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Rys. 15 Modified flushing process for the premix nitrox mixture, the principle of supplying and ventilation of SCR CRABE breathing loop. Source: research 
results no: DOBR-BIO8/09/01/2016. 

As a consequence, a modified procedure 
algorithm for the procedure of flushing the ��� �#"u$ 
with oxygen compliant with the �#"H� distribution is 
proposed for further research in Fig. 15. As a result of 
process evaluation in the course of implementing the 
project task, significant modifications were made to the 
procedures resulting from both the drawn conclusions and  
operational needs for underwater mine operations40. 

On the basis of the obtained distributions it can 
be concluded that it is possible to achieve a higher value 
than the critical value of CTQ41 �()

��J a 90%H  for 
a stable minimum oxygen content within the limits of 

 �()
∈ [93,04 ÷ 95,39]%H. In accordance with the 

procedure, this requires that the flushing of the breathing 
apparatus is performed at least J a 9 ÷ 12 times. This is 
confirmed by the calculated theoretical oxygen content in 
the breathing bag in the function of i-fold oxygen flushing 
as shown in Fig. 16. 

The diagram has been prepared for different 
ratios of total volume to residual volume in the breathing 
loop of the apparatus Nw/Nx.  

Fig. 16 The composition of the breathing gas 	L in the breathing bag of the �	 − ��� ����� apparatus as a function of i-fold  flushing of the breathing loop 
with oxygen for different Nw/Nx. Source: own study based on research results No: DOBR-BIO8/09/01/2016. 
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CONCLUSIONS 

The directions of further research involve  
a continuation of performing measurements of the flushing 
process of the apparatus and maintaining a stable oxygen 
content in the breathing loop of the ��� �����. The 
verification of the permanent character of changes for the 
modified oxygen flushing process of the ��� ����� 
should be carried out on the basis of the obtained 
experimental results 	L ≥ 	L��J ∈ [93,04 ÷ 95,39]%H and 
further data exploration and analysis, evaluation of 
variability and the stability of the supervised process.  
A stable oxygen content in the breathing loop of the diving 
apparatus must ensure the maintenance of the vital 
functions of the diver’s body under specific diving 
conditions and meet the critical requirements for the 
designed decompression due to the minimisation of risk 
related to the ��� threat. Decompression has been 
designed for  } C$� ��42 nitrox dives according to NO-07-
A010 redundantly43, taking into account the redundancy 
resulting from the underestimation of minimum oxygen 
content in the breathing loop.  

Bearing in mind the fact that the developed 
technology is designed for site diving, in conditions that 
take into account the underwater effort, the possibility of 
implementing additional safety systems should be 
considered, both in a simple form and in the form of 
systems equipped with sensory, expert44 and actuator45 
systems. In the breathing systems diving apparatuses, the 
implementation of such solutions serves as information on 
the current concentration or partial pressure of oxygen. It 
is important from the point of view of preventing hypoxia 
and risks resulting from the toxic effects of oxygen on the 
diver’s body46 during the stay at the bottom and during 
decompression. Diving technologies for military 
applications47 accept a higher level of risk for underwater 

activities48 than, e.g., technologies designed for civilian or 
recreational diving. Therefore, for operational reasons, 
they may accept higher maximum partial pressure of 
oxygen and longer exposure times. Indicator systems, used 
to control the parameter, may inform the operator by 
means of a warning signal when the set oxygen 
concentration threshold is exceeded at each dive stage. 

Process monitoring, from the point of view of the 
ability to minimise its variability, should be focused on 
measuring process values that would allow the control of 
flushing efficiency at the dive and decompression stages.  
A relatively small amount of effort is required to 
implement sensory analytical systems focused on process 
output parameters. It is possible to conduct online 
monitoring of the breathing space of the apparatus 
through the available specialised measurement systems. 
For reasons of safety49 of underwater mine operations, this 
should be considered, especially when diving at medium 
and deep depths. and with long dive times at the bottom. 
Prior to application, any protective sensory50 systems 
should have their measurement systems assessed51 with 
regard to estimating the metrological properties and their 
stability against the process tolerance limits. 
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1 SCR – semi - closed rebreather, 
2  owing to a shortage of spare parts, high delivery costs, absence of emergency power kits, diving technology and the parameters of UiSW (Military Equipment 
and Armaments) which do not meet the expectations of the SZRP after joining NATO, 
3 Instruction on introducing armaments and military equipment into the Armed Forces of the Republic of Poland and withdrawing armaments and equipment 
not meeting military requirements, Decision No 75/MON of the Minister of National Defence of 1 April 2005. (Journal of Laws of the Ministry of Defence No 
6, item 44 and of 2006 No 407, item 251),
4 Recommendation No. 106 of the Chief of the Armed Forces Support Inspectorate of 17 November 2010, 
5 AMP-15 Standards for Naval Mine Warfare Acoustic Measurements - STANAG 1097 /1418/ 1431, 
6 AODP-07 EOD Equipment requirements and equipment - STANAG 2897, 
7 similar to those developed earlier for apparatuses: FGT I/D, OXY-NG, AMPHORA, etc.,  
8 ��J$ '�DJC$#�$" D#$, ���, 
9 $	B�� �H$ �#%�J"J'$ %� B� "�, EOD - detection, identification, on-site assessment, disarmament, recovery and destruction of munitions. It may also include 
explosive munitions that have become unsafe due to damage or deterioration,
10 regulations on the security of performance of underwater works in the Polish Armed Forces, 
11 National Centre for Research and Development,
12 underwater mine operations - activities related to the underwater search, identification of any explosive or hazardous items, including their transfer to the 
surface or destruction by means of explosives, as well as their dismantling, neutralisation underwater or on the surface during diving and underwater works, 
13 Implemented in years:2012 2015, 
14 �"	��D� �B$#"C�J~ %$BCℎ, MODa 60� ��� - maximum operational depth expressed in metres of water column equivalent to the maximum pressure for 
which the diving system is designed, 
15 resulting from the nitrox diving system I based on the use of EAD,
16 context is understood here as the system environment, i.e. the supersystem for the breathing loop ventilation system of the diving apparatus, 
17 in addition to monitoring other relevant diving parameters, 
18 resulting from the adopted decompression assumptions, 
19  in this case – oxygen,
20 CNS - �$JC#"� �$#H�D  �} C$�,
21 in this case the nitrox mix, 
22  in terms of the number of cycles and repetitions performed,
23 for the decompression schedule,
24rebreather flushing procedures:  

1. Crabe AQUALUNG Nice 2010 diving procedures.
2. Diving Technology of the French Navy La Cellule Plongée Humaine et Intervention Sous la Mer (CEPHISMER).
3. Kłos R. Konarski M. 2011. Temporary guidelines for nitrox diving with oxygen decompression possibility for CRABE rebreather (MANUAL ver.

4.11 – 12.05.2011). Gdynia : ZTPP AMW, 2011.
4. Kłos R. 2011. Decompression selection options for the CRABE rebreather. Gdynia 2011: Decompression selection options for the CRABE

rebreather. Gdynia 2011: Polish Hyperbaric Medicine and Technology Society: ISBN 978-83-924989-4-0.
5. Kłos R. Trimix decompression system for the CRABE rebreather: Gdynia 2016: Decompression selection options for the CRABE rebreather.

Gdynia 2011: Polish Hyperbaric Medicine and Technology Society: ISBN 978-83-938322-5-5.
25 E�� - External Breathing System, 
2632,5%H ��, 
27 showing each stage of apparatus flushing, 
2840%H ��, 
29 the so-called B#��$# ,
30 �DC��$# , 
31 ���-ang. Lower Control Level,
32 which can also be revealed by means of control charts after selecting the appropriate distribution, e.g. the _$�uD�� distribution, 
33 the higher the oxygen content in the decompression phase, the more effective the process of desaturation of inert gases from a diver’s body,
34 short and long term,
35 before changing the procedure,
36 modification of the apparatus flushing procedure,
37 stability and alignment relative to the nominal value,
38 after the identification and modification of only one parameter,
39 after the identification and modification of only one parameter,
40 e.g. limiting the number of procedures for flushing the breathing loop of the apparatus while at the bottom, in order to minimize the acoustic signal for the 
duration of the task 
41 CTQ - ang. Critical to Quality,
42 this is a system based on a fixed nitrox mixture composition corresponding to the maximum diving depth. For this system, decompression tables are 
developed with the corresponding nitrox composition, 
43 in excess, 
44 e.g. the use of a computer system which emulates the human decision making process, 
45 operational components, 
46 oxygen pulmonary and cerebral toxicity,
47technologies for military applications presuppose the existence of an effective supervision over the selection of and training of divers, e.g. MCM/EOD. In 
addition, they take into account the basic guidelines for the qualification, preparation and keeping those divers in proper shape, for whom the diving technology 
is intended,
48 engineering, rescuing, combat or mine operations, 
49 Regulation of the Minister of National Defence of 21 June 2012 regarding safety of underwater works in the organisational units subordinate to or supervised 
by the Minister of National Defence (JL No. 1, it. 810 as amended), 
50 if not performed already,
51 ��� - measurement system analysis. 




