?/s
vy, viscosity of a liquid kg/(m-s)
Vip viscosity of a two-phase kg/(m-s)
DG density of a gas kg/m?
oL density of liquid phase kg/m?
oM mixture density kg/m?
Oar area ratio -

o surface tension N/m
(] two-phase multiplier Swirl flow °
P Coefficient for two-phase pressure -

drop calculation
Ap, difference of the evaporation pressure Pa
Apyp pressure difference two-phase Pa
Apipspray  pressure difference two-phase spray Pa
Apipg,:  Pressure difference two-phase swirl Pa
AT difference temperature K
AT difference temperature effective heat K
transfer surface to the swirl flow
temperature
[¢] spray angle in radiant -
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